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INORGANIC CHEMISTRY-| BSCCH-101
UNIT 1: ATOMIC STRUCTURES
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1.1. OBJECTIVES

The objective of the preparation of the text osthnit is to acquaint the readers with
the fascinating and exciting realm of the atomscakdingly, an attempt has been made to
through light on the arrangement of the internaistituents of the atoms (the subatomic
particles), their peculiarities and characteristadtsng with their behaviour towards their
neighbours, i.e. the arrangement of protons androms in the nucleus and the rules

governing the arrangement of electrons in the exticdear region of an atom and filling of
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INORGANIC CHEMISTRY-I BSCCH-101
orbitals belonging to higher energy shells priorthe entry of electrons in the orbitals of

lower energy shells. At the same time, the probletmat makes the electron cloud to acquire
different shapes in three dimensional space ardbhecucleus?” has been entertained and

various other interesting problems have also balkertinto account.

1.2. INTRODUCTION

In the beginning of nineteenth century, John Dal(@#66-1844) put forward his
atomic theory, he regarded atom as hard and smaildigisible particle of matter that takes
part in chemical reactions; the atoms of one paldicelement are all identical in mass and

atoms of defferent elements differ in mass andrqthaeperties.

Later on, various investigators around the end iokteenth century and beginning of
twentieth centurydid several experiments and rexkahe presence of much smaller
negatively charged particles, named electrons hylThomson (1897) and positively charged
particles, named protons by Rutherford (1911) witan atom. These tiny particles were
called subatomic particles. It was also establishgdRrutherford that the whole positive

charge and most of the mass of an atom lies atunsclThe positive charge on the nucleus
was attributed to the presence of protons calledatomic number by Moseley (1912). The
electrons were said to be arranged around the umigtethe extra nuclear region in certain
well defined orbits called energy shells and weai $0 be in constant motion (N. Bohr,

1913). Chadwick’s experiments (1932) also reve#ihedexistence of yet another subatomic
particle in the nucleus which did not have any ghaand named as neutrons. Further
investigations established that there were alsegmtesome other subatomic particles in the
nucleus in addition to electrons, protons and m@sir These particles are positrons,
neutrinos, antineutrinos, piong-fnesons) etc. The pions (Yukawa, 1935) are saibleto

continuously consumed and released by proton-neetxohange processes.

Thus, it is concluded that the atom no longer isilimate and indivisible particle of
matter and the outer or valence shell electronsresponsible for chemical activity of the

elements.
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INORGANIC CHEMISTRY-I BSCCH-101
1.3. DE-BROGLIE’'S MATTER WAVES: DUAL NATURE OF

MATTER

This is based on wave mechanical concept of arnrefen an atom. Albert Einstein

proposed dual character of electromagnetic radiatiol905,viz. wave character based on
Maxwell’'s concept evidenced by diffraction, intedace, polarisation kinds of phenomena
and particle character based on Planck’s quanteoryhwitnessed by quantization of energy
and hence photoelectric effect, i.e. the ejectidbrplmotoelectrons from metal surface on
striking electromagnetic radiation.

On the basis of above analogy, French PhysicisisLde Broglie (1924) postulated
that not only light but all material objects (batticro and macroscopic) in motion such as
electrons, protons, atoms, molecules etc. possatbs Wwave and the particle propertiesand
thus have dual character, i.e. the wave charactdrparticle (corpuscular) character. He
called the waves associated with material partiakematter waves which are now named de
Broglie’s wave. These waves differ from electromatgnor light waves in a sensethat these

are unable to travel through empty space and $ipeied is different form light waves.

de Broglie’s relation

de Broglie deduced a fundamental relation betwd®n wave length of moving
particle and its momentum by making use of Einseimmass energy relationship and
Planck’s quantum theory. The material particle agse satisfies the Planck’s relation for a

photon, i.e.
E=W . (1.1)

where h is Planck’s constant amds the frequency of the wave. The frequency fghtli
wave,v = % and for particle wavey = % (c = speed of light wave arwvd= speed of particle

wave). At the same time, Einstein’s mass energticgiship is applicable to it, i.e.
E =mdé(foraphoton) ... (1.2)

or E = mV (for a particle where¢¢c) ...
1.3)
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INORGANIC CHEMISTRY-I BSCCH-101
where m is the mass and v the speed/velocity opéngcle. From the equations 1.1 and 1.3,

we have
hv=rw? L (1.4)
hv _ 2
or - = nmv
h
or 2 =mv=p (momentum)
_h h
or A= 5 or W ...... (1.5)

(momentum p = m, mass X velocity)

Here, A corresponds to the wave character of matter aitd particle character. This is
Known as de Broglie’s relation. From this relatibips it is concluded that “the momentum
of a moving particle is inversely proportional teetwavelength of the wave associated with
it”.

It is important to note here from above discusdlat de Broglie’s relation is applicable to
material particles of all sizes and dimensionsthaetwave character is significant only for
micro objects like electrons and is negligible fvacro objects hence cannot be measured

properly. This infers that de Broglies’s relati@mnore useful for smaller particles.

de Broglie’s relation has been applied to a mowfectron around a nucleus in a circular

path in an atom to justify Bohr’s postulate whit¢atss that elections can move only in those

orbits for which the angular momentum is equalrtoreegral multiple ofz% , Le.

_h
mwr=n— . (1.6)

This moving electron is considered as a standingewextended around the nucleus in
circular path and not as a mass patrticle. If threuonference of the orbit is an integral

multiple of the wave length,

ie. Zr=nA a.7)
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INORGANIC CHEMISTRY-I BSCCH-101
where r is the radius of the orbit and n is the hmmber, the wave remains continually in

phase, i.e. is a merging wave (Fig. 1.1 a)

From equation 1.5, we have

Putting the value oft in equation 1.7, we get
2nr = n % Fig 1.1 (a) merging waves, (b) Crossing waves

h .
or mvr = A= (onrearranging)

21

which is the same as equation 1.6, i.e. Bohr's ylas® mentioned above. If the
circumference of the orbit is bigger or smallentliae value given above, the wave is out of

phase, i.e. a crossing wave (Fig. 1.1 b)

Fig. 1.1 a: in phase Fig. 1.1 b: out loAge

de Broglie’s concept has been experimentally \edtifby Davisson and Germer, G.P.

Thomson and later by Stern independently.

1.4. HEISENBERG'S UNCERTAINTY PRINCIPLE

According to classical mechanics, a moving electoehaves as a particle whose
position and momentum could be determined with eyu But according to de Broglie, a
moving electron has wave as well as particle chiarashose precise position cannot be

located because a wave is not located at a patiq@dint rather, it extends in space. To
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INORGANIC CHEMISTRY-I BSCCH-101
describe the character of a subatomic particlelibhaives like a wave, Werner Heisenberg in

1927 formulated a principle known as Heisenberg'&dstainty Principle. According to the
principle ‘it is impossible to determine simultaneously bothhe position as well as the
momentum (or velocity) of a moving particle at thesame time with certainty (or

accurately)”

He also proposed a mathematical relationship feruhcertainty principle by relating the

uncertainty in position with the uncertainty in memum which is given below:

AxxAp > % ............... (1.9)

or Ax X m (Av) 2% (sincep = m v and Ap = mxXAv)

where Axis the uncertainty or error in the position of tparticle, Ap and Av are the

uncertainties in it's momentum and velocity and Planck’s constant.

This equation states that the producf\efand Ap can either be greater than or equal
to (=) but never smaller tharj:in , a constant. IAx is measured more precisely (ifex is

small) then there is large uncertainty or errothi@ measurement of momentufp(is large)

and vice versa.

1.5. CONCEPT OF PROBABILITY AND SCHRODINGER’S
WAVE EQUATION

From the uncertainty principle, it has been conetlithat the exact position and exact
momentum or velocity (related to kinetic energy)aomicro particle can be replaced by the
concept of probability. For an electron in an atex® can say that there is probability of
finding it in a particular region of space and ipaaticular direction (except for s-electron).

To describe the wave motion of electron in hydrogéom, Schrodinger in 1927
combined the de Broglie’s relation for the waveldnof a particle wave with the well known
differential equation for standing waves and pregbsa mathematical form called

Schrodinger’s wave equation. This equation is nddely used to explain the behaviour of
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atomic and molecular systems. The equation fongleiparticle in three dimensional space,

i.e. along x, y and z directions is given as folkow

Sy + Ay +dy + &y =o . (1.11)
SX28y? 87 %

In place of three partial differentials, symbul (del) can be used, hence the above equation

becomes
Vy + &y =0
.......... (1.12)
)\’2
whereV? (del square) is equal & + & + &° and is known as laplacian operator.
3x2oy? 87

Putting the value of from de Broglie’s relation (i.e. :%), the above equation becomes

4m’mv?
h2

V2\|/ + =0

Extracting the value of v from kinetic energy, patel energy and total energy termsi.e. E =
K.E+V where K.E. =%mv2 and putting in the above equation, we get thel fiman of the
equation as:

8m’m

- EV)y =0 (1.14)

Vz\u +
This equation is known as Schrodinger’'s wave equoati
1.5.1. Significance ofy and y?

An electron, from the probability concept, is calesed as a three dimensional wave
system extended around the nucleus and is repeeségtthe symbol which denotes the
wave function of the electrony itself has no physical significance and simplyresgnts the
amplitude of electron wave. Schrodinger’s equakiaa several solutions for, both real and

imaginary. Some of the real valuesyofire appreciable while others are too small andden
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INORGANIC CHEMISTRY-I BSCCH-101
neglected. If the value af obtained as above is continuous, finite, singleeand electron

probability in space related tpis equal to 1, they is known as eigen function (meaning
characteristic)y? gives the probability of finding an electron ofji@en energy, E from place
to place in a given region around the nucleus.&woften contains the imaginary quantity,
but the probability of an electron in a given volimust be a real quantity, therefore the
producty y~ (y star) is used rather thafd wherey’ is complex conjugate af. This product
will always be real whereag’ may be real or imaginary. if is real quantity, thepy andy’
both are same and hermfais also a real quantity and corresponds to prdibadensity per
unit volume.

1.5.2. Radial and angular wave functions:

The radial wave function, R (r)

The value ofy appearing in Schrodinger’s wave equation in poterdinates, (6,9),
can be determined only whens written in the following form (mention of equaii is not
required) :

Yo, ¢)= RMNGOOMG) (1.15)
Wherevy (r,6, ¢), is known as total wave function, R (r) is thdigh wave function and other
two are angular wave functions. The radial wavesfiom, R (r) is dependent on r only where
r is the distance of electron from the nucleus ianddependent o and¢. Therefore, R (r)
deals with the distribution of the electron chadgasity as a function of distance (r) from the
nucleus. R (r) depends on two quantum numbers nl and can be denoted ag Rr) or
simply R.;. Both R, and R, are significant only for drawing the probabilityrees for
various orbitals. The radial wave functions forsathrbitals are spherically symmetrical.

The angular wave function,y (0, ).

The angular wave functions depend on the aryi@sd¢$ and are independent of the
distance (r). As given above in equation 1.15,dle® represented @s(6) and® (¢). Their
values depend on the quantum numbers | and m andbeawritten as® |, and O,
respectively. Therefore, the equation 1.15 can ladswritten as
Porm =RUOIm@m (1.16)

This equation shows that the total wave functiosides depending on @, ¢, also depends
on the quantum numbevsz., n, | and m. Each permitted combination of nndl an gives a

distinct wave function and hence a distinct orbital
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The angular wave functions together are used Wigirthe shapes of the orbitals.

1.5.3. Probability distribution curves:

Before discussing the distribution curves, let nsw about the electron probability
function. The probability or the chance of findiag electron in three dimensional space
round the nucleus is known as electron probabiliyction, D. For an extremely small
spherical shell of radius r and thickness dr rothednucleus, the value of D can be given by
D = y? x volume of shell =y®x 4xar? dr e (1.17)

and the electron probability between r = 0 and mould be equal to

20 vAdartdr P =R or Ry)
Radial probability distribution curves

The square of the radial wave function multipligdabvolume element, dv, i.e*®)
x dv measures the probability of locating an etattat a distance from the nucleus and
within a small radial space. This is same as aacprobability function given above in
which y? can be replaced by’R, meaning radial distribution. Wherf ®). dv or R.,,. 4nar?
dr where dv= 4r? dr, is plotted against r, the distance from nusjee get radial probability
distribution curves. The peak of the curve gives tlistance from the nucleus where the
probability is maximum and at distances smallegmater than this, value of probability is
less but not zero. Thus, it is observed that edectharge density decreases but volume of

shell increases with r. Various such curves arevahmzelow:
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T

4rr Ry,

+— (05204 —»

(a)

Fig. 1.2 Radial Probability distribution curves fts,2s,2p,3s,3p and 3d-orbitals. Simple
sketches have been given in which the values aichldave been shown angd lths been
omitted.

The important features of these curves are

(). Curves start from the origin and the areasecett by the envelopes of a particular curve
for a subshell (orbital) go on increasing from keftright so that the area of the last envelope
iS maximum.

(ii). The number of minima where density of eleoimcharge is zero, appearing in a
particular curve gives the number of radial nodesiadal points for the orbital (subshell).
The number of nodal points is equal to n-I-1. Tfarsthe electrons of 1s,2s,2p,3s,3p and 3d
orbitals, the number of nodal points is 0,1,0,2)d @, respectively. This is also evident from
the curves of these orbitals. Evidently, 3s orkitaidal points = 2) is bigger in size and more
diffused than 1s (nodal point = 0) and 2s orbifatedal point = 1) both due to greater number

of nodal points in it (see figure 1.2)

1.6. SHAPES OF ATOMIC ORBITALS AND ANGULAR PROBABIITY
DISTRIBUTION CURVES
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The shapes of atomic orbitals depénand¢ i.e. the product® (6) x @ ($)] or |mX

@, is related with the shapes of the orbitals. THaesof®, , x ® ,for s-orbital (I=0,m=0),
p-orbital (I = 1, m = 0, +1), and d-orbitals (I 5 &h = 0, 1, +2) can be obtained and
correlated with the shapes of orbitals.

For s-orbitals (I = 0, m = 0), the angular wavediion 0, , X @, is independent of the angles
0 and¢, i.e. there is no angular wave function and hesb&als have only one orientation
and are spherically symmetrical over all the dimg, hence have spherical shape as well as
are non-directional. Thus, s-orbitals are usualyresented by circles. Greater the value of n
and higher the number of nodal points for s-orbitaiger is the size of orbital. The electron

density in s-orbitals could be shown by concerghiades as follows:

Radial node Y h Radial nodes

Y

T

(@) ) ©

1s-orbital 2s-orbital 3s-orbital

(no nodal point) (1 nodalmpi (2 nodal points)
Fig. 1.3 Electron charge density pictures for ksafd 3s-orbitals. Nucleus has been shown
by thick dot.
For p orbitals (I = 1, m = 0, +1), there are three values of m Hretefore, there are three
orientations of lobes of orbitals along cartesianrdinatesviz. p, p, and p. The subscripts
X, y and z indicate the axes along which orbita¢saiented. The three p-orbitals are similar
in size, shape and energy but differ in orientataly. The angular wave function for these
orientations is the produt, x ®n, For I=1, m =0 orientation, the angular wave funci o
@y is a real quantity and corresponds t@gbital which is dumb-bell shaped curve along z-

axis in three dimensional spaded. 1.4 9.

UTTARAKHAND OPEN UNIVERSITY Page 11



INORGANIC CHEMISTRY-I BSCCH-101
Forl=1m=+1and | =1, m=-1 orientations, dagwave functions ar@; +1x ®.; and®; ;

x @.; which have imaginary quantities and are avoidd fleal values are obtained by the
normalised linear combinations (addition and suitiwa) of angular angular wave functions.
Thus, addition process, i.81.1 X @1 + 014 X ®; gives normalised wave function
corresponding to,porbital. In three dimensional space, this givembibell shaped curve
along x- axis (Fig.1.4a) The subtraction process@h +1X @41 - ©1.1X @1 gives normalised
wave function corresponding tg prbital which is again dumb-bell shaped curvehre¢ —

dimensional space along y-axi5d. 1.4b).

-z i

B
»
&

=X

B orbital R orbital p orbital
(@) (b) c)(

Fig.1.4The orientation of p- orbitals along x, y and xisa
The (+) and (-) signs are algebraic signs of amgukve function and not the charge. The
angular part of the wave functiop (@, ®) has (+)sign on one lobe and (-)sign on the
opposite lobe although2 (@, ®) will be positive on both the lobes. Thus, for fitals, the
important points to be noted are:

() Since x, y and z axes are perpendicular to eachr,othe three p-orbitals are also
perpendicular to each other.

(i) Each of the three p-orbitals has two lobes on sai#of the nucleus which is at the origin of
the axes, hence the probability of finding the &tat (s) in both lobes is equal. These lobes
are separated by nodal planes passing throughuttieus. The electron density on the nodal

plane is zero.
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(iif) Greater the value of n (principal quantum ren or the shell number), larger is the size of p

orbital i.e. 3p orbital is larger in size than 2pital though the shapes of both the orbitals are
the same.

(iv) The energy of the three p-orbitals with the samaevaf n is same i.e. all the three p-orbitals
are degenerate.
Ford-orbitals (I =2, m =0, £1, £2), five orientations (or ordli) are there corresponding to
five values of m for | = 2. Depending on the petedtcombinations of | and m, values for
five d-orbitals, angular wave functions correspogdio different d-orbitals are as follows:
For | = 2 and m=0, the angular wave funct@s,x @, has a real value and corresponds to
d,2-orbital. For | =2 and m = +1, we have two angwiave functionsp, 1 X ®+1andO; .1 X
@.;. The values of these angular wave functions contaaginary quantity and hence, these
values are not accepted. The real and acceptableesvaare obtained from these by
normalised linear combinations (addition and sulima) of above functions. The addition
process of above angular wave functions,@£.1 X @, + 021X ®@_; gives the wave function
for dyx (or di) orbital and subtraction process, i.€;+1 X @41 . 021X D4, gives the wave
function for dyzorbital, for | = 2 and m = £2, we have two wave dtionsviz. @, .2 X @ 1,
and 02, x ®,. Again the values of these wave functions contaiaginary quantity and
hence are not accepted. Real and acceptable vafteegbtained by the nornalised linear
comlimation of the two angular wave functions. Euslition process of above angular wave
functions, i.e.,02+ X @4 + 025 X D, gives the wave function foryd, orbital and
subtraction process .69, 2 X © 12 - O 2 X Dy, gives the wave subtraction fog, rbital.
When these five angular wave functions for differerbitals obtained above are plotted in
three dimensional space, we get the solid curveshadive the orientations along the axes or

in between the axes as shown below:

gy orbital ¢ (or d,) orbital Aorbital
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do.y2 Orbital ssorbital
Fig. 1.5 Angular dependence and shapes of d-orbitals.

The probability density is the square of the wawecfion and is positive everywhere. The
lobes on the positive or negative side of bothakes are assigned (+) sign and those on

positives side of one axis and negative side obther or vice versa are assigned (-)sign.
The characteristics of the d-orbitals may be surnsedras follows:

(i) dxy, dy; and dy (or d) as well as g., orbitals are double dumb-bell shaped and contain fo
lobes. The lobes of the first three orbitals aracemtrated between xy, yz and zx planes,
respectively and lie between their coordinate aXas.lobes of g.,,orbital are concentrated
along x and y axes..florbital has a dumb-bell shape with two lobes aleraxis with (+)
sign and a concentric collar or ring around thdeusin xy plane with (=)sign.

(i) The d-orbitals belonging to same energy shell agederate, i.e. have the same energy in a
free atom.

(ii)The d-orbitals belonging to all main energyefis have similar shape but their size goes on
increasing as the value of n and number of nodatpincrease. For example, the size of 5d-
orbital (number of nodal points = 5 — 2-1=2) isglar than that of 4d-orbital (number of
nodal points =4 — 2 — 1=1).

N.B. The shapes of f, g etc. orbitals are beyoedsttope of the text.

1.7. QUANTUM NUMBERS
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These are the integral numbers and most of themfiist three) have been derived

from the mathematical solution of Schrodinger’s waguation fory. These numbers serve
as the address of the electrons in an atom andehare also known aglentification

numbers. These describe the energy of an electron in a,sheius of that shell (i.e. distance
of electron from the nucleus), shape and oriemadiothe electron cloud (or orbital) and the

direction of the spinning of the electron on itsroaxis.

There are four quantum numbetig. principal quantum number (n), azimuthal or suiasid

quantum number (I), magnetic quantum number (m)sgma quantum number (S).
Principal or Radial quantum number

This quantum number represents the number of shetiain energy level to which
the electron belongs round the nucleus. It is d=hby the letter n. It arises from the solution
of radial part ofy. This quantum number can have integral values3l 2,.......... etc. which
are designated by the letters K,L,M,N........ etc. dloves (proposed by Bohr):

Value of n Designation
1 K
2 L
3 M
4 N

It can be concluded that the principal quantum nemfb) gives an idea of:

(a) The shell or main energy level which the electretobgs to.

(b) The distance (r) of the electron from the nuclées the radius of the shell.

(c) The energy associated with the electron.

(d) The maximum number of electrons that may be accaated in a given shell.

According to Bohr-Berry scheme, the maximum nundfeglectrons in fi shell = 2A. Thus
the first shell (n = 1) can accommodate (2°x12) two elections, second, third and fourth
shells with n = 2, 3 and 4 can accommodate eigt??(28), eighteen (2X3= 18) and thirty-

two (2x4 = 32) electrons, respectively.

(i) Azimuthal or Subsidiary quantum number (1)

UTTARAKHAND OPEN UNIVERSITY Page 15



INORGANIC CHEMISTRY-I BSCCH-101
This quantum number is also known as orbital amgulamentum quantum number.

It is denoted by the letter | and refers to thesbell which the electron belongsto. This
quantum number describes the motion of the elecamwh tells us about the shape of the
orbitals of a subshell. The values of | depend lom Yalue of n (the principal quantum
number) and may have all possible values from (@b), i.e. | =0,1,2,3.......... (n-1). Thus,
for a given value of n, total number of | valuegd@gial to ne.g whenn=4,1=0,1,2,3 (total
4 values of ). For each value of |, separate mmiats used which represents a particular

subshell as shown below;

Azimuthal quantum number (I) O 1 2 3 4 ..
Notation for the subshell s p d f g .o

These notations of subshells have been taken fhencharacteristics of the spectral lines in

atomic spectra. Thus, s stands for sharp, p focypal, d for diffuse and f for fundamental.

The subshells belonging to various shells are gbataw:

N L notation for the subshell
1 0 1s
2 0 2s
2p
3 0 3s
3p
2 3d
4 0 4s
1 4p
2 4d
3 4f

The main points to be noted for azimuthal quantumiver are;

(a) This gives an idea of the subshell which the etecbelongs to.
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(b) Total number of subshells in a given shell is ¢gu#he numerical value of n (main shell).

(c) This quantum number corresponds to the orbital @angnomentum of the electron.

(d) This gives an idea of the shape of the orbitakhefsubshell.

(e) The maximum number of electrons that can be accatated in a given subshell is equal to
2(21+1). Thus s, p, d and f- subshells with | =102 and 3 can have a maximum of 2, 6,10
and 14 electrons, respectively, i.ep% d*° and £

(iif) Magnetic quantum number (m)

This quantum number determines the direction otilmgnomentum of the electrons
thereby describing the orientation of orbitals afudoshell in space. The value of m depends
on the value of | thus showing that each subsheikists of one or more regions in space
with maximum probability of finding the electrondi orbitals). The number of such orbitals
(or regions) is equal to the number of ways thetedas can orient themselves in space. This
number is equal to (2| + 1) and values of m areesgnted as (+) | to (=) | through 0. Thus,
each value of m represents a particular orbitdtiwia subshell and total number of m values
gives total number of orbitals in that subshell.r Fexample, for s-subshell, m =0
corresponding to |1=0, i.e. m has only one valudciatihg that s-subshell has only one orbital
or one possible orientation of electrons whichpkesically symmetrical around the nucleus.
When I=1, (i.e. p-subshell), m has three valugs+d, 0,-1 implying that p-subshell has three
orbitals or orientations which are perpendiculaeéeh other and point towards x, y, and z-
axes. These are designated a9p and p. For | = 2 i.e. d-subshell, m=+2,+1,0,-1,-2,ijgef
values meaning thereby that this subshell hasdiib&als or orientationsiz., dyy, d,, d;x, G-
y2and do. On the same grounds it can be shown for f-sub@k&)) that it has seven orbitals
or orientations corresponding to seven values ofizn +3,+2, +1,0,-1, -2 and -3. For p, d,

and f subshells (I=1, 2 and 3) various m values begummarised as follows:

Subshell Value of | Values of m Total m values
p - subshell 1 +1,0, -1 3
d — subshell 2 +2,+1,0,-1,-2. 5
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f — subshell 3 +3,+2,+1,0,-1, -2, -3 7

The main point to be noted for magnetic quantum lmenris that it determines the total
number of orbitals present in any subshell belogpgmpreferred orientations of electrons in

space.
(iv) Spin quantum number (s)

This quantum number arises from the direction afirspg of electron about its own

axis. It is denoted by the letter s which can hamfy two values shown as g-l-)and (-%
representing clockwise spirépin) or anticlockwise spirp{spin). These values i.e. ékand

(—)% are also represented agupward arrow) and (downward arrow). Being a charged

particle, a spinning electron generates a so cal@d magnetic moment which can be
oriented either up or downward. The value of saimelectron in an orbital does not affect the
energy, shape, size or orientation of an orbitalshwws only how the electrons are arranged

in that orbital.

1.8. PAULI’'S EXCLUSION PRINCIPLE

This principle was proposed by Pauli in 1924 angmasmportant rule, governs the
quantum numbers allowed for an electron in an atmmd determines the electronic
configuration of poly electron atoms. In a genéoain, this principal states that “lan atom,
any two electrons cannot have the same values ofifaquantum numbers”. Alternatively,
this can be put in the formahy two electrons in an atom cannot exist in the sz
guantum state”. Consequently, it can be said that any two electiorsn atom can have
same values of any three quantum numbers but tihf¢may be n or | or m or s) will

definitely have different values for them. This ¢@nshown as follows;

Values of quantum numbers

n [ m S

For any two electrons in an atom same same same different
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or same same different same
or same different same same
or different same same same

Thus the values of all the four quantum numbersafor two electrons residing in the
same orbital like s, py, P, Ok €tc. cannot be the same. For example, in casestd@c2rons
in 1s-orbital (i.e. 13, the values of n, | and m are same for both {eet®ns but s has

different values as shown below:

n I m S
1" electron 1 0 0 ér
For 1¢ electrons
Z‘de\lectron 1 0 0 - %

The values of s may also be written in the reverser but by convention the given order is
preferred. The important conclusion drawn from ttiscussion is that&nh orbital can
accommodate only two electrons with opposite spihs

Application of Pauli’'s Exclusion Principle

This principle has been used to calculate the maxinmumber of electrons that can be

accommodated in an orbital, a subshell and in anrshell. For example, for K-shell, n=1,
=0 and m=0 and s can have a value equal to e@fl)?or (-)%. These values of n, |, mand s

give two sets of values of four quantum numbergiags above. It is concluded that in K-

shell,there shall be only one subshellwith onetathie. the s-orbital is present which can
contain only two electrons with s = &land (-%.

For L-shell, n=2, I=0 and 1. The corresponding galof m are O (for I=0) and +1, O, -1 (for
I=1). For each value of m, s will have two value@% and (—% . This leads to eight sets of

guantum numbers belonging to eight different etewtr These are shown below:

n=2 1=0 m=0, s :ik These values correspond to two

n=2 1=0 m=0, s =§— elections in 2s — orbital.
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n=2 I=1 m=+1, s =§+\ These values correspond to two
>

n=2 I1=1 m=+1, s :é— elections in 2p— orbital.

n=2 I1=1 m=0, s :%r These values correspond to two
>

n=2 I1=1 m=0, s :;— elections in 2p— orbital.

n=2 I=1 m=-1,s =§- ) These values correspond to two
>

n=2 I=1 m=-1,s =i— elections in 2p— orbital.

By convention, the first p-orbital is denoted gsgecond asymnd third as porbital as given
above.Therefore, we can say that an orbital cammowmdate maximum two electrons.
Further, since same values of 1 for a particuléwevaf n corresponds to a particular subshell,
total number of electrons in a subshell can beutatied, e.g., s-subshell contains two and p-
subshell (I=1) will accommodate six electrons, ezsjwvely. Thus total number of electrons in
L-shell will be eight (2 in s and 6 in p-subshellljkewise, one can calculate total number of
electrons in M-shell (18) and N- shell (32) etcwasdl as d (10) and f (14) subshells.

1.9. HUND’S RULE OF MAXIMUM MULTIPLICITY

This rule states thatefectron pairing in the orbitals of a subshell willnot take
place until each orbital is filled with single eletron” (due to same energy of orbitals of a
subshell). This is because it is easier for antelado enter an empty orbital than an orbital

which already possesses an electron.

If an atom has three electrons in p-subshell, tleese be arranged in three p-orbitals as

follows:

i Tl T
@) ) ©
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Among these arrangements, the opitdng the correct arrangement because this ruledbean

stated alternatively astie most stable arrangement of electrons in the oitals of a
subshell is that with greatest number of parallel gins”. It implies that before pairing

starts, all the electrons of the subshell havesttme spins (parallel).

This rule serves as a guideline for filling of mualtbital p, d and f subshells, e.g., the electron
pairing in p, d and f-subshells will not start lech orbital of the given subshell contains
one electron. Thus pairing starts in the threetalbiof p-subshell at fourth electron, in five

orbitals of d-subshell at sixth electron and inesewrbitals of f-subshell at eighth electron,

respectively. The electronic arrangements (or goméitions) for f d® and f systems have

been illustrated here along witf, of and f:

=SPUNE N R N S N N N S P N N N N N

(AU A N RN U N N A NS P A N A A

Here g, & and f provide the examples of maximum multiplicity irethespective subshells

and g, o and f provide the examples where pairing of electronth@se subshells starts.

1.10. THE AUFBAU PRINCIPLE

Aufbau is a German word which means building uganmstruction. The building up
of orbitals implies the filling of orbitals with ettrons. This principle gives us the sequence
in which various orbitals are filled with electroriBhe principle can be stated as the
ground state of poly electronic atoms, the electranare filled in various subshells in the
increasing order of their energy”. This means the electrons are filled in the subighe

lowest energy first followed by the higher energpshells.
There are certain rules which constitute the Aufbpanciple:

In general, the subshells with lower n values diedffirst followed by those with higher n-

values (called lower n rule).
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For any given principal quantum number n, the oaldilling up of subshellsis s, p, d and f.

(n +) Rule; sometime lower (n + ) rule is violdteln such cases (n+l) rule is applicable
according to which the subshells are filled in ordé increasing (n+l) values, e.g., 4s-
subshell [(n+l) = 4+0 equal to 4] is filled befadd subshell [(n+]) =3+ 2 equal to 5) due to

lower (n+l) values. Keeping in mind the above dgsian, various subshells can be arranged

in the order of increasing energy as follows:

n=t [1s | sicrt from here

Energy sequence of subshells for electron filling
This relative order of energy of various subsheilan atom may also be given as follows:
15<2s<2p<3s<3p<4s<3d<4p<5s<4d<5p<65<4f<5d<6p<7&dcf<

The electrons are filled according to this ordelyon polyelectron atoms. Configurations of
lanthanum (La, Z = 57) and actinium (Ac, Z = 8% #ne exceptions where the last electron
enters 5d and 6d-subshells instead of 4f and Skl against the Aufbau’s lower (n + I)
rule though (n+l) values are same for 4f and Sdi@lsas 5f and 6d-subshells.
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1.11. ELECTRONIC CONFIGURATION OF ELEMENTS

Based on the Pauli’s exclusion principle, Hund’sxmaum multiplicity rule and
Aufbau principle, we can formulate a system focelan distribution in atoms and electronic
configuration of the elements can be worked out. égctron distribution, we mean

arrangement of electrons in various atomic orbaald subshells.

Looking at the relative energy sequence of subshallatoms in the elements, it can be
concluded that we can work out and write down tleeteonic configuration of the elements

straightaway up to argon (Ar, Z = 18) as follows:

Name of the element Symbol with atomic number IEctronic configuration
Hydrogen H((Z=1) 1s
Helium He (Z = 2) s
Lithium Li (Z=3) [He] 25
Beryllium Be (Z = 4) [He] Zs
Boron B(Z=5) [He] Z2p*
Carbon C(z=6) [He] 281
Nitrogen N(@Z=7) [He] 32p®
Oxygen O (Z=8) [He] 220"
Fluorine F(Z=9) [He] 22p°
Neon Ne (Z = 10) [He] 22P
Sodium (Natrium) Na (Z = 11) [Ne] Bs
Magnesium Mg (Z = 12) [Ne] 3s
Aluminium Al (Z = 13) [Ne] 353p"
Silicon Si (Z = 14) [Ne] 38p°
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Phosphorus P (Z = 15) [Ne[3p°
Sulphur S (Z =16) [Ne] 38p
Chlorine Cl(z =17) [Ne] 33p°
Argon Ar (Z = 18) [Ne] 3s3p°

If we try to write down the electronic configuratiof potassium (Kalium) (K, Z=19)
according to above trend, the last electron mudgbgbe 3d subshell, i.e.;K = [Ne] 3g ?,p6
3d" or [Ar] 3d" but this electron is said to enter the 4s—subsioebrding to lower(n+l)rule
of Aufbau principle. This may also be explained the basis of effective nuclear charge
given at the end of this topic. The (n + I) valoe 4s = 4+0 is equal to 4 and for 3d, it is 3+2
is equal to5. Hence the electronic configuratiopafassium (K, Z =19) is [Ag] 4s" and that
for calcium (Ca, Z = 20), the next higher elemén{Ar] 45°. Again, the last electron in the
atom of the next element, Sc, (Z =21) has theodppity to occupy either 3d or 4p-subshell
because both are available to it. The (n+l) vafees3d (3+2=5) and 4p (4+l = 5) are same
and electron prefers to enter that subshell whahlbwer n value, i.e. 3d-subshell according

to lower n rule of Aufbau principle. The filling &d-subshell goes on up to zinc (Z = 30).

The electronic configurations of the elements ith 21 to 30 are given below:

Name of the Electronic
Symbol with atomic number Configuratio
Sc (Z = 21) [Ar] 483d"
Ti (Z = 22) [Ar] 4¢3
V (Z = 23) [Ar] 48 3d®
Cr (Z = 24) [Ar] 4383
Mn (Z = 25) [Ar] 483cP
Fe (Z = 26) [Ar] 483
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Co (Z =27) [Ar] 483d’
Ni (Z = 28) [Ar] 48 3d®
Cu (Z = 29) [Ar] 4863d"°
Zn (Z = 30) [Ar] 483d"°

The next six elementsyiz. Ga;, to Krsg belong to p-block and the last electron, as ide,
enters the 4p — subshell of the atoms of theseesianThe electronic configurations of these

elements are as follows:

Gallium Ga (Z=31) [Ar] £s3d"°4p"
Germanium Ge (Z=32) [Ar] 48d" 4p”
Arsenic As (Z = 33) [Ar] £3d'°4p®
Selenium Se (Z = 34) [Ar] 48d'%4p*
Bromine Br (Z = 35) [Ar] 43d"°4p>
Krypton Kr (Z=36) [Ar] 483d"%4p° or 1$ 28 2p° 3¢ 3p°3d™%4< 4p°

In next two elements of5period, the last electron goes to 5s- subshebldsk):
Rubedium Rb (Z = 37) [K5s*
Strontium Sr(Z = 38) K55

Filling of 4d — subshell begins in the next eleme@tirium, Y (Z = 39) and ends at cadmium,
Cd (Z = 48) {Y: [Kr] 5¢ 4d"to Cd: [Kr] 5¢ 4d"% with anomalies in the configurations of
“Mo, *°Pd and*’Ag as shown below. In the next six elements of quk] electron filling
occurs in 5p — subshell, i.e. Inditffiin. [Kr] 5% 4d"°5p" to Xenon**Xe : [Kr] 55 4d'°5p° or
1&° 2¢ 2p° 3¢ 3p°3d™%4< 4p° 4d™° 55p°. Next two elements caesiutiCs and bariunt’Ba
are s-block elements and the last electron in thésments enters the 6s-subshéls: [Xe]
6s' and>®Ba: [Xe] 6€. Next element lanthanufiLa, belongs to d-block: [Xe] 8&d" and is

followed by 14 lanthanides: ceriurfCe to lutetium,”*Lu in which electron filling takes
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place in f-subshell exceplGd and’Lu in which the last electron enters d-subshell tug

and f* stable configuration but these show close resemblavith other f-block elements

and have been placed with them in the periodietabl

It is observed that in case of chromium (Cr, Z 3 84d copper (Cu, Z = 29), the
electronic configurations are against the trendesehconfigurations have been obtained
experimentally by spectroscopic studies. Simpldanqtion to these anomalies can be given
as under. For Cr and Cu, d-electrons being higharumber contribute more towards the
stability of the atoms. Because @ust half filled) and & (completely filled) configurations
are more stable compared foahd d configurations, electronic transition occurs frerto d-
subshells in these elements (due to exchange er&fiegy and symmetry of orbitals), i.e. Cr:
453d" — 4s3d° and Cu : 453d° — 45 3d™. s- electrons being less in number have little

effect in this pursuit.

Similar anomalies have also been observed in tlghehi homologues of these
elementsyiz. ,molybdenum (Mo, Z = 42) : [Kr] 84 and silver (Ag, Z = 47) : [Kr] 55
4d™°. Palladium (Pd, Z = 46) contains another typicaifiguration: [Kr] 58 4d'° Also there

are anomalies in the configurations of lanthanates actinides.

The important point to be noted here is that dutiregfilling of electrons, these enter
first in ns-subshell and then (n-1) d or (n-2) bshell. But during the removal of electron (s),
it is first removed from Hs orbital rather than (n-1) d or (n-2) f-subshbbugh Es<E,.1<
En-2r and removal of the electron must occur from higheergy subshell. For example, in
case of first transition series (3d-series) eleséiling and removal of 4-s-electrons occurs
first followed by 3d-electrons. This is, perhapscéuse after filling of d-subshell, it becomes

of lower energy than 4s-subshell.

1.12. EFFECTIVE NUCLEAR CHARGE (%f¢.)

This term is related with shielding or screeninftgetf The electrons residing in the
innermost shell experience the attraction of fabuge of the nucleus (actual charge) but this
is not true for the electrons contained in the oakells. Actually the electrons in the inner

shells called intervening electrons, act as a dhoelscreen between the nucleus and outer
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shell electrons and thus reduce the force of dgitradetween them. This is called screening

or shielding effect. This effect of inner electrar@ises a decrease in the actual charge of the
nucleus (atomic number, Z) acting on the outertedes by a quantity (sigma) known as
screening or shielding constant. The decreasedeaudaharge (Zo) is called effective

nuclear charge denoted by;Z

It is to be noted that only inner electrons caume shielding of nucleus from outer
electrons and outer electrons do not produce aeydahg effect on any of the inner electrons

in question.

The shielding constant is greater than zero arsltlem Z.aand is a measure of the degree

to which the intervening electrons shield the ostezll electrons from the nuclear pull.

The effective nuclear charge 2 is defined asthe difference between actual nuclear

charge (Zycwa)) @nd the screening constanta)) produced by the intervening electrons”.

The shielding effect caused by inner electronseganith the type of subshells to which these
electrons belong, e.g. s > p > d > f. This shovet Helectrons cause maximum shielding
effect followed by p, d and f-electrons which produninimum shielding effect due to their
arrangement around nucleus. There are certainrfaetbich influence the magnitude of
and Zg.

Number of intervening electrons: Greater is the In@nof intervening electrons, more will be
the magnitude o6 and less is the value of,Z Down in a group, number of intervening
electrons in elements increases and hence valsi@lsb increases. Consequentlyy ¥alue
goes on decreasing.

(i) Size of atom: As the size of atoms increases, vafu&s decreases, e.g. down in a group.

Along a period, atomic size decreases and hegegags on increasing.
Slater’s Rules for calculatinge and Zg.

Slater gave illustrative rules for calculatiagand Z¢. These have been discussed here with

illustrations:
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(i) The screening constant)(for an electron contained in ns or any of np otsitd " shell of

an atom/ion = 0.35 x [number of remaining electraimsi” shell] + 0.85 x [number of
electrons in (n-£ shell)] + 1.0 x [number of electrons in farthenén shells].
From this formula, we conclude that;

(a) Each of the remaining electrons in tiéshell contributes 0.35 to the valueoof

(b) Each of the electrons in (n*shell makes a contribution of 0.85 to the value.of

(c) Each of the electrons in the next inner shells makeontribution of 1.0 to it.

(d) There is no contribution of electrons to the vabfes which are residing in the orbitals
having higher value of the principal quantum numban the shell number of the electron in
guestion.

(e) For an s-electron of first shell (n=1), there vii# a contribution of 0.30 from other single
electron in 1s-orbital.

Some examples may be cited to make the rule clear:
Example 1.Calculates and Zg¢. values for 4s electron in
() cu (Zn = 29) and (ii) Mn (Z = 25) atom.
Solution: (i) for cu (Z =29)*Cu = 1825 2p°353p°3d™4s"
(10) (18) (01)

¢ for 4< electron in Cu atom = 0.35x0+0.85x18+1.0x10 =3@5.
. Ze. for 4 electron in Cu atom = .Z4—c = 29 — 25.30 = 3.70

(i) For Mn (Z =25)*Mn =1 22p° 3<3p°3f 48
(10) (18) 1)

o for 4¢ electron in Mn-atom = 0.35 x 1+ 85 x 13 + 1.0 x=1P1.40

~ Zet experienced by a 4s — electron in Mn atom zZc = 25 — 21.40 = 3.60

Example 2.Calculate Zqfor (i) the last electron in Cl atom (Z=17) and

(i) 1s electron in N atom (Z = 7).
Solution: (i) for CI (Z =17),*'Cl= 1 2$2p° 3$3p
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2 © ()

=~ Last shell contains 7 electrons, hence remaieiagtrons in this shell for the last electron
=7-1=6

o for the last electron of Cl-atom = 0.35 x 6 + 085+ 1.0 x 2 = 10.90
=~ Zes for the last electron of Cl atom = 17-10.90 =(6.1

(i) ForN (Z=7),'N=15 2$2p°
@ 6
There will be no contribution of valence shellattens towardss of 1s" electron.
~c of 18 electron of N atom = 0x5+0.30x1 = 0.30
and Zg for this electron = £- 6 = 6.70
(i) & for an electron contained in (n-1) d-orbitals ofifff shell of an atom/ion
= 0.35 x [number of electrons in (n-1)d-orbitald]-©0 x [Number of electrons in (n-1)s, (n-
1)p-orbitals and inner shells]
From this formula, it is inferred that
(a) These is no contribution of the electrons of ngtatlo the value ob.
(b) Each of the remaining electrons in the (n-1)d-aibitontributes 0.35 t®.
(c) Each of the electrons in (n-1) s and (n-1)p-orbites well as inner shells i.e. n=1 to n (K-2)
shell makes a contribution of 1.0 to the value.of
Let us discuss few examples:
Examples 3.Calculates and Z¢for 3d-electron in (i) Cr (Z = 24) and (ii) Ni (Z 28).
Solution. (i) for Cr (Z = 24) *Cr = 1§ 2¢ 2p° 3¢ 3p° 3 4s
(18) 6 @)

(on arranging the configuration accordinlater’s rule)
Here 43 electron does not contribute towards the value of
o for a 3d-electron in Cr atom = 0.35 x 4+1.0 x 18940
(remaining electrons in 3d orbitals = 5-4)=

~Zessexperienced by a 3d electron in Cr atom,zZo = 24 — 19.40 = 4.60

(i) For Ni (Z = 28),®Ni= 1§ 2¢2p°33p° 34 4¢
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(18) @ @

4¢ electrons do not contribute to the valuesoRemaining electrons in 3d orbitals = 8-1 = 7.

o for a 3d-elctron in Ni atom = 0.35x7+1.0x18 = 20.4

~Zesfor a 3d-electron in this atom= Zo—= 28-20.45 = 7.55

To calculate the & experienced at the periphery of an atom/ion.
This is calculated by subtracting the shieldingstant ¢) for all the electrons present in the
electronic configuration of the atom/ion from itsw@al nuclear charge.
For example, suppose we have to calculate theaZ the periphery of Ti (Z = 22) atom,
then®Ti= 1< 252p° 3£3p°3f 4¢
(100 109 @
o for all the electrons of Ti atom = 0.35x2+0.85%x1M+10 = 19.20
-~ Zeff at the periphery of this atom 3£ ¢ = 22- 19.20 = 2.80

Applications of effective nuclear charge and Slatés Rules
The concept of effective nuclear charge in thetlofhslater’s rule has been used to explain;
why is 4s-orbital filled in preference to 3d-orlétén potassium atom (Z =19)?
Argon (Z = 18) with electronic configuration: 418< 2p° 3€3p’, is the last element of third
period in which the 3d-orbitals remain vacant amel last electron goes to 3p-subshell. For
the 19" electron of potassium atom, two subshells arerétieally available, iz. 3d and 4s.
Under these two possibilities, the electronic ogunfations of potassium atom are:
K (Z=19) = 16282p°3¢3p3d"

(18) )

and K (Z=19) = f2¢2p° 3$3p%4s
(10) ® @

Theo (shielding constant) for 4s-electron of K atom
= 0.35x0+0.85x8+1.0x10 = 16.80
= Ze for 4¢ electron of K atom = g—oc = 19-16.80 = 2.20

Similarly, the Zgexperienced by 3celectron of K-atom is
19- [0.35x0+1.0x18] = 1.0
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Since Zs for 4s" electron is greater than 3dlectron of K atom, the attractive force between

4s" electron and nuclear charge is greater than fiattoveen 3Helectron and the nucleus of
this atom. Hence the configuration,? & 2p° 3¢ 3p°4s, would be more stable than that
having 3d electron. This infers that 4s-orbital is filled preference to 3d-orbitals in K atom.
Other applications of the concept will be giventiire next units of the text as and when

required.
1.13. SUMMARY

This unit contains the text related with the duatune of matter, the uncertainty

principle, probability concept, the wave equatisignificance ofy andy? and related wave
functions as well as probability distribution cusvend shapes of atomic orbitals in the simple
way. A brief and informative discussion of quantaombers, the rules governing the filling
of atomic orbitals such as Pauli’s exclusion pptei Hund's rule and Aufbau principle has
been given. The electronic configuration of eleraeimas effectively been discussed with
examples and the limitations are also given. At lds#, Slater’s rules for calculating the

effective nuclear charge with examples and appdinathave been given briefly.
1.14. TERMINAL QUESTIONS

(only some samples have been given)

i) What do you mean by dual nature of matter?
i) Discuss the meaning and significanceyafndy? with reference to the wave equation.
iif) Write a note on radial wave function.
iv) Discuss the angular wave function and correlatemvben this wave function
and shape of p-orbitals.
v) Discuss azimuthal quantum number with suitable gxasn
vi) What possible values of n, |, m and s quantum nusnten an electron in a 4f- orbital have?
vii) How many electrons can be contained in fourth dfedin atom and why?
Viii) How are the quantum numbersn, | and m related ¢camother?
ix) What is meant by shielding effect?
X) What quantum numbers would you assign to the lastren of Rb-atom(Z = 37) as well as
its 30" electron?

xi) Calculates and Z« for 3d electron in Mn (Z = 25) atom.
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xii) Write down the electronic configurations of thenaéts with Z = 46, and 71.

1.15. ANSWERS

i) Please see de Broglie’s matter waves.

i) Please see significancewfandy?.
iii) Please see radial wave function.
iv) Please refer to angular wave function and shapesbitfls.
v) Please see quantum numbers.
vi) An electron in a 4f orbital will have the values=#, | = 3 (n-1 = 4-1),
m = any one of +3,+2,+1,0,-1,-2,-3,s =;ﬂar - %
vii) According to Bohr — Burry scheme, the maximum namif electrons in'Ashall = 2A.
= In fourth shell, maximum number of electrons = 2x482.
viii) n, | and m are inter related as follows:
| =0ton-1, m =+l to — | through 0, n is indepent of both | and m.
iX) Please refer to effective nuclear charge and shikeffect.
X) The electronic configuration of Rb (Z = 37) atoni b = [Kr] 55 i.e. 1§ 2$2p° 3¢ 3p°

4 3d'° 4p65$1 (Aufbau principle) The last electron is'&sectron. Its quantum numbers

aren=5,1=0, m =0, saz%
The 33" electron is the last electron in 3d subshellthe.1d" electron.
Its quantum number are: n=3, I= 2, m= —2,5%:

xi) *Mn =18 2¢2p° 3¢3p° 3¢

(18) ® @

4¢ electrons do not contribute to the valuesdbr 3d electrons.

o for a 3d-electron in Mn atom = 0.35 x [number@&ifaining electrons in 3d-orbitals]+ 1.0 x

[number of all the electrons inls ,2s, 2p, 3s,gnddbitals ] = 0.35 x 4+ 1.0x 18 = 19.40
~ Zeff = Z —6 = 25- 19.40 = 5-60
xii) For this answer, please refer to Aufbau principle:
Z =46 : 18 2 2p° 3¢ 3p° 45° 3d™° 4p° 59 4d'° (observed config.)
Z =71:18252p° 3¢ 3p° 45 3d™° 4p° 55 4d'°5p° 6 4+ 5d
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UNIT 2: THE PERIODIC TABLE
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2.7 Answers
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2.1 OBJECTIVE

The objective of writing the text of this unit is gjive the readers an information about how
the elements whose number increased with time, weganised in the tabular form.The
systematic classification of these elements witipeet to their physical/chemical properties
made the readers and the scientists comfortablepeettictable in their further study. Till
date, this number has gone up to 112 to whom s\sritle been assigned and some more

elements have been predicted and evidenced bya@ioprstudies.

2.2 INTRODUCTION

With the rapid advance of chemistry with time, thenber of discovered elements increased
continuously. These elements exhibited marked miffee in their properties. Hence it
became more and more difficult and tedious jobtfar scientists to study each and every
element individually for its physical and chemibahaviour. Therefore, many attempts were
made to arrange the elements with similar physacal chemical bhaviour, at one place to
make their study systematic and easier. This attevap namedhe periodic classification

of elementswhich means, the ideal arrangement of those elesmehich are alike in their
behavior. It was thought, in the process, thatehmight be some relation between some
fundamental characteristic of an element and itpgnties. Originally, this characteristic

taken into account was the atomic weight, lateledahtomic mass. Eventually, the atomic
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mass was replaced by more appropriate basis, tnei@mnumber. At the same time the
periodicity in properties of the elements was &de@n care of.

2.3 HISTORY OF PERIODIC TABLE

The first important attempt for the arrangementetdments, i.e. their classification, was
made by Dobereiner in the beginning of nineteepttitury by proposing what is now known
as“Dobereiner’s law of triads” .According to him when various triads (i.e. contagnthree)

of elements with similar properties were arrangethcreasing order of their atomic weights,
the atomic weight of the middle element of thedn@as found approximately equal to the

arithmetic mean of the remaining two corner elemeRor example:

Li Na K

7 23 39

S Se Te
32 79 127.6
Cl Br |

35.5 80 127

This law of triads was not found useful becausadsiof all the known elements at that time
could not be formed.

In the middle of nineteenth century, scieniisima put forward his idea calletDuma’s
homologous series’in an attempt to classify the elements. He propdkat “the atomic
weights of certain elements could be placed in Hogaus series like organic compounds”.

For example, the elements of nitrogen family weraraged as follows:

Element Atomic Weight Homologous series
N 14 A
P 31 (14+17) A+B
As 75 (14+17+44) A+B+C
Sb 119 (14+17+2x44) A+B+2C
Bi 207 (14+17+4x44) A+B+4C

(Here A=14,B =17 and C = 44).

This scheme of Duma was also not found usefulercthssification of elements.
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Further step in this field was takenin 1864 by Jblemvlands, an English chemist. He tried to
correlate the chemical properties of elements wi#ir atomic weights and proposed a law,
now known as Newlands’ law of octaves According to this law if the elements were
arranged in increasing order of their atomic weighs, every eighth element was found to
have similar properties’. For example, as given below, the eighth elenstatting from Li

is Na which have similar properties. Similarly, Négthe eighth element from Be and both of

them also have similar properties.

Li Be B C N O F
7 9 11 12 14 16 19

Na Mg Al Si P S Cl
23 24 27 28 31 32 35.5

However, this classification proposed by Newlands Wmited to 14 elements only (given

above) and his work was not accepted by sciemiffomunity.

2.4 LAWS OF PERIODIC TABLE

(A) Mendeleev’s Periodic law:

Dmitri Mendeleev, a Russian chemist, in 1869 olee@rthat When the elements were
arranged in the increasing order of their atomic weghts, the elements with similar
properties recurred (or reappeared) at regular intevals (or periods)’. From this
observation, he put forward a law known as Mendeteeperiodic law. This law states:

“The physical and chemical properties of elementsra periodic functions of their atomic
weights”.

Working on this law, he arranged the elements, knawhis time, in the increasing order of
atomic weights and presented them in the form taibde. That was known ddendeleev’s

periodic table (please see table 2.1).
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Table 2.1: Mendeleev's original Periodic Table
In that table, the elements were arranged in coturfoalled groups) and rows (called

periods). The original periodic table formed by Meleev had following characteristics:

()  The elements were arranged in the increasidegraf their atomic weights.

(i)  The table contained eight vertical columns sexen horizontal rows.

(i) Every column (group) contained two sub gps (subgroup A and subgroup B) except, the
eighthcolumn which contained three series of tieteeents (triads).

(iv)  The columns contained the elements of sinpitgysical and chemicalproperties.

(v) First period (horizontal row) was called very shpetiod, second and third periods were
named as short periods, fourth and fifth periodeevealled long periods and sixth period was
named very long period. Seventh period containety @nfew elements (and is still
incomplete). The elements of'®2and ¥ periods were called the typical elements by
Mendeleev because, these were truely the repiesgs&s of their respective groups.

(vi)  Mendeleev had left empty spaces for elemenksiawn at his time, e.g. Sc, Ga, Ge etc.

but had predicted their properties. At his timeuad 65 elements were known.

Merits of Mendeleev’s Periodic Table:

() It helped in the study of elements and compoundsiwimas become easy and systematic.

(i) The empty spaces in the Mendeleev’s periodic tabtmuraged the scientists to work in the
field of discovery of new elements since he hadligted the properties of the probable

elements.
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Defects of the Mendeleev’s Periodic Table:

Although Mendeleev’s periodic table helped a lotstady the properties of elements and
correlate the elements with one another, yet thveeee some anomalies which existed
unanswered in the Mendeleev’s table. These were:

(i) The position of hydrogen remained inappropriateabbee some of its properties resembled
with alkali metals and some others with halogensnd¢ it might be placed in group | or
group VII.

(i) Dissimilar elements of sub groups were placed ttagein groups, i.e. alkali metals and
coinage metals of *lgroup have altogether different properties. Simitathe case with
halogens and elements of manganese family in gvbufsub groupA and B elements).

(iiCertain elements with higher atomic weightsrevgplaced before those with lower atomic

weights, e.qg.
Cobalt Nickel (elements of group VIII, triad 1)
58.93 58.69
Tellurium lodine (elements of group VI and VII)
127.60 126.90

(iv) The Table did not show any correlation between db&mproperties and electronic
configuration of elements.

(v) No information regarding the position of isotepand isobars was available from the
table.
Modified form of Mendeleev’s Periodic Table:
Mendeleev did not imagine the discovery of indeineents, therefore no place was left by
him in his periodic table for these elements. Aftex discovery of inert gases (later called the
noble gases),a new group was added to accommduzde elements to his Periodic Table
which is called zero group. Similarly, the lantides and actinides could not find the proper
place in his periodic table. Later including thesel other elements which were discovered

after Mendeleeff, a modified table was preparecciiiias been giverméble 2.2.
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Table 2.2 Modified form of the Mendeleev periodicdble bassed on atomic weight.
This table has following characteristics:

(i) This table contains nine vertical columns or gromgtuding the zero group.

(i) Except the elements of zero group and eighth graliphe groups have been divided into A
and B sub groups. The elements of subgroup A haee kept on left side and those of B on
the right side of the group. Elements of a subgroaye more similarities than those placed
in the other sub group of the same group. For el@nglements of subgroup | Aig., Li,

Na, K, Rb, Cs, etc.) have almost similar propetbiesdiffer from subgroup 1B elementsZ,,
Cu, Ag, Au).

(ii)The atomic weights of the elements increasgutarly on moving from top to bottom in a
column and, in general, in a period with few exueyd.

(iv) The number of horizontal rows has been kept theeshaot the nomenclature of periods
(given in point v of Mendeleev’s original periodiable) has been changed in the modified
table. The first three periods, in this case, arewn as short periods containing 2,8 and 8
elements and the last four are called the longogerthough the number of elements is 18 in
the fourth and fifth periods and 32 in the sixthipe. Seventh period is still incomplete. It
may be noted here that there is regular variatiothé properties of elements from left to
right in a period.

(v) By the year 1900, some 30 more elements had bededato the list of elements. These

along with those discovered later have been ginghe table.
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(B) Lothar Meyer’s arrangement:
German chemist Lothar Meger, in 1870 proposed iedéently a more extensive tabulation
of the elements based on regular periodic recuer@h@roperties. He calculated the atomic
volumes of the known elements i.e. volume occupiedne mole of the elements (in Yrin
the solid state. Thus

. mass of one mole
Atomic volume-———
density

When he plotted these atomic volumes against thegmonding atomic masses, a curve with
sharp peaks and broad minima was obtained. Thi ¢deld not get wide acceptance and
was not taken for further work by scientific commity.

(C) Modern Periodic law (Moseley’s Periodic Law).
This is also called Moseley’s periodic law. Henrpdéley, a British physicist, in 1911-12,
discovered a new property of the elements caltedhic number which is equal to the total
number of protons in the nucleus of the atom o&l@ment (this is also equal to the number
of electrons in the atom). He correlated this prgpevith the physical and chemical
properties of the elements. This led Moseley todigtethat most of the defects of
Mendeleeff's periodic table could be removed if thessification of the elements is done on
the basis of atomic number rather than the atoreight. He, thus, modified the periodic law
and stated thathe properties of the elements are the periodic factions of their atomic
numbers”. Meanig thereby, if the elements are arranged ininicecasing order of their
atomic numbers, the recurrence of properties oketbments takes place at regular intervals.
The elements with similar properties fall in thengavertical columns (or groups) and are
called elements of that family.
Modern or Long form of Periodic Table:
This table is also known as Bohr’s periodic taliid & based on the atomic number, which is
a fundamental property of the elements, and Mo&elgsriodic law. This table helps us to
understand the cause of periodicity of properties, recurrence of similar properties at
certain regular intervals viz., 2,8,18, and 32 whace referred to as magic numbers. This is
because the atomic number of elements in a grooqeases by magic numbers at various
steps. This is said to be attributed to the eleatrarrangement in the atoms of elements.
The modern periodic table has 18 vertical columaiked groups or families and 7 horizontal

rows called periods. This has been givertablée 2.3.
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Table 2.3 Modern or long form of the periodic table

The detailed discussion of the modern periodicetébbiven below:

Groups:

In terms of the electronic configuration/arrangemen atoms of the elements, a group
consists of elements whose atoms have the same rot shell electronic configuration
(except some of the higher homologues of iron jridatcording to IUPAC (International
Union of Pure and Applied Chemistry), the groups aumbered as 1,2,3...... 17,18. Also
there is yet another system in practice among thleoas in chemistry according to which
groups are named as IA, 1B, lIA, 1IB, llIA, lIB. .........VIIA, VIIB, VIII and zero group in
place of numbering the groups from 1 to 18. Intti#e 2.3 both the systems of humbering
the groups have been given. At the same time,lémeents have been allocated the blocks in
the tableviz., groups 1 or (IA) and 2 or (Il1A) have been placedsiblock, the groups 13 or
(IMA), 14 or (IVA).......... 17 or (VIIA) and 18 or (zerayroup) have been included in p-
block. These elements of s and p-block (total 8irmwis) are collectively calleshain group
elements.The elements placed in s-block and p-block exdepetements of groups 18 (zero
group) are also known aepresentative elementsand zero group elements are called inert
or noble gases. The elements of the groups 3 I&) (K or (IVB),........ 7 or (VIIB), 8 to 10

or (VIIN),11 or (IB) and 12 or (lIB) (total ten vecal columns) have been placed in d-block
(also called transition elements). There are 281efds arranged separately in two horizontal
rows at the bottom of the main body of the periddiale, each row containing 14 elements.

These have been included in f-block also knownnagriransition elements or rare earth
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metals. First row of the elements is called 4f-kletements or lanthanides because they all
are having almost similar properties and follow ¢éfement lanthanum. The second row is the
5f-block elements or actinides as they fall aftetimmum and also have almost similar
properties.

The transition elements have been placed betweandsp-block elements and inner
transition elements within transition elements.

Periods:

The modern periodic table has seven periods. Eadbdbegins with alkali metal (except
first one) and ends at a noble gas. The elementeiperiods have also been arranged in the
increasing order of their atomic numbers and iteases by one unit at each step. The first
three periods are known as short periods:

The elements of first period arg EHnd He only (2 elements) The second period contains the
elements from Lgto Nep (8 elements) and the third period includes thenfida;; to Arig(8
elements). The next three periods are collectivedlled long periods and include the

elements as follows:

Fourth period: potassium (K, Z= 19) to krypton (Rr= 36) (18 elements)
Fifth period: rubidium (Rb, Z = 37) to xenon (X&= 54) (18 elements)
Sixth period: caesium (Cs, Z = 55) to radon (Rr, 86) (32 elements).

Seventh period: francium (Fr, Z = 87) to copemnit (Cn, Z=112) 46elements,
incompletd
The seventh period will be completed at Z = 118dhle gas) but at present it is in complete.
All the elements of this period are radioactive.
The elements of third period except Ar (NaCl,7) are called typical elements.
The typical feature of the long form of periodibleis that the elements of'45" and &'
periods which fall under main group elements araetones called th&normal elements”
because they resemble the elements'daad 3 periods below which they are placed. The
6™ period also includes 14 elements (Z = 58 to 7licliollow lanthanum (Lg) and hence
are known as lanthanones or lanthanides. TheP&riod contains another series of 14
elements (Z = 90 to 103) following actinium @) therefore these elements are called
actinones or actinides. The elements beyond urariumzZ = 92)viz., Z = 93 to 103
(neptunium to lawrencium) are known as trans- wraiements and have been prepared
artificially in the laboratory.

Lanthanides: Ge 14 elements Ly

Actinides: Tho 14 elements  Lbs
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In general, all the elements of the long form ofigdic table have been divided into four
categories:

Representative elements:

These are the main group elements including thepyd,2,13....... 17 which have either* ns
or n€ and né p* (x = 1-5) outer shell electronic configuration wée@ is the highest value of
principal quantum number. All these elements hagenbplaced in subgroups A of the
periodic table.

Noble gases:

These also fall within main group elements andudelgroup 18 (or zero) elements. These
all have completely filled s- or s- and p-subshefl®uter most or ultimate shell with highest
n value, i.e. rfsor ngp° (n&’ for He). These have also been placed in subgroop gferiodic
table.

(i) Transition metals:

These are the elements of groups 3 to 12 and iargehave incomplete d-subshell of the
penultimate shell and filled s-subshell of ultimakell with highest n-value. But the elements
of some of the groups also have incompletely fileslibshell of the ultimate shell in addition
to incompletely filled d-subshell of the penultimashell. All these elements have been

placed in subgroups B of the periodic table.

(iv) Innertransition elements:

(i)

(ii)

These elements are said to belong to group 3 B)(dlue to close similarity in their
chemical properties with those placed in groupt8se elements genrally have incompletely
filled (n-1) d and (n-2) f-subshells.

According to their electronic configuration and ttype of subshell to which the last of
differentiating electron enters in the atom of #lements, the elements in the modern
periodic table have been classified into four b#ik. s, p,d and f-block elements.

s-Block elements:

All these elements are metals and solid except ¢ @ which are gases. These are the
elements in which the last electron enters thebstseil. The elements of group 1 (alkali
metals,viz., Li, Na, K, Rb, Cs, Fr) and group 2 (alkaline earthtals,viz., Be, Mg, Ca, Sr,
Ba, Ra) belong to this block in addition to hydmg@gl) and helium (He). The general
valence shell electronic configuration of thesaralats is ns(x = 1 or 2) where n is the
number of valence shell or number of period whithelement belongs to.

p-Block elements:
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These elements in which the differentiating elattemters the orbitals of p-subshell of the
valence or outer most shell are called p-block el@s The elements of groups 13 to 18
(except He with configuration dsbelong to this block. The group number and treeneints
contained in them are shown here:

Group 13 : B, Al, Ga, In, Tl

Group 14 C, Si, Ge, Sn, Pb
Group 15 N, P, As, Sb, Bi
Group 16 o, S, Se, Te, Po
Group 17 F, Cl, Br, [, At
Group 18 : Ne, Ar, Kr, Xe, Rn

The general valence shell electronic configuratbthese elements in ?nsrf (x=1to 6) and
n is the number of shell. The elements of this klexist in all the three states of matie.
solid, liquid and gas. Most of them are non- megaid the rest are metals and metalloids (or

semimetals).

(iif) d-Block elements:

The elements in which the last electron entersadh®tals of (n-1) d subshell, (i.e. the
subshell of penultimate shell) and d-orbitals #ras, being progressively filled are known as
d-block elements. These elements are also termddh@asition elementsand have been
placed in the middle between s-block and p-bloeknelnts in the periodic table. Thus, these
elements serve as a bridge or transition betweghlyhielectropositive s-block and highly
electronegative p-block elements thereby being aesiple for gradual change in the
properties along a period. Hence the name, transitiements has been given to them. These
include the elements of group 3 to group 12 (tefurnos). These have further been
categorised into 3d, 4d, 5d and 6d series depemtirthe shell number whose d-orbitals are
being filled. Each of these series contains temetgs as given below:
3d series: scandium (Sc, Z = 21) to zinc (Zn, DF 3
4d series: yttrium (Y, Z = 39) to cadmium (Cd, 48)

5d series: lanthanum (La, Z = 57), hafnium (Hf, Z2) to mercury (Hg, Z = 80)
6d series: actinium (Ac, Z = 89), rutherfordiumf,(R = 104) to

copernicium (Cn, Z =112)

The general valence shell electronic configuratibthese elements is (n-1j ds®? (x = 1 to

10). All these elements are metalsand solid exdep(a liquid).

(iv) f-Block elements:
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In these elements, the last or differentiating tetet; in general, enters the orbitals of (n-2) f-
subshell, i.e. the subshell of antipenultimate Isi#dl these elements are metals and solids.
These elements are also callaeder transition elements because they have incomplete f-
subshell as well as incomplete d-subshell andwahin d-block elements. These elements
have been divided into two series of 14 elementh,eas follows:
4f-series elements (lanthanides): cerium (Ce, B lutetium (Lu, Z = 71)
5f- series elements (actinides): thorium (Th, Z05 ® lawrencium (Lr, Z = 103)
The general valence shell electronic configuratibthese elements is (n-2)'f (n-1)d“n<’.
It has been noticed that for s and p-block elemehts outermost shell itself is the valence
shell. For d-block elements, two subsheits (n- 1)d and n-s subshells taken together form
the valence shell. For f-block elements, three Iselsviz., (n-2)f (n-1)d and n-s subshells
jointly form the valence shell. This is due to rgaimilar energy of these subshells. A
valence shell is that shell of the atoms of thenelets, from which the electrons are used for
bond formation or chemical combination.
For long form of the periodic table, it may be nibthat the s-block elements (group land2)
have been placed in the extreme left portion oftdide and the p-block elements arekept in
the extreme right portion. The middle portion ird#s d-block elements. At the bottom, f-
block elements have been placed separately in évwessrows.

Merits and demerits of modern periodit¢able
By taking the atomic number as the basis for thedgification of the elements in the modern
periodic table, most of the demerits of Mendeleefiériodic table have been removed.
The main characteristic of the modern or long foomthe periodic table is that the
classification of the elements has been made obdkis of their atomic number which gives
an information regarding the valence shell electra@onfigurations of the elements. If we
know theelectronic configurationor the atomic numbé an element, we can find out its
position in the periodic table, i.e. to which groapd period that element belongs. For
example, for an element the valence-shell eleatroonfiguration is 38p°. This gives us the
information that 3 is the value of n, i.e. the pdrand there are 7 electrons in the valence
shell, means the elements belongs to VIIA grouperé&fore, the element is a member of

VIIA group (group 17) and"3period.

(i) The subgroups have been placed separately in tidemmgeriodic table thereby making it

easy to have the information regarding the propeuf the elements.

(il The modern periodic table still has the drawkaegarding the position of hydrogen which

shows some properties similar to those of the grb@pements (i.e. alkali metals) and some
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with the group 17 elements (i.e. halogens). Alsolémthanides and the actinides have not yet
been included in the main body of the periodiceabl

Nomenclature of the elements with Z = 104 and beydn

A systematic naming scheme was approved by IUPACL977 for the new elments
discovered around that period or would be discavdhereafterhaving Z> 104. It was
decided that a three-letter symbol derived direftthyn the atomic number would be used by

using following numerical roots:

0 1 2 3 4 5 6 7 8 9

nil un bi tri quadpent hex sept oct enn

These names and symbols can be used for elemehtZwi 104 and beyond.These trivial
names have been internationally accepted. Heneeekbment with Z = 104 is un-nil-
quadium (Unq), that with Z = 106 is un-nil-hexium..and the elements with Z = 109 is un-
nil-ennium (Une) etc.

The general names of the elements from Rf (Z = 1®0n (Z = 112) are given here:

Symbol Atomic Number Name
Rf 104 Rutherforduim
Db 105 Dubnium
Sg 106 Seaborgium
Bh 107 Bohrium
Hs 108 Hassium
Mt 109 Meitnerium
Ds 110 Darmstadtium
Rg 111 Roentgenium
Cn 112 Copernicium.

Earlier, the elements with Z = 104 was named ashaiovium (Ku) and Z = 105 as
hahnium (Ha)

Periodicity of properties

In the modern periodic table, the term periodidfyproperties implies that the elements of
similar properties reappear at a certain regukarvals of atomic numbers. On examining the
properties of elements, it has been found thatetaments of the same group have similar

properties. These numbers at which this repetibiccurs, are 2,8,18 and 32, i.e. we have to
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pass these numbers to come across an element dérsproperties in a group. These
numbers are referred to as magic numbers as satbelr.

Cause of periodicity

When we look into the electronic configuration loé telements, we find that all the elements
belonging to a particular group have similar owiewalence shell electronic configuration.
For example, elements of group 1 (IA) havé, tisose of group 3(lIIB) have (n-Du¥, the
elements of group 13 (IlIA) have 38 and those of group 17 (VIIA) have?p3 valence
shell electronic configuration. Because of similavalence shell electronic

configuration/arrangement, the elements of a pdetraqgroup have similar properties.
2.5 SUMMARY

This unit contains a comprehensive text on theohjsbf the periodic table i.e. how the

historical attempts were taken to develop a clesdibn of elements system in a manner
which could facilitate their study, during the &mof Dobereiner, Duma and Newlands. The
laws of periodic table and on the basis of thesss Jahe attempts to classify elements have
also been exhaustively discussed. In the lightheté laws, the elements, arranged in the
tabular form, have been giverviz. Mendeleeff’'s pefiodic table, Modified form of
Mendeleeff's periodic table (both on the basistohac weights) and modern periodic table
on the basis of atomic number. In addition to ttig, elements have also been classified in
the blocks (with general characteristics of eachck). A concise description of the

periodicity of properties and its cause have bestudsed.
2.6 TERMINAL QUESTIONS

i)  Write a concise note on Dobereiner’s law of triads.

ii)  Discuss in short, the Newland’s law of octaves.

iiiy State the Mendeleeff's periodic law.

iv)  Give a brief discussion of Mendeleeff’s periodiblea

v) State and explain the merits and demerits of Mefifielperiodic talbe.

vi) Give a brief account of modern periodic law.

vii) Discuss the main features of modern periodic table.

viii) What are the transition elements and why are tahdgadso?

ixX) Write a brief note on inner transition elements.

X) What is the cause of periodicity of propertiesha elements in periodic table?

xi) What are the p-block elements?
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xii) “The group and the period assigned to the elemeith Bd'4s valence shell
configuration are:
(@ NB&3 () IIB& 4 (c) MA& 3 (d) 1A & 4
xiii) Nepturium (Z = 93) is an elements of
(a) 4f- series (b) 4d- series (c) 5f-serie (d) 5d -series.
Xiv) Seaborgium (Z = 106) is a member of
(@ 6d-series (b) 5d-series (c) 4d-seriegd) 3d-series.

2.7 ANSWERS

i)  Please refer to history of periodic table.

ii)  Please see the history of periodic table.

iii) Please refer to the laws of periodic table. (A)

iv) Please refer to Mendeleeff's periodic table.

v) Please see the merits and defects of Mendeleedfisdic table.
vi) Please refer to the modern periodic table.

vii) Please refer to the modern or long form of peridalte.
viii) Please refer to the d-block or transition elements.

ix) Please refer to the f block or inner transitiomedats.
X)  Please see the cause of periodicity of properties

xi) Please refer to the p-block elements.

xii) b

xiii) ¢

Xiv) a
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UNIT 3: PERIODIC PROPERTIES
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3.1. OBJECTIVE

The objective of writing the subject matter of thisit is to provide the readers an adequate
knowledge of the properties of atoms of the eleseavitich are called atomic or periodic
properties. A sincere attempt has been made tadadlie information regarding the size of
the atoms/ions and their determination, effectredrgy supplied to an atom of the elements,
the behavior of the atoms towards the electronsgrio enter the region of their influence as
well as those lying between the atoms as bondinig,peariation of atomic properties of
elements alongthe periods (horizontal rows) anddmwgroups (vertical columns) and some

other interesting facts related to these properties

3.2.INTRODUCTION

According to modern Periodic law, the atomic praojesr of the elementsyiz. atomic and
ionic radii, atomic volume, ionization potentialr(energy), electron affinity or affinity
energy and electronegativity and properties astatiaith them, viz. oxidizing and reducing
properties, metallic (or electropositive) and moatallic (or electronegative) properties are

the periodic functions of their atomic number. Herice term periodic means the recurrence
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of similar properties of elements after certainutag intervals, also called the periodicity.
These properties have been found to depend onleéb&anic configuration of the elements.
It means the cause of periodicity in propertiegleiments appears to lie in the recurrence of
similar valence shell configuration of their atoatscertain regular intervals. Though, these
properties apply up to some extent to all the etegm®f the periodic table, yet special
emphasis will be laid down on the main group eletsevhile taking the examples of the

applications of the properties.

3.3. PERIODIC PROPERTIES

3.3.1 Atomic and lonic Radii:

These terms correspond to the size of the atomsia@rl which are represented by the
magnitude of their radii. Atomic radii, in generalte used for the distance between the
nucleus and electron cloud of the outer most shiethe atoms. Since it is impossible to
isolated an individual atom or ion and at the séime, the electron cloud, according to wave
mechanical concept, is said to come closer to ticéens at one moment and to go away from
it at the other moment, i.e. it does not remaiooaistant distance from the nucleus, hence it is
rather impossible to measure this distance by apgns. These quantities are, however,
generally derived indirectly from the measuredatse between the nuclei of two bonded
atoms in a gaseous molecule, generally known as imiclear distance (or bond distance) or

between the nuclei of two neighbouring ions in talfme solids called inter ionic distance.

The experimental techniques like Infrared or micawows spectroscopy, X-ray diffraction,

electron diffraction etc. are used to determireeitbernuclear distance in covalent molecules
and interionic distance in ionic substances. Thdegerminations become essential to
correlate certain physical properties of elementh them because density, melting point,

boiling point etc. are related to the size of atoms
Classification of Atomic Radii

For the purpose of feasibility, the atomic radiitbé elements have been explained in three

operational categories, as follows:
Atomic redii:

A. Covalent radii
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B. Metallic or crystal radii
C. van der Waals’ radii
A. Covalent radii
Covalent molecules may be formed by two similag te) or two dissimilar atoms (AB
type). Hence, covalent radius of an atom is coramhi defined asHalf of the distance
between the nuclei of two atoms of the same elemésinded together in a molecule by a
single covalent bond. Thus, for the atom A in Atype molecule in which two A atoms are
linked by a single bond, covalent radius, denoted\bis given as:

da-a = At ra =20 e (3.1)

dA-A

or n = > eeenenen (3.2)

where d.a is the internuclear distance between two A atam&,i molecules; £ in equation

3.2 is known as single bond covalent radius of afomnd is used for a gaseous diatomic

molecule. For example, internuclear distanggqjdin H, molecule is 0.74 A. The covalent

radius of H — atom,r= dHZ_H= % pm = 0.37A. Similarly, the internuclear distancg, &)

atom (g may be calculated as:
(A =10%cm)

o = @z % pm = 0.99A.

For atoms bonded together to form and extensivetdimensional network, atomic radius in
simply “half of the distance between the nuclei of two neipouring atoms’ i.e.

__inter nuclear distance
Feov = 2

Fig. 3.1 Diatomic molecule Fig. 3Bulk of atoms
(covlalent radius) (internuclear diste)
In hetero nuclear molecules (e.g. AB type), thglsitbond covalent radius can be calculated

as given below;
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(a) When the atoms A and B bonded together by purelleat bond and the electronegativities
of these two atoms are almost same, the internudistnce is equal to the sum of radii of A
and B;

das =ta+ s (Whenya =y8) i (3.3)
The internuclear distance,.g, can be measured by experimental method andoif 1z (any

one) is known, the other unknown termdr rz) can be calculated by using the equation 3.3.

dA-A dB -B
ormp= >

(b) If the electronegativities of the two combining rm® are not the samega(# yg), then the

The value of £ or 5 may be obtained fromr=

experimental value ofas has been found less than the calculated valuéneltas a sum of
covalent radii £ and g of the heteroatomic molecule. For example,

(i) in (CHs)3 N molecule,

(dnc) exp = 1.47 A
and (th.Q)ear. = In + Ic = 0.75+0.77 = 1.52 A
(i) In HF molecule,
(dh-Fexp = 0.92 A
and (Ghf)ca. = T + 1r = 0.37+0.72 =1.09 A
This shortening of gdg bond length may be due to the following factor:

(a) The higher ionic character of the bond between A Bnatoms with larger difference in
electronegativities of the hetero atoms. In sudase more electronegative atom attracts the
shared pair of electrons towards itself therebyettsping slight negative charge on that atom
due to accumulation of electrons closer to it aoditive charge of equal magnitude on the
other atom. This development of opposite chargegbithe atoms closer to each other. That
is why the experimental value of.g is less than the calculated value. Some correction
measures have been suggested in such cases.

In order to compensate this, the following cor@etthas been suggested:
das = ta+le—0.09¢s-4n) ... (3.4)
(schoemaker and Stevenson)
Still, if the discrepancy remains, another cor@ttineasure may be applied (Porterfield):
dag = a+fe—0.07 {5 -70)°  ....... (3.5)

(b) The other factors in some cases, may be multipligitbonds and effective nuclear charge
which cause reduction in the length of covalentdsoand as a consequence in covalent radii.

For example, it has been found that single bondalemt radius> double bond covalent
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radius> triple bond covalent radius. This is beeathe formation of multiple bonds brings
the combining atoms closer to each other and the kngth is reduced.
Table 3.1: Covalent radii (single bond radii) for hydrogerdasome p-block (non- metallic
and metalloid) elements except noble gases (in A)

s-block pelak
Group number 1 2 13 14| 15 16 17

Elements with| H - B C N @] F
covalent radii | 0.37| - 0.82 | 0.77| 0.75 0.73 0.72
- - - Si P S Cl

- 111106 | 1.02 | 0.99

Ge | As Se Br

122120 | 1.16 | 1.14

1.40 | 1.36 | 1.33

Among the s-and p-block elements, only the non-hielements and metalloids have been
taken to tabulate the covalent radii because timadtion of covalent bond, in general, is the
exclusive property of the non-metals and metalloMisble gases have also been excluded
from the table because these, except a few, dpartitipate in covalent bond formation.
Factors affecting the magnitude of covalent radii

There are many factors which influence the mageitidcovalent radii. Some of them are:
Effective nuclear charge (%)

As the value of & increases, the force of attraction between théensand outermost shell

electrons also increases thereby decreasing ttreerdvadii of the elements, i.gef o ﬁ

Principal quantum number (n)
This gives the number of shells present in the atofrthe elements. As the value of principal
guantum number increases the outermost electranfagber away from the nucleus and

covalent radius also increases provided other factmain the same, i.@efa N

(iif) Multiplicity of Bonds
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With the increase in the number of bonds betweeratbms, these come closer to each other

1
multiplicity of bonds

thereby decreasing the covalent radii icg. @

. Metallic or Crystal Radii

These terms are taken synonymous to covalent sadiietal atoms, though metals generally
do not form covalent compounds except hydrides@gdno- metallic compounds. Further,
metals are assumed to be closely packed sphergkeircrystals in which their outer
boundaries touch one another. Thus metallic ortakyadius may be theoretically defined as
“half of the distance between the nuclei of any twadjacent metal atoms in close-packed
metallic crystal” For example, the internuclear distance betweentanyadjacent sodium

atoms in a crystal of sodium metal in 3.80 A. Heoogstal or metallic radius of sodium

metal is% =1.90A

20

Fig. 3.3 Metallic radius

In practice, in the metallic phase, atomic voluroésnetal atoms can be determined from

mas

their atomic masses and respective densities. Hboic volume —dem;y. From these data,

metallic radii can be obtained. It has been founat the covalent radii of metal atoms
determined in metal hydrides and organimatallic poumds and metallic radii determined
from atomic volumes in metallic phase have almosilar values though not exactly equal.
Hence,the term metallic covalent radii can be u3dw metallic radii have slightly higher
(10%) value than metallic covalent radii becausdividual bond in metals is weaker and

longer than the covalent bond.
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Group number 1 2 13 14 15 16

Elements with| Li Be |- - - -

metallic radii | 1.55| 1.12] - - - -

Na | Mg | Al - - -

1.90|1.60|1.43 | - - -

2.35(1.97|1.41 | - - -

Rb | Sr In Sn - -

2.48|2.15|1.66 | 1.62| - -

Cs Ba | TI Pb Bi Po

2.67(222|1.71 | 1.75| 1.70| 1.79

Table 3.2 Metallic radii of mairogp metals (in A)

C. van der Waals’ radii
In solid state, the nonmetallic elements usualigtexs aggregations of molecules. Although
the bonding within a nonmetal molecule is moreessicovalent in character yet the binding
force between the molecules is van der Waals'forteus each molecule assumes
equilibrium position within the crystalline solitt.is to be noted that these forces are absent
if the substances are in the gaseous state. vaWaals’ radius can be defined dwlf of the
distance between the nuclei of two non-bonded butd@cent atoms belonging to two
neighbouring molecule&. These radii have higher values by 90-100% ity elements
and 70-80% in heavier elements than covalent taiause of non-bonded type of binding
force between the molecules. The values of vanVdaals’ radii are obtained from X-ray
studies of various non-metallic elements in thadssiate. On comparing the covalent radii
and van der Waals’ radii of the nonmetallic elersgeittis noted that the van der Waals’ radii
have higher values. Please refetaiole 3.2andtable

Group number 1 15 16 17 18
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Elements with van der Waal| H He
radii
1.20 1.20
N O F Ne

1.50 1.40 1.35 1.60

1.90 1.85 1.80 1.91

As Se Br Kr

2.00 2.00 1.95 2.00

Sb Te I Xe

2.20 2.20 2.15 2.00

(@8]

Table 3.

4 An

Fig. 3.3van der Waals' radii

Periodic trends of atomic radii
(a) Variation in a period

The atomic radii\{iz. covalent radii, metallic radii and van der Waaksdii) and hence tt
atomic size, in general, decrease on moving frdirtderight in a period. This is because
atomic number in a period increases by one ungaah step but the electrons in he
elements in a perioenter the same outer or valence shell. H, there operates an increas
force for attraction between these outer electammd the nuclear charge. As a result,
atomic radius or atomic size decreases reguladggixthe noblgases. For example, we ¢

take the elements of second period and hydroges tdiim covalent radius does not appl
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the noble gases. van der Waals’ radii are appkcablall nonmetallic elements including
noble gases but the values for noble gases arepteally high due to larger repulsion
among the monoatomic species with large numbelectren.

One A unit is equal to 78m

Elements H C N O F Ne

Covalent radii| 0.37| 0.77|0.75 | 0.73| 0.72 | -

(in A)

van der| 1.20] - 1.50 | 1.40| 1.35 1.6Q
Waals' radii

(in /3\)

(b) Variation in a group
On going down a group, the atomic sizes of elemamiease continuously both in metals
and non metals as is evident from the table of leowaradii, metallic radii and van der
Waals’ radii except the metals of third transitgeries whose atomic sizes are almost similar
to those of second transition series metals. Atstmae time lanthanide series and actinide
series of metals have deceasing trend in theirlheetadii.
The regular increasing trend in atomic sizes amitvegmain group elements is due to the
introduction of new shell at each step in a groumctv produces larger effect than that
produced by the increase in effective nuclear aharg
lonic radi
Though, it is very difficult to define ionic radiuget an approximate definition can be given
as ‘the effective distance between the nucleus of anmi@nd the point up to which the
nucleus exerts its attractive influence on the el&on cloud of the ion’. Because it is
rather impossible to determine the outer bound&@noion, therefore if the ions in an ionic
crystal are taken as spheres whose outer boundage®uching one another, the interionic
distance (or internuclear distance) may be supptused the sum of the radii of the two ions

(an additive property).
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| |

| ronic | Ironic |
radius of radius of |
; A, rA B r,

=
| Internuciear |
distance

Fig. 3.4The ionic radius

X-ray analysis of ionic crystals is used for measyithe eqiulibrium distance between the
nuclei of the two adjacent ions called interionistance in taking the ions as spheres. This
distance in taken as the sum of the ionic radiheftwo ions. e.g.

dc".a=rc" + m- L (3.6)
This equation can be used to find out the ionicusdf a cation or an anion. The interionic
distance gd+a- can be measured by experimental method and ifatieis of any one ion is
calculated by some other method, the radius ofta@tdon can be obtained by using the
above equation. For example, the inter nucleaandts between sodium and chloride ions
(dnascr) in NaCl crystal is 2.76A and radius of sodiumm ifat) is 0.95 A. From these
values we can calculate the radius of chloride(igi as follows:

Ona+rcr = Wat Tor
Putting the values of\d.cr and ka*, we get 2.75 A = 0.95 A +f
o =2.76 — 0.95A= 1.81A

Periodic trends of ionic radii

Periodic variation of ionic radii can be easilyuadised in main group elements though it is,

in general, applied for transition elements.

(a) Variation in a period
Since atomic size decreases along a period franwoefght, the cationic or anionic size also
decreases in the same direction. For transitiomes this trend is observed if they are in
the same oxidation state.

(b) Variation in a group
As we move down a group of main group elements,ctit@®onic or anionic size increases

regularly provided the elements are in the samdatixin state. Similar trend, in general, is
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observed for transition elements though the chamgationic size is very small or negligible
between second and third transition series elemBetgerse trend has been observed in case
of lanthanides and actinides where ionic size de@eg in the series.

Some important facts regarding ionic radii are gibelow:
lonic radii of isoelectronic species
The isoelectronic species are the cations, anindsatoms of different elements having same
number of electrons and same electronic configumatror example, a common isoelectronic

series with ten electrons, i.e 22s 2p° configuration is given here with their radii;

lon/atom| C* N* o~ F Ne Nd [ Mg~ [AIFF [sSi¥
Atomic | 6 7 8 9 10 11 12 13 14
numbers

Radius | 2.60 1.71 1.42 1.36 - 0.95 0.65 0.5( 0.41
(A units)

It is evident from this table that, as the atomieber (or nuclear charge) of the parent atoms
from which the ions have been derived, increasesahic radius decreases. This is because
with the increase in the nuclear charge, the dieatorce between the nucleus and the outer
electrons also increases thereby the electrons ctoser to the nucleus and consequently the

size of the ions decreases.

(ii) A cation is smaller in size than its parent atorodose a cation is formed by the removal of

electron (s) from the neutral atom; hence the nundbfeclectrons becomes less than the
number of protons (nuclear charge). As a resué, dglectrons are strongly pulled by the
nucleus thereby causing a contraction in the dizeeocation. Therefore, the cation is smaller

in size than its parent atom.

(iAn anion is larger is size than its parentratoThis is because, an anion is formed by the

addition of extra electron (s) in a neutral atorhu3 the number of electrons becomes greater
than that of protons (nuclear charge) and the relestare loosely held by the nucleus. As a

result, the anionic size becomes larger than tteeddithe parent atom.

(iv) For the cations or the anions of the same elenmedifierent oxidation states, the cationic

size decreases but the anionic size increases thdthincreasing oxidation states, i.e. for
anions: K-<rar-< ras- <fag= ....... etc. and for cationg+> rc?+ >3+ ... etc. (C = cation,
A = anion)

Factors affecting ionic radii

The main factors that affect ionic radii are a$ofek:
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(a) Crystal coordination number (CCN)
With the increase in the crystal coordination numlbee interionic distance also increases
thereby increasing the ionic radii, For examples thdius of Clion (rg-) in CsClI crystal
(C.C.N. = 8) is slightly higher than its radiusNiaCl Crystal (CCN =6). This is because with
the higher CCN, the number of ions surrounding Hiqadar ion is greater, causing less
attraction between the oppositely charged ion# that with lower CCN i.ed o CCN

(b) Radius ratio (Ry

Radius ratio (R= :% ) also affects the magnitude of ionic radius.hé 1R is larger due to

large cation and small anion, the anion-anion @pualis less and the interionic distance
becomes shorter than the sum of the ionic ra@ii (5.a- <rctra-) but if R. is smaller due to
small cation and large anion, the anion-anion paolis more and interionic distance is

greater than the sum of the ionic radii (i.ect4> rc+ ra-)

(c) Covalent character of lonic Bond

lonic radii decrease as the covalent charactaniit ibond increaseSefo

covalent character '
3.3.2 lonization energy (IE):
This term is related with the removal of electrsh ffom the neutral atom and converting it
into a positive ion (or cation). If the energy igpplied to an atom, its electron (s) may be
promoted to a higher energy level and if this epésgsufficient enough, the electron (s) may
completely be removed from it giving a cation. THalke minimum amount of energy
required to remove a loosely bound electron from arisolated gaseous atom of an
element in its ground state is called its ionizatioenergy'. In the definition, gaseous atoms
are specified because an atom in gas phase iduenocéd by its neighbours and there is no
intermolecular forces to take into account whileaswging ionization energy. This can be
shown as follows:

C(g) + IEy ——— C' (g) + e ( energy absorbed, endothermic process)
In this process, if one electron is removed, iteisned as the first ionization energy, (E)
For many electron atom, if more electrons are reedofrom an atom, the ejection of
electrons occurs one by one in steps depending@m@armount of energy absorbed/supplied.
Thus corresponding to the removal of second electtbe energy is known as second
ionization energy, (I)and if third electron is removed, the correspogdnergy which has

to be supplied is called third ionization enerd){ and so on. Alternatively, these are also
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known as successive ionization energies. The seguef ionization energies in their
increasing order may be given as:

(IE)1 «(IE)2K(IE)3 ©evvvnvnnne (IE)..
This is because when an electron is removed fromusral atom to give a cation, the number
of the remaining electrons of the cation becomss than the nuclear charge and greater
attractive force operates between these electnotisacleus causing contraction in the size
of cation. Therefore, more energy is required taaee another electron from the cation, i.e.
(IE)1 «(IE)2.Due to the similar reason, still higher amountérmgy is required to remove yet
another electron, i.e. (IRX(IE); and so on.
An alternative explanation for this observation mag given. Since, the magnitude of
ionization energy is a measure of tightness witlictvlan electron is held in the atom, hence
higher the ionization energy, more tightly the &iec is held in the atom and more difficult it
is to remove it. The ionization energy is expresgedhe units of kilojoules per mole
(kJ/mole) or kilo calories per mole (k Cal/mole)
It has been observed that among the elements qfethedic table, the alkali metals have the
least and the noble gases have the highest iamzatiergy values in the respective periods.
Helium has the highest value and caesium posselse®west value of first ionization

energy among all the main group elements.

Atomic Element | (IE), (IE)» (IE)s......
Number (2)

1 H 1312 - -

2 He 2373 5251 -

3 Li 520 7300 11850

4 Be 899 1757 14850
5 B 801 2430 3660

6 C 1086 2350 4620

7 N 1400 2860 4580

8 @) 1314 3390 5300
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9 F 1680 3370 6050

10 Ne 2080 3950 6120

Table 3.4: The successive ionization energy values (in kléjaf the first ten element
Factors affecting the magnitude of ionization energ

Atomic Size(or The Principal Quantum Number)

As the principal quantum number for the outer etett increases, the atomic size also

increases and the ionization energy of the elemdatseases and vice versa, i.e. lE

1

———— This can be seen in a group.
norratom

Nuclear charge

As the nuclear charge increases, other factorsinemgathe same, more and more attractive
force operates between the nucleus and outer efésjr Thus more energy is required for
the removal of electron(s) and as a consequeneeptiization energy goes on increasing.
This is observed along the periods, in generalq Iiiclear charge.

(iif) Penetrating power of valence electrons

In a given shell, the penetrating power of the teters decreases in the order s> p >d >f,
therefore, ns electrons are more firmly held byrtheleus (due to highest penetrating power)
than np — electrons followed by d and f electrodse(to their scattered orientation).
Accordingly, the ionization energy decreases asovi@d: ns >np >nd >nf i.e. |k
penetrating power.

(iv) Shielding effect of inner electrons

In poly electron atom, the valence electrons aracted by the nucleus and at the same time
repelled by the inner shell electrons. As a resul, outer most electron experiences less
attraction from the nucleus because inner electamisas screen or shield between outer
electrons and nucleus. This effect produced byrimhectrons is called the shielding effect.
Within a given shell, this effect decreases in ¢inder: s>p>d>f. Thus, an increase in the
number of inner or intervening electrons causesensbielding effect thereby decreasing the

attractive force between the nucleus and outetreles Consequently the ionization energy

also decreases, i.e. Em
Stable electronic configuration

According to Hund's rule, half filledvizns, np’, ncf etc.) or completely filled
orbitals izns, ngf, nd'® etc.) are more stable than the partially fillebitals. Hence more

energy is required to remove the electron (s) fremeh orbitals. This means that the
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ionization energy of an atom having half filledammpletely filled orbitals in its ground state
is relatively higher than expected normally frosposition in the periodic table. The relative
stablility order of such orbitals has been founddds p’< d'° « p° For example, the
ionization energies for Be (9sand N (262p°) in the second period and Mg and P, the higher
homologues of Be an N, in the third period arehdlichigher than expected values. This is
becauseof the extra stability of the electronicfigumation of these elements, High values of
ionization energy for noble gas elements is alsotdwstable rfsnp® (He - nd) configuration

in the vacance shell, i.e. d€ stable configuration.

To gain the necessary energy for the removal eftedns from an atom, a potential
difference has to be applied across the sampl&pfent. This potential difference giving the
necessary energy is called the ionization potential
Priodic trends
Variation along a period
On going from left to right in a period, there ig, general, an increase in the ionization
energy values of the elements due to the efferadiiction in the atomic radii and increase in
the nuclear charge by one unit at each step bubther shell remaining the same (n is
constant for the elements of a period). Thus, dleetrons in these elements are being
successively filled to the same shell. Such elestrehield each other poorly from the
increasing nuclear charge. As a resul idicreases which cause an increase in ionization
energy.

There are some exceptions to this trend. Let usidenthe elements of secound period i.e.
Lis to Neofor which the expected order of ionization energyik Be <B<C< N< O< F

< Ne. The experimental values, however, show Beatand N have higher IEvalues than
those of the nextelements, i.e. B and O. This ahooen be explained on the basis of their
stable electronic configurations, i.e. Be?mrsB (n§ np) and N (né np’) > O (ng np?
(please refer to the IE table of elements). Thesvislent from the ionization energy values of
the above elements that it is easier to removeatsteand loosely bound electron from B or
O-atoms as compared to that from Be or N-atom aod elements (B and O) have lower
first ionization energy values than Be and N.

The elements of the transition series show irreguénds of ionization energies along their

periods due to shielding effects and electronidigamations.

i) Variation in a group

On going from top to bottom in a group of elemetitg, nuclear charge increases regularly.

This must cause an increase in the IEvalues ofldmments. At the same time, the atomic size
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also increases due to the introduction of a new ahevery next element in the group. This
causes a decrease in the IE values of the elemémseffect of increased size is more than
that due to increased nuclear charge. The nettrisstihe continuous fall in the values of
ionization energy down the group.

Alternatively, this trend may also be explainedtbg fact given here. As we move down a
group, the number of inner shell electrons callgdrivening electrons increases. As a result
there in more shielding effect caused by the inglectrons on the outer electrons. This
decreases the ionization energy values of the eltnie a group.

There are some exceptions also. The first ioninaénergy of Ga, an element of fourth
period is slightly higher than that of Al the element of third period [(IEpf Al = 577.6
kJ/mole and (Ig)of Ga= 578.8 kJ/mole]This is perhaps due topiher shielding effect of
3d™ electrons.

Also, the third row of transition elements showghar value of ionization energy as
compared to second row elements. This is due talélcesase in size of these elements as a
result of insertion of lanthanides ifft Beriod (Lanthenide contraction).

Application of ionization energy

Prediction of electropositive character

The electropositive character of the elementsl@&ead to the ease with which the electron (s)
could be removed from the atom of the elements.eMdbectropositive is the elements, more
easily the electron (s) can be removed. As we numyen a group, the ionization energy of
the elements decreases regularly and hence théroplesitive character also increases
accordingly. Across a period, the ionization eneofythe elements, in general, increases
means the electropositive character decreases l&firto right. Alkali metals placed at the
extreme left portion of the periodic table, ane most electropositive elements with low
values of ionization energy.

Prediction of metallic and non-metallic character

The elements with low ionization energy are mordattie in nature because they can lose
electrons easily. Hence metallic character incieds@m top tobottom in the groups and
decreases along the period from left to right. Ele@ments showing the opposite trend in

ionization energy and periodic variation to thatradtals are called the non-metals.

(iif) Prediction of reducing power of an element

Lower the value of ionization energy of an elemenéater is its reducing power. The alkali
metals with the lowest ionization energy values thee strongest reducing agents among all

the elements.
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3.3.3 Electron affinity (or affinity energy) (EA).
This term is related with the formation of an anfosm a neutral atom of an element by the
addition of electron (s). Thus, this is the tendeot.the atom to gain the additional electron
(s). The electron affinity (EA) of an element cae defined as theamount of energy
released when an electron is added to the outer ghef an isolated gaseous atom of the
element to produce the gaseous anitnThis can be shown as: A (g) +-e A(g) — (EAX
(electron affinity energy released). Evidently stig an exothermic process. The expression
actually shows the first electron affinity. Oncee thninegative anion has been formed by
accepting one electron by the neutral atom, addité another electron (s) in this ion
becomes more difficult due to repulsive force opirgabetween the anion and the incoming
electron. To overcome this repulsive force, exinargy has to be supplied to the electron
which must actually be more than the energy retbdseing the addition of electron, i.e. the
energy supplied to electron > energy released duhia addition of electron. The net energy
change is the energy absorbed (supplied) by thetrefe hence the addition of second or
third etc. electron to the anion is an endothempnicess:

A (g) + e— A?°(g) + (EA: (energy supplied)

A? (g) + e— A% (g) + (EA: (energy supplied)

The electron affinity values for the elementsedand period are given below:
Element Li Be B C N @) F

(EA)inkJ/mole | 60 |<0 |27 122 |<0 |141 328

The electron affinity values of Be and N are sh@&ro because it is very difficult to add an
extra electron to the outer shells of these elesndnk to extra stability of the electronic
configuration.

The electron affinity values of halogens are veighhbecause of the hsp outer shell
electronic configuration and very strong tendermyatcept the incoming electron thereby
getting converted into the negative ions with najds configuration, i.e. Asp’. Though the
first element of halogen group, is expected to Itaeehighest value of EA,but its EAvalue is
less than that of Cl. This is due to the smallee sind greater electron-electron repulsion in
F-atom which opposes the entry of the incomingtedec The EA values of the noble gases

are almost zero due to no tendency of acceptingdaitional electron because of stablé ns
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np® configuration. EA values of halogens and noble gesnents are given below (in k

J/mole):

Element F Cl Br | At He | Ne Ar Kr Xe Rn

(Ea)1value 328| 349| 323 295 280<0 <0 |<0 [=<0 |=<0 |=0

(i)

(ii)

Factors affecting the electron affinity

All the factors which affect the ionization energlgo affect the electron affinity. The main
factors among them are discussed here:

Atomic size

Smaller the atomic size, stronger is the attractbmucleus for the incoming electron and

hence greater is its electron affinity and viceseel. e. EA (as is seen along a

atomic size
period)

Effective nuclear charge (Zx)

Greater is the effective nuclear change of the etds) stronger is the attraction between it
and the electron to be added to the atom. Thus thighincrease in &£ other factors
remaining the same, electron affinity of the eletaaiso increases, i.e. &AZq; (as is seen

along a period).

(iif) Stable electronic configuration

(i)

The atoms of the elements with stable electronifigaration do not show any tendency to
accommodate the incoming electron (s). Hence thev&Aes for such elements is almost
zero. For example, the elements 8f@oup with né outer electronic configuration have zero
EA values. The elements of L§roup with nénp® outer electronic configuration have zero or
very low EA values. The noble gases withnpé stable configuration in the outer shell also
have zero EA values i.e. do not have any affirotythe electron (s) to be added to them.
The electron affinity of an element can be deteedihy using the Born-Haber cycle.
Periodic trends of electron affinity
Variation along the periods

In general, with few exceptions, the electronrdtl§i values of the elements go on
increasing on moving from left to right in a periog. from alkali metals to halogens. This is
because atomic size decreases and the effectieanwharge increases along a period. Both

these factors increase the force of attraction éetwthe nucleus and the incoming electron
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which is added easily to the outer shell of thet ladsm. Exceptions are the elements f 2
15" and 1§ groups.

(ii) Variation in the groups

(i)

The electron affinity values go on decreasing wivenmove from top to bottom down in a
group. On descending a group, the atomic size landuclear charge both increase regularly.
The increasing atomic size tends to decrease theld@s while increasing nuclear charge
causes an increase in these values. The net nssultat the effect produced by the
progressive increase in size more than compenshee®ffect produced by progressive
increase in nuclear charge and hence EA valuegaseregularly down the group.

3.3.4 Electronegativity (x, chi)

In a homoatomic molecule, the bonding pair of etet lies at the middle of internuclear
space. But this is not true for a hetroatomic makecAs a result polarity is developed on the
hetero atoms of the molecule due to the shiftinthefbonding pair of electrons towards one
particular atom. For example, inldr CkL molecules, the bonded pair of electrons lies at th
middle of two nuclei, i.e. is equally attractegt both the atoms. But in HF or like
molecules, the bonded pair of electrons is attthwi¢h stronger force by F atom (in HF) and
thus, is shifted towards it from its expected meddbsition. This causes the development of
slight negative change on F and equal positive gham H atom, therefore HF is a polar
molecule.

This means an atom in a heteroatomic molecule stitimger affinity for bonding electrons is
able to pull them towards itself and takes themyainam the atom with weaker affinity for
them. In the above examp(eiz. HF) F is said to have stronger affinity for bondsdctrons
as compared to that of hydrogen atom.To explais tmdency in heteroatomic molecules,
Linus Pauling, in 1932, introduced the concept cionegativity. According to him
“electronegativity is the relative tendency or powenf an atom of an element in the

heteroatomic molecules to attract the shared pairfeelectrons towards itself.

Methods of evaluating electronegativity

Various chemists have defined and proposed the adstfor evaluating electronegativity.
These are known as electronegativity scales.

Pauling’s Scale

Pauling’s definition of electronegativity has begiven in the beginning. He used
thermodynamic data to calculate the electronedqtvi different elements. He considered

the formation of AB molecule by the combinationfgfand B molecules.
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A+B;, =2 AB
Or SA+ 2B, = AB ... (3.8)
This reaction may also be written as
% (A-A) + % (B -B) = A - B becauseA B,and AB are covalent molecules. This is an

exothermic reaction, means the formation of A-B ecsales is accompanied by the release of
energy, i.e. the bond dissociation energy of A-Batent bond (kg) is always higher than
the mean of the bond dissociation energy of

A-A (Ea-a) and B-B (E-g) covalent bonds andAE:‘% (Ea-at Egs)

Pauling proposed that the difference in thgsEand mean of Ea and B is related to the
difference in electro negativities of Ax) and B {g)

“ A= Ene- Baat Eae) = 28 fa - 0a) (Wherers>za) oo (3.9)
Thus, A = 23 g - ya)?
Or g -xa = 0.208VA e (3.10)

In place of arithmetic mean, he later used the ggnonmean of ka and B and expressed
the equation as:

A =Ea_p (Ean XEag)™ = 30§s-32)* ... (3.11)
# A =30 fg - qa) *
Las-qa= 018204 (3.12)

Hereya andyg are the electronegativities of the atoms A andi factors 0.208 and 0.182

arise from the conversion afmeasured in kCal/ mole into electron volts.

s-block p-block elements
1 2 13 14 15 16 17 18
H He
21 0
Li Be B C N @] F Ne
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1.0 15 2.0 2.5 3.0 3.5 4.0 0

Na Mg Al Si P S Cl Ar

0.9 1.2 15 1.8 2.1 2.5 3.0 0

K Ca Ga Ge AS Se Br Kr

0.8 1.2 1.6 1.8 2.0 2.4 2.8 0

RDb Sr In Sn Sb Te | Xe
0.8 1.0 1.7 1.8 1.9 2.1 2.5 0
Cs Ba TI Pb Bi Po At Rn

0.7 1.9 1.8 1.8 1.9 2.0 2.2 0

Fr Ra

0.7 19

Table 3.5 Electronegativity values of s and p-block elerseag determined by Pauling (on F

= 4.0 scale)

From this table it can be noted that the variationhe values of electronegativity is more

pronounced among the non-metals.
(i) Allred and Rochow’s Scale

Allred and Rochow proposed that the electronedstiof an element (say A) can be

calculated by using the following equation:

(aar = 22X L0744 (3.13)

r2

where fa)ar = electronegativity of the element A on Allred aRdchow’s scale, & =

effective nuclear charge (Zc) at the periphery of the element A,
r is radius of the atom of element A in A.

Putting the value of &, the equation can be rewritten as
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0.359 x(Z—0)

(War = ———  +0.744 L (3.14)

r2

The electronegativity values obtained by this mdtlagree closely to those obtained by

Pauling’s approach. These values for the elemdritssbthree periods are given below:

Table 3.6: Electrongativity values of s and p-block elemdmdtonging to first three periods

on Allred and Rochow’s scale

Group | 1 2 13 14 15 16 17 18
H He
2.20 3.2
Li Be B C N @] F NA

0.97 1.47 2.01 2.50 3.07 3.50 4.10 5.1

Na Mg Al Si P S Cl Ar

1.01 1.23 1.47 1.74 2.06 2.44 2.83 3.3

0.91 1.04 1.82 2.02 2.20 2.48 2.74 3.1

RDb Sr In Sn Sh Te D Xe

0.89 0.99 1.78 1.72 1.82 2.01 2.21 2.4

Cs Ba TI Pb Bi Po At Rn

0.86 0.97 1.44 1.55 1.67 1.76 1.90 -

According to this scale, the inert elements als@spes electronegativity. As per the

definition given by Pauling, this scale seems tatitrary but it has its own importance.

(iif) Mulliken’s scale
It is based on the ionization energy and electféiniy of an atom of an element. According
to Mulliken “the average of ionization energy (IE) and electroaffinity (EA) of the atom

of an element is a measure of its electronegaivity
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Thus, the electronegativity@;ﬂ ceeeenenn.(3.15)

He proposed two relations for obtaining the elewgativity:

(a) When the energies are measured in electron vofis (een

1A = 0374824 4017
= o7& +017 L (3.16)
(b) When the energies are expressed in kJ/mole, then
ga o= EHEA (3.17)

540

All these termgpu, IEand EA are for the atom A.

Factors affecting the magnitude of electronegatiwt

Various factors which affect the magnitude of thiec&onegativity of an element

gualitatively are as follows:

(i) Atomic size
It has been observed that the smaller atom hasegresndency to attract the shared pair of

electrons towards itself and hence has greatetrefegativity. Thus electronegativity

1
Atomicsize

(i) Charge on the atom(or oxidation state of the element)
Higher the amount of positive charge on the atomamfelement means higher positive
oxidation state, smaller is the size and more ésellectronegativity, i.e. electronegativity
positive oxidation state (or charge).

(iif) Effective nuclear charge (%)
With the increase in the magnitude qfof an element, the electronegativity of that eleime
also increases. This factor may effectively be udged explain the variation of
electronegativity in a group or along a period. Jhelectronegativity, Zeg.

(iv) lonization energy and electron affinity
According to Mulliken’s scale, electronegativity ah element depends on its ionizations
energy and electron affinity, Thus, the atoms & é&ements which have higher values of
ionization energy and electron affinity also havgher values of electronegativity, i.e.
electronegativityr IEand EA

(v) Type of hybridization of the central atom in a moleule
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It has been observed that electronegativity of tamahaving hybrid orbital with greater s-
character is high because the electronic charde/lmid orbitals of an atom in a molecule
which has greater s-character remains closer todlbkus of that atom. For example, the s-
character in sh sif, and sp hybrid orbitals of GHC,H4 andGH, is 25%, 33% and 50%,
respectively. Accordingly, the s-character of hglhorbitals gives more electronegativity to C
atom. Hence the electronegativity of carbon atonthiese molecules is in the following
increasing order:

CHi< GHs<GH,

Periodic trends of electronegativity

Variation in the groups of main group elements

On going down a group of main group elements, tleEt®negativity values go on
decreasing due to increasing atomic size and deoge#.« of the elements. At the same
time, the electropositive character of the elemeni$® increases causing a reduction in
electronegativity values of the elements as welkhasr ionization energies and electron

affinities.

(ii) Variation along a period

(i)

On moving from left to right across a period of mgroup elements i.e. from alkali metals to
halogens, electronegativity values increase wittreasing atomic number. This happens
secause & increases, electropositive character decreasesii@size of the elements also
decreases thereby increasing electronegativityization energy and electron affinity, in

general, also increase along a period.
Applications of Electronegativity

On the basis of electronegativity, certain fantshemistry can be explained which are given
below:

To predict the nature of bonds

With the help of the electronegativity differenge—ya (Whereys<ya) between two atoms A
and B, we can predict whether A-B bond would be-polar covalent bond, polar covalent
bond or ionic bond. Ifg —ya = 0, i.e. either the atoms A and B are same différent have
almost similar electronegativity values, the bomdan- polar covalent bond. Whgn—ya is
relatively small, e.g. O- H, CI-H etc. the bondrfmd between the atoms is polar covalent
bond. Whenys —ya is very large, complete transfer of an electramfratom A to atom B

takes place and the resulting bond between thesa®purely ionic.
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The percent ionic character present in the polaalemt bond can be calculated. For a polar
covalent molecule A-B¥, Pauling has correlated the percent ionic charaifte covalent
bond with the electronegativity difference betwésm combining atoms as is given below:
(O —n) 0.6 1.0 1.7 | 2 3

Percent ionic character 9 22 51 63 91

He used the equation:
Amount of ionic character in A-B bond = [£8%® " 1o, ... (3.18)
Further, Hannay and Smith gave the following equmto calculate the ionic character.

lonic Character in A - B bond = [ 165(—xa) + 3.5 fs —1a )1 % (&>xa)....(3.19)

(ii) To calculate the bond length
In a heterodiatomic molecule of AB type, the boagth d g can be calculated provided the
molecule has ionic character and the values of iatoadii rn, and g as well as the
electronegatitvitiega and yg are known. This can be done by using the Schoemehe
Stevenson equatiowiz.
dag=ta+ B—=960—xa) (B>a) e (3.20)

(iif) To predict the trends in acid-base character

(a) The acidic character of the oxides has been bauimtttease from left to right along a period

because of decreasing— s values fo andyg are electro- negativities of oxygen and other

atom), e.g.
Oxide Na.O MgO Al,O3 SIO, P4O10 SO, Cl,0,
XB 0.9 1.2 15 1.8 2.1 2.5 3
Y-z | 2.6 2.3 2.0 1.7 1.4 1.0 0.5
Nature | strongly | basic ampoteri¢ weakly | acidic strongly | strongly
basic acidic acidic acidic
(to=3.5)

(b) The acidic character of hydrides of the elementthefsame period goes on increasing from
left to right across a period. For example, theadiachature of Ck NHs;, H,O and HF
molecules, the hydrides of the elements of secenidg, increases in the order: G NHg,
< H,O < HF because of the increasing electronegatnfitthe central atom and increasing

elelctronegativity difference between the centtatmand hydreogen atom i.e.
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Xcentral atom— XH

(c) The acidic character of oxyacids of the elementhefsame group and in the same oxidation
state, e.g. HCIQ HBO, and HIQ, decreases as the electronegativity of centralgeal@tom
decreases as we move down the group form Clitg £(3.0) andy = 2.5 on Pauling’s scale).

(iv) To explain the diagonal relationship
It has been found that the elements of second ghefithe periodic table show similarities in
properties with the elements lying diagonally opgosn right hand side in the third period
This property is called diagonal relationship. Tehelements are shown below:

e B C N @] F
N "
Elements of ¥ period Na Mg Al Si P S Cl
This similarity in properties can be explained layious facts and one of them is the concept

Elements of PperiodLi B

of electronegativity. The electronegativites of thi@gonally opposite elements are almost the

same and hence show similar properties.

3.4 TRENDS IN PERIODIC TABLE

All the periodic properties, i.e. atomic and ioraclii, ionization energy, electron affinity and
electronegativity show variation along the perioal @own a group. The trends for various

properties have been discussed in the respectvess.

3.5 SUMMARY

The text of this unit contains a concise and coimgngive discussion of various periodic

properties such as atomic and ionic radii, ion@atienergy, electron affinity and
electronegativity, factors affecting these promsstiperiodic trends (or variation) of the
properties, the methods of their determinationsthed applications wherever necessary and
available. The periodic properties are the basith®fphysical and chemical properties of the

elements which can be predicted keeping in viewathmve propert

3.6 Terminal questions.

i) Arrange the following ions in the increasing ofitheze
a. Na", Mg*, AI** F, 0%, N*

b.C*,N* ,O* F
i) Which atom or ion in the following pairs has smaieze and why ?
a. Na, Na*
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b. Be, Mg
c. Fé Fée’
iii) Explain giving appropriate reasons:
a. The CI" ion is larger in size than Cl atom.
b. The atomic radius decreases with the increasingiatoumbers in a period.
iv) Arrange the following in the decreasing order d@ithonization energy: Be, B, N, O and F.
v) Arrange the Be, B, N, O and F in the increasingoaf their electron affinities.
vi) EA values of the halogens are the highest in eadog Explain.
vii) The noble gases have very high values of ionizagioergy but their electron affinity values
are almost zero. Why?
viii)  Which of the following elements has the highestiealof electronaffinity and why?
a. Na, Cl, Si, Ar
b. ()15, 2¢, 2p (i) 1%, 2¢, 29, 3¢ (iii) 1%, 2¢, 2p° (iv) 1<, 2<, 2p°
ix) Distinguish between electron affinity and electrgengvity.
Xx) Which element among the following has the highedtue of electro negativity and the
highest value of electron affinity? F, Cl, O, Bndal.
xi) Which one of the following oxides is basic, amphigteand acidic in nature?
a. Mgo
b. Al,03
C. P4sO1o

xii) How does electron affinity depend on effective eaclcharge?

3.7. ANSWERS

) a. AI¥ < Mg®’< Na'< F<O?<N*
d. F< OP<N¥< C*
All of the above are isoelectronic ions whose iosime decreases with increasing nuclear
charge (atomic number) of the parent atom.

i) a. Nd has smaller size because this has been derived ffa atom by removing its
outermost electron. This causes greater attradigiween the nucleus and the remaining
electrons and contraction in the size occurs.

b. Be has smaller size because both Be and Mg @pétothe same group. Down a group the
size of the atom of the elements increases.
c. Fe* ion has smaller size because both'fmd Fé&* are the ions of Fe. As the oxidation

state increases, the ionic size decreases (faotiseof the same element).
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iii) a. Please see some important facts regarding iadicno. 3.
b. Please see variation of atomic radius in a derio
iv) The decreasing order of the ionization enesgy i
F>N>0O>Be>B.
v) The increasing order of the electron affinity is
Be<N<B<O<F
vi) Please refer to the electron affinity.

vii) Due to the most stable electron configuratignis very difficult to remove the electron(s)
from the noble gases and hence have very high sadfigonization energy. Due to the same
reason, they do not have the tendency to accommaihet electron(s) in their outer shell,

therefore have almost zero electron affinity.

viii) a. Among the given elements Cl with?33p° outer shell configuration has the greatest

tendency to accept the incoming electron and hkasehe highest value of electron affinity.

b. (iii) With 252p° configuration in the outer shell has the higheste®f electron affinity

among the given elements,
iX) Please refer to the definitions of electrorirafy and electornnegativity.

x) Among the given elements F has the highest valtiekeotronegativity. (Pauling’s scale) and
Cl has the highest value of electron affinity.
xi) Basic oxide: MgO
Amphoteric oxide: AlO3
Acidic oxide: RO
xii) Please refer to the factors affecting the elecaftinity.

3.8. REFERENCES

For references please see at the end of Unit 5
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UNIT 4: CHEMICAL BONDING - |

CONTENTS:
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4.3.1 Valence bond theory and its litmita
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4.3.3 Sigma and pi covalent bond
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4.5Valence shell electron pair repulsion theory (VSIERROry
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4.6.2 Heteronuclear (CO and MO) diatomic molecules
4.7 Multicenter bonding in electron deficient molecules
4.8 Bond strength
4.8.1 Bond energy
4.8.2Measurement of bond energy
4.9 Percentionic character
4.10 Summary
4,11 Terminal Question

4,12 Answers

4.1 OBJECTIVES

The objective of writing the text of this unit is e€nable the readers to understand various
facts regarding the driving force that makes th@laied atoms to combine to form the
polyatomic molecules or ions as well as to find #mswers of certain interesting questions
such as: What is a chemical bond? What happertbetcenergy of the atoms and the

molecules? What happens in terms of electronicttra, while bond formation takes place?
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Why do the group 18 elements, i.e. the noble gageserally not participate in bond

formation and suffer from lack of  reactivity whadmost all other elements do so? etc.

4.2 INTRODUCTION

The atoms are said to combine together becaus¢heoffollowing two main

reasons:

Concept of lowering of energy
It has been observed that the aggregate (or thecwmel) are lower in energy than the
individual atoms from which they have been formehis means when the individual atoms
combine to form molecules through a bond, the g@kenergy of the combining atoms
decreases and the resulting molecules are moréde stadn the free atoms. This energy
difference between the free atoms and bonded afmmmsolecules) is generally 40kJ ritar
more. It follows from this that the process of bdadnationbetween the atoms decreases the
energy of the molecule formed from these atomsfands a system of lower energy and
greater stability.
Electronic theory of valence (the octet rule)
The atoms of the noble gases-helium to radon-odcexcept a few cases, react
with any other atoms to form the compounds anad thisy do not react with
themselves. Hence they stay in atomic form. Tlasms are said to have low energy
and cannot be further lowered by forming compoufitiés low energy of noble gas atoms is
associated with their outer shell electronic camfagion, i.e. the stable arrangement of eight
electrons (called octet). It has also been astadd that the two electrons in
case of helium atom (called doublet) is as stablaraoctet present in other noble gas atoms.
The chemical stability of the octet of noble galseischemists to assume that when atoms of
other elements combine to form a molecule, thetrrs in their outer shells are arranged
between themselves in such a way that they aclaiestable octet of electrons (noble
gas configuration) and thus a chemical bond isbéisteed between the atoms.
This tendency of the atoms to attain the noblecgagiguration of eight electrons in their
outer shell is known as octet rule or rule of eighd when the atoms attain the helium
configuration, it is called doublet rule or rule of two. This octet rule was later called
“Electronic Theory of Valence”.
It may be noted here that in the formation of ancical bond, atoms interact with each

other by losing, gaining or sharing of electrooss to acquire a stable outer shell
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configuration of eight electrons. This means, anmatvith less than eight electrons in the
outer shell is chemically active and has a tendetwycombine with other atoms.

Accordingly, three different types of bonds majsein the molecules/aggregates.

4.3. COVALENT BOND

A covalent bond is formed between the two comlgratoms, generally of the
electronegative non-metallic elements by the musiaring of one or more electron pairs
(from their valence shell). Each of the two combgniatoms attains stable noble gas
electronic configuration, thereby enhancing ttebiity of the molecule. If one electron pair
is shared between the two atoms, each atom cotdslmne electron towards the electron pair
forming the bond. This electron pair is responsiblethe stability of both the  atoms. A
covalent bond is denoted by the solid line (-) Ewthe atoms. Depending on the number of
shared electron pairs i.e. one, two, three e&cten pairs between the combining atoms,

the bond is known as a single, double, triple @walent bond. For example,

HH H-H
CI:Cl Cl-C| singlebond

H:Cl H-CI
0::0 0=0 double bond
N:::N N=N triple bond multiple bon

In the molecules, the bond strength and bond ltehgs been found in the following
order:

Bond strength: triple bond > double bond > sirged

Bond length: triple bond < double bond < singted
It may be noted that the covalent bond formatiamvben multielectron atoms involves
only the valence shell electrons that too, the iragda electrons. Thus O-atom has two
unpaired electrons in its valence shell and N-atwas three unpaired electrons thereby
forming two and three bonds with themselves oeo#toms.
Polar and non-polar covalent bond
In the examples given above, most of the barmzisingle, double and triple covalent
bonds, have been shown to be formed between te lik atoms such as H-H, CI-Cl, O=0
and
N=N in Hy, Cl,, O, and N, respectively. The bonded atoms in these moleaitesct the

bonding or shared pair of electrons by equal ®rtewards themselves due to equal

UTTARAKHAND OPEN UNIVERSITY Page 80



INORGANIC CHEMISTRY-I BSCCH-101

electronegativity  of the atoms. Hence the bonding pair of electres &t the mid poir
of the internu@ar distance ( or bond distance). This type of b@&dknown as th
nonpolar covalent bonc

But if the covalent bond is formed between two kmitoms of differer elements, e.(
HCI, H,O, NH; etc., the shared pair of electrons will not be dyuattracted by the bonde
atoms due to electronegativity difference shifts towards more electronegative atom

hence moves away from legdectronegative atom. This develops small negatharge or
more electronegative atom and equal positive clon less electronegative  atom. Such
a molecule is called a polar molecule (this ised#ht from ionic bond) and the bond pres

in such molecules is known as polar covalent b&od.example

i J“'“I.:“‘“I\'li I, |

4.3.1. Valence Bond fieory (VBT) and its limitations:

This theory was put forward by Heitler and Londori927 tc explain the nature ¢

covalent bond. They gave a theoretical treatr of the formation of the bond in ;

molecule and the energy changes taking place thdrate, it was extended by Pang and

Slater in 1931 to account for the directional chegastics of the covalent bot

The main points called the postulates of this thewe given belov

(1) The atoms involved in the bond formation maintdieirt individuality(identity) even
after thebond is formed i.e. in the molect

(i) The bond is formed due to the overlapping of hdled atomic orbitals (or th
interaction of electron waves) belonging to theewak shell of the combinir
atoms as these approach each other. Thuspins of tle two electrons gemutually

neutralised. The electrons in thrbitals of inner shells remain undisturbed.

(i)  The filled orbitals (i.e. containing two elects) of the valence shell do ntake part

in the bond formation. Howeveif the paired electrons can b@paired without using muc

UTTARAKHAND OPEN UNIVERSITY Page 81



INORGANIC CHEMISTRY- BSCCH-101

energy, they are first unpaired by promoting to tbebitals of slightly higher energy and

then can take part in bonding. For example, N cam fNCk only retaining a lone pair while
P can form both Pghnd PG

(iv)  The electrons forming the bond undergo exchangedmsst the atoms and
thus stabilize the bond.

(v) The strength of the covalent bond depends on ttemeto which the two atomic

orbital overlap in space.
This theory is based on two main theorems whieh ar

(@) If Ya(1) and¥s(2) are the wave functions of the orbitals contagnelectrons in
two isolated independent atoms A and B with energeand E, respectively then the total

wave function¥ of the system can be givenasa  product of wawetions of two atoms,

i.e.
Y=¥,(1).¥s(2) 4.1)
and the energy of the system by
E=EatEs (4.2)

Where (1) and (2) indicate two electrons belongmgtoms A and B.

(b) If a system can be represented by a number of fueations such a¥,, ¥, V3
...... , then the true wave functiok can be obtained by the process of linear comioimantf
all these wave functions as:

P= N(CW1+CW+CaWs+...... ) (4.3)
Where N is normalization constant ang C,, Cs...are the coefficients  indicating the
weight of each oWs. They are so adjusted as to give a state of kosvesgy. The squares of
the coefficients may be taken as the measure ofvetight of each wave function to total
wave function.
The valance bond theory was first applied to thenédgion of B molecule. If the
two H-atomsyiz. Ha and H; are infinitely apart from each other, there is nointeraction
at all but if these are brought close together, Hs covalent bond is formed and the
energy of the system is decreased. Now if thetadbof the two H-atoms are
represented in terms of wave functiohsand¥g, then  the  wave function for the
system H.Hg can be written as

Y=¥A(1).WYe(2) (4.1 as given above)
Where electrons belonging taalnd H; are 1 and 2.
But once the bond is formed, the electrons 1 ahav2 equal freedom to get associated

with either of the H-atoms. Thus due to the exckanfy electrons between H-atoms,
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two possible covalent structures ¢; molecule may shown as af).Hs(2) and
Ha(2).Hs(1). The wave functions of these structures  Wa(1). ¥s(2) and Wa(2). ¥s(1)
respectively. Now the true wave function for, molecules can be obtained by lin
combination of the wave functions fort two covalent structures. This can be din two
ways:

0] When the combination of these wave functions tgl@se in¢  symmetric

way, i.e. by addition process, symmetric wave fiomc¥s is obtained
Y= Wa(l). Pe(2) +Wa(2). ¥a(1)  ........ (4.4)
This is also known as covalent wave functi$gev.

(i) When the combination of the above wave functiokedalace in asymmetric wa
i.e. by subtraction process, asymmetric wave foncW,, is obtained: W= Wa(1).
¥s(2) - Pa(2). ¥e(1) ....... (4.5

The value off's does not change by exchange of eons 1 and 2 but that | Y,

changes in this process. The two situations argepted graphically ¢ follows: (Fig 4.1)
The curve s is for addition process and curvefarisubtraction process the
wave functions. The calculated value , for theminimum energy state i.e. the bonding s

is 87 pm against the experimental value of 74

Fig 4.1

Pauling has suggested that the bond between t-atoms in H molecule is no

absolutely covalent, it rather has partial ioniargtter. He proposed two ionic structures
Ha
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molecule in which both the electrons land 2 are theeiattached to Hor Hg as given

below,
Ha(1,2). Hs Ha.Hg(1,2)
If the above wave functions for these structurestqsyand¥ (),
then Yao=%¥a(1).Y(2) . (4.6)
And¥p=Y¥e(1).Ye(2) L 4.7)
The consideration of ionic structures as given abaivih molecule converts the equation 4.4
to
WS=[¥a(1). Wa(2) +¥a(2). ¥a(1)] +1 [¥ay+¥e)
or W¥s=[Wa(1). ¥s(2)+ ¥a(2). Ya(1)] + M[Wa(1). Pa(2)+ ¥a(1). ¥s(2)]
..(4.8)

or¥s =¥Ycov. +¥ionic . 4.9
the coefficienthis used in equation 4.8 is a measure of the degreéich the ionic forms
contribute to the bonding. Thus three importanttcbations to covalent bonding may be
summarized as follows:
Delocalization of electrons over two or more nuclei
Mutual screening

Partial ionic character.

Limitations of Valence Bond theory:
i) The formation of coordinate covalent bond (gtsown as dative bond) cannot be
explained on the basis of this theory because doapto this theory a covalent bond is
formed as a result of overlapping of half filled orbitals of the combining atoms and the
paired orbitals of the atoms do not take partamral covalent bond formation.
i) The odd electron bond formation between tlwerest cannot be explained by this theory
because a covalent bond is an electron pair borashsn®vo electrons are required for a bond.
iii) This theory is unable to explain the paramagnkehaviour of oxygen molecule because
paramagnetism is a property caused by the presehaspaired electrons and in an oxygen
molecule, according to VBT, two electron pair boadle present between the oxygen atoms
and hence it should be diamagnetic.
iv) In some molecules, the properties like bondgtenand bond angles could not be

explained by assuming simple overlapping of atoonidtals of the atoms.

4.3.2 Directional characteristics of covalent bond:
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The covalent bonds are directed in space. Thisgatidenced by the stereoisomerism ai
wide variety of geometrical shapes shown by theatmmt compounds. It is also possible
measure the actual bond angles betweenlent bonds in the molecules because of
directional nature of bonds. An important fact abthe covalent bonds is that these
formed by the overlapping of pure as well as hybed atomic orbitals. All these atom
orbitals except the pure s-orb#aare oriented in the particular directions whichedeine
the direction of covalent bonds i.e. the directionwhich the overlapping orbitals have
greatest electron density. From this discussioncase conclude that it is the directiol
natureof p, d and f orbitals which accounts for the dii@tal nature of the covalent bor
For example, the threegrbitals are directed along the three axes x,yzaadd the bond
formed by their overlapping are also directed taisathe three axes. Thch the -orbitals
are spherically symmetrical around the nucleusy thxerlapping along the molecular a
gives a bond in that direction.

Let us discuss the modes of overlapping of puresanae of the hybridised atomic orbit:

(1) s-s overlapping

Thistype of overlapping occurs between tlorbitals of the combining atoms thereby giv
the ss covalent bond. This type of overlapping alwaysuos in the direction of molecular

internuclear axis.
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(i) s-p overlapping

The overlapping taking place between t-orbital of one atom and prbital of another ator
is called sp overlapping. The resulting bond is tt-p covalent bond formed in the directi

of the orientation of mrbital taking partn overlapping.
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Fig 4.3 overlapping of s ang orbitals along molecular ax

p-p overlapping

When the perbital of one atom overlaps with th-orbital of another atom, this process
called pp overlapping and the bond so formed is known-p covalentoond. The necessa
condition for this type of overlapping is that tp-orbitals must be of the same type, i.x

and g, py and g and p and p. The K-py or p-p; type of overlapping does not occ

Fig 4.4 overlapping of two mrbitals alongmolecular axis

If an atom possesses two or three half filled aibjtthey can simultaneously overlap w
another similar atom (or other atoms as well) thef®rming multiple bonds (botc andx),

for example oxygen molecule.

Similarly bonding in N can be explaine

Fig 4.5 overlapping of orbitals formine andzbonds

Overlapping of the hybrid orbitals with pure atomic orbitals

The s and mrbitals may overlap with hybrid orbitals to giveetdirectional covalent bon
such as s-sp(B,), s-sp(BHs C;Ha), s-sp (CHs and higher alkanes), sp (ECl,), p-sg
(BCls), p-sp (CCly), p-spd (PCs), p-spd® (Sks) p-spd*(IF;) etc. bonds in the directions
hybrid orbitals. d and f eorbitals in no-metallic elements (which mostly form covalt
compounds) dmot generally take part in overlapping as suchotanfcovalent bonds but-
orbitals may participate in hybridisation, e.g. A€k, SK;, higher intehalogens etc. and fo
covalent bonds by the overlappiof hybrid orbitals with atomic orbitalin thedirections of
hybrid orbitals.
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(v) Overlapping of the hybrid orbitals among themselvdss type of overlapping main
occurs among the organic compounds, e.-sp(GH-), spg-sp(C:Ha), sp-sp(CoHe) etc.

Here only the overlapping of hybrid orbitals h themselves has been given.

4.3.3 Sigma ¢) and pi (x) covalent bond:

¢ Covalent bonds

The covalent bond formed between the two atomsxi@l ar head on verlapping of pure ¢
hybrid atomic orbited belonging to valence shells of the atoms is dadlc bond. Pure -
orbitals of the atoms on overlappindth s or p atomic orbital or hybrid orbitals of othe
atoms always forne bonds. Pure -orbitals of the atom when overlap witrasd p-orbitals
(of the same symmetry) or hybrid orbitals of othyms eso formes bonds. d and- orbitals
by themselves seldom take partc bond formation through the atbitals are sometime
involved in hybridisation and thus fornme bonds, e.g. PGl SK;, IF; etc. The overlapping ¢

hybrid orbitals between two atoms always gic bond.

() Pure atomic orbital —pure atomic orbital overlapping

Fig 4.6(a)formation ofsbond by atomic orbita

(i) Hybrid atomic orbital — hybrid atomic orbital overlapping

Fig 4.6(b)formation ofsbond by hybrid orbita

In this case only partial overlapping has been shihwugh othe hybrid orbitals will alsc
form o bonds, generally with atomic orbit of other atoms.

Similarly sp-sp’c bond formation may also be sho'

n (pi) Covalent bond

A covalent bond formed between two atoms by sidside or lateral (perpendicular to t
molecula axis) overlapping of on p-atomic orbitals or sometimes p an- orbitals
belonging to the valence shell of the atoms isedaiz bond. Ifin a molecule, a particuli
atom uses one of itsgrbitals forsbond formation then rest of the twaoopbitals are used 1

form therbonds by lateral overlapping. For example, if }sas taken as the molecular a
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thenzbond is formed by p- p, or p,-p, overlapping as happens in the oxygen and nitr

molecules.

A cbonds determine the direction ole covalent bond and bond lengtltbonds have n
effect on the direction of the bond. However, tipegsence shortens the bond len

There is free rotation of the atoms aboucbond because the electron cloud over
symmetrically along the internuclear axis whilestts not possible abouttbond because tt
electron clouds overlap above and below the plémieeoatoms

A obond has its free existence between any two atara molecule whiletbond is formec
between the atoms only whehond already exist

The shapes of covalent molecules and ions canfilaie&d by employing (¢  the concept

be zerovalent, monovalent and bivalent due to teegmce of 0,1 andunpaired electrot in
their valence shells and thaebserved bonding exhibited by them, i.e. these baralent,
trivalent and tetravalent due to the availabiliy @3 and . unpared electron in their
valence shells in those compounds, a hypothetmatapt of hybridisation was put forwa

According to this concept, before the bonding osdarthe compounds of Be, B and C, «
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of the 2s electrons gets promoted to the vacawriipal due to the energy available from the

heat of reaction when covalent bonds are formepeonaps due to the field created by the

approaching atoms, thereby making 2,3 and 4 urgbagtectrons available in the valence

shell of the atoms of these elements.

These orbitals having unpaired electrons then mixogether or redistribute their energy to

give rise a new set of orbitals equivalent in egerddentical in shape and equal to the

number of atomic orbitals mixed together. Thisgass is known as hybridisation, the atomic

orbitals are said to be hybridised and the newtaldbformed are called the hybrid orbitals.

The hybrid orbitals so formed then overlap with tiedf filled orbitals of the approaching

atoms and form covalent bonds.

Salient features (or the Rules) of hybridisation

The atomic orbitals belonging to the valence shefl the central atom/ion of a
molecule/ion with almost similar energies mix wgether or hybridise to give the

hybrid obitals. But the atomic orbitals of the gahtatom participating in thetbond

formation are excluded from the hybridisation psxe

The number of hybrid orbitals produced is equah®number of atomic orbitals undergoing

hybridisation. The hybrid orbitals like pure atorpitbitals can accommodate a maximum

of two electrons of opposite spins.

If required, electron(s) may be promoted from dritat in ground state of the central atom to

the next empty higher energy orbital provided vatue of n does not change as happens in

the central atom of Be&IBCls, CH,, PCE, Sketc.

Most of the hybrid orbitals are equivalent in energhape and size but may not be identical.

They differ from one another in their orientationsipace.

From the type of hybridisation, the geometry anddbangles of a molecule can be predicted.

In a few cases empty atomic orbitals or those Veitie pairs of electrons (i.e. filled

atomic orbitals) are also involved in the hybridisa process but in such cases normal

covalent bond is not formed rather this procesddda the formation of coordinate covalent

bond. Sometimes these filled hybrid orbitals do favin the bonds and the electron pair

remains as lone pair on central atom.

The hybrid orbitals are involved in tldond formation only and bond is not formed by

them at all.

4.4.1. Types of hybridization:
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Following are the important types of hybridisn. The central atom in agiven
moleaile/ion can undergo any of the following poss hybridisations.

Sp hybridization:

When one s and one p (oriented along moleculaj akisnic orbitals belongin to the
valence shell of the central atom in a given mdian mix up togethe to give rise twc
hybrid orbitls, the process is known ap hybridisation and the new orbals formed

are called sp hybrid orbitals. This process be shown diagrammatically as follo

Fig 4.8 (a)Formation of two collinear sp hybrid orbitals frotime mixin¢ of

one s and one p atomic orbitals

Characteristics:
i) These hybrid orbitals are equivalent in energypsh@val shaped) and ¢ oriented in
the opposite directions at an angle of° from each other, leading to linear geome
i) Each hybrid orbital has one large lobe ane small lobe. The larger lo takes part in
overlapping process.
iii) These hybrid orbitals possess 50% char of s-orbital (spherical) an80% that of -
orbital (pear shaped) and hence are oval sh

Examples: BeX(X=H,F, Cl). Let us take Be; molecule for illustratior

Bey 25p°  Bex —R3p'
s

Fig 4.8 (b) formation of twoscovalent bonds by the overlapping o-hybrid orbitals of Be

and 2p-orbitals of F-atoms

Sp® hybridisation:

On mixing together one s and any tw-orbitals belonging to the valence stof the central
atom of a given molecule/ion, a set of three hybrititals is obtained. This process is knc
as sp hybridisation and the new orbitals formed are tetnas s® hybrid orbitals. The

process can be shown as given be
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Fig 4.9(a) Formation of three trigonal planar 2 hybrid orbitals from themixing of one

and two p atomic orbitals

Characteristics:
i) The sp hybrid orbitals are equivalent in energy and steqbare oriente towards
the corners of an equilateral triani hence inclined at an angle of £&@h one another,
leading to trigonal planar geome
i) They all lie in one plane (i.e. plan:
iii) They possess 33% sharacter and 66%- character and therefore are lessoval than
sp- hybrid orbitals.

Examples: BX(X=H, F,CI) Let us take Bz molecule for discussion.
By:22pt Byx —  25pipt

sg

Fig 4.9(b) formation of threer covalent bonds by the overlapping o? hybrid orbitals ofB-

atoms and 2p-orbitals of 3&tom:

(i)  Sp® hybridisation:

In this hybridisation, one s and thre-atomic orbitals belonging to the valence shellref
central atom of a given molecule/ion mix up togettwed form a set of four hybrid orbita
This mixing process is known as® hybridisation and the new orbitals formed are chig®

hybrid orbitals. This process has been shown b

Fig 4.10(a)formation of four tetrahedral ¢ hybrid orbitals from the mixing of 1s and

3p atomic orbitals
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Characteristics:
i) These sphybrid orbitals are equivent in energy and shape and are orietedg the fou
corners of a regular tetrahedron. The bond ¢ between eachair of these orbitals is 10°,
called tetrahedral angle.

i) Each sp hybrid orbital has 25%- character and 75% pharacter, henctheir shape is

closer to that of perbitals i.e. are pear shap
Examples: A% where A= C, Siand X = H, F, CBr, I, simplest of these CH,. In
this molecule, Gatom is the central atom which undergo€® hybridsation as follows
Ce2S plp'pY Gk —» 2sppy'ps
T sp

Fig 4.10 (b) formation of fourscovalent bonds by the overlapping of hybrid
orbitals of C-atorrand 1s orbitals of four Fatoms
(iv)  Sp’d hybridization:
When one s, three p amhe d (generally ¢) atomic orbitalsof the valence shell of tt
central atom of a given molecule/ion mix up togetad give rise to the formation of a se
five hybrid orbitals, the process is known ad hybridisation and the new orbitals forrr
are called sf hybrid orbitals. The process of this type of hylwadion has been shov
here:

Fig 4.11 (a)formation of five trigonal tripyramidal d hybrid orbitals from the mixir of

one s, three p and one d fplatomic orbital:

Characteristics:

i) The spd hybrid orbitals are equivalein energy and shape and aréentedtowards the
five corners of a regular trigonal bipyramid their spatial arrangement is trigon
bipyramidal.
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i) They do not lie in one plane. Three of tive hybrid orbitals called thieasal or equatori:
hybrid orbitals are oriented towardse corners of aequilateral triangle forming a triangu

plane while the remaining twoalled axial hybrid orbitals lie above and belthe plane on
the axis passinthrough thecentre of plane. The angle between each adjacénoft
basal hybrid orbitals is 130that between two axial hybrid orbitals is ° and thatbetween
the axial and basal hybrid orbitals i<’.

Examples: AXs molecule (A =P, As, Sb and X = F, Cl, Br).dt us discuss the hybridisati

and bonding in PGImolecule.

py: 35 ppy’ e

1

> Pex 3s pxlpylpzl dzz1

Fig 4.11(b) Formation of fivecovalent bonds by the overlapping offd hybrid

orbitals of P central atorand p-orbitals of five Cl-atoms

(v) Sp’d? hybridisation:
On mixing one rbital, three -orbitals and two d (generally By? and d?) orbitals of the
valence shell of central atom of the given molefoife a set of six hybrid orbitals is forme
This process is known as>sp hybridisation and the new orbitals formed are chbgd®

hybrid orbitals. The formation of these orbitalsiewn below

1210 P

e o § T B
sho. Kpigres  TTORC @0 cspd)
Fig 4.12(a) Formation of six s°d® hybrid orbitals from the mixing of one s, ree p and

two d-atomic orbitals

Characteristics:

i) All the six hybrid orbitals formed are equivat in energy and shape and arented along

the six corners of eegular octahedron i.e. their arrangemerspace is octahedr
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i) All the orbitals do not lie in a plane. Four Irid orbitals of the i called basal or
equatorial hybrid orbitals are lying in <are plane while the remaining two called
axial hybrid orbitals lie above and below the planethe axis passing through the cen
of the square base. The angles betv any adjacent paimsf hybrid orbitals (basal ¢
axial) is 90.

Examples: AFe type molecule (A=S, Se, Te). Let us see the prookksend formation

in Sk molecule.

SJ: 352 pxzpylpzl —> Sex: Sl pxlpylpzl d122d1x2-y2

Fig 4.12 (b) Formation of sixecovalent bonds by the overlapping o”d? hybrid
orbitals of S central atorwith g-orbitals of six F atoms
(vi)  Sp’d® hybridisation:
When one s, three p and three d (generally dxy, dx%) orbitals of the valence shell of
central atom in a given molecule/ion mix up togetl@eset of seven new orbitals is form
This process of mixing is called*d® hybridisation and the new orbitals formed are knas

sp’d*hybrid orbitals. Their formation occurs as follo

T D

Fig 4.13 (a)Formation of seven d® hybrid orbitals from the mixing of one s, thi

p and three arbitals of the central ato

Characteristics:
i) All the seven hybrid orbitals are equivnt in energy and shape and argented toward
the seven corners of a rdgr pentagonal bipyramid i.etheir spatial arrangement

pentagonal bipyramidal.
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i) All of them do not lie in one plane. Five olem lie in the pentagonal plane care called
basal or equatorial hybrid orhls while remaining two cled axial hybrid orbitals lie abov
and below the plane on the axis pas:  through the centre of the pentagonal pl

iii) The angle between any adjacent pair of basal hyitials is of 7° andthat between an
axial and a basal hybrid orbital isual to 96.

Example: IF; (an interhalogen compour
b : 5p.p,%p — 5 lex:  53pp,/'p,ldxy'dyZ'dzx"
spd®

The whole act of hybridisation and bondmation in this molecule can t#hows as give

below:

Fig 4.13(b)Formation of seven covalent bonds from the oveitappf spd® hybrid

orbitals of central latorr and p-orbitals of seven F-atom
4.4.2 Shape of simig inorganic molecules andons:
In all the above examples, the central atom udesfdts valence electrons for the bo
formation i.e. the hybrid orbitals of the centrabra and atomic orbitals (s or p) of t
attached atoms are half filled, and after overlagpof the appropriaterbitals, form the
normalcscovalent bonds. The molecules so formed have regelemetrical shape i.e. the
is no distortion in the shape of the molecule.
However, there are examples in which the centramabf the molecule/ion undergoe
particular type of hybridisation which involviorbital/s with paired electrons as stalong
with orbitals having unpaired electro These hybrid orbitals (witboth paired an unpair
electron$ overlap with the orbitals of approaching atomgitee tte normal as well as dati
ocbonds or sometimes thgbrid orbital: with paired electrondo not overlap with the orbita
of approaching atoms and remain atthaee such with tt central atom in th
moleculesas lone pairs. The presencethese lone pairs causes distortion in ttape of the
molecule/ion. This leads faregular geometry of the molecule/i

The geometrical shapes, and process of hybridisatieolved, of some inorgan
molecule/ions along with those givender VSEPR Theory in the syllabus will be discus
after the discussion of VSEPR The
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4.5. VALENCE SHELL ELECTRON PAIR REPULSION (VSEPR)
THEORY

The valance bond theory also called the atomictalriheory can explain the geometrical

shape of many molecules/ions of both transition aon-transition elements by employing
the concept of hybridisation. But many moleculesioemain unexplained in terms of their
geometry by this method. To overcome this shortogmia modification of VBT was
developed by Gillespie and Nyholm which can prettiet shapes of many species which are
left uncovered by the concept of simple hybridmatiAccording to this theory “The shape or
the geometry of a polyatomic molecule/ion of namgition (mostly non-metallic) element
depends upon the number and nature of the elep#ios contained in the valence shell of the
central atom.” Thus the electrons already preserthé valence shell plus the additional
electrons acquired by the central atom as a re$udbnding with other atoms are called its
valence shell electrons. These electrons may b&eptexs bonding or non-bonding electron
pairs in the central atom which arrange themseiwesich a way that there is a minimum
repulsion between them and the molecule has minimmengy and maximum stability. Since
there can be only one orientation of orbitals cgpomding to minimum energy, hence the
molecule attains a definite shape/geometry.

The following rules have been proposed by Gillespie Nyholm to explain the shape of
some inorganic molecule/ions-

i)If the central atom of a molecule/ion contains athig bond pairs of electron in the valence
shell, the geometrical shape of the molecule/ionsaid to be regular (or undistorted) e.g.
linear, trigonal planar, tetrahedral, octahedtal, @espectively. This fact is evidenced by
the examples given above in the chapter of hylaidtis.

i)When the valence shell of the central atom in aeeuk/ion contains the bonding electron
pairs and non-bonded electron pairs (called lonespahe molecule/ion has distorted or
irregular geometrical shape due to the alteratiorbond angles which is caused by the
presence of lone pairs on the central atom.

This happens because of the following fact. Siree lbne pair of electrons is under the
influence of only one nucleus (of central atong, mono centric, these electrons occupy a
broader orbital with a greater electron densityiathddistributed closer to that nucleus than
bonding pair of electrons which is under the infloe of two nuclei of bonded atoms i.e.
bicentric. Its location between the atoms dependsthe electro- negativities of the

combining atoms. Thus lone pairs experience maediom than the bonded pairs and hence
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exert more repulsion on any adjacent electron f/@n a bond pair does on the same
adjacent electron pair. The repulsion among thetrele pairs follows the sequence as:

I.Q.-I.p. repulsion>l.p.-b.p. repulsion>b.p.-b.ppulsion
J\ J

maximum intermediate minimum
Because of this fact, if the central atmma molecule/ion contains both lone pairs
(I.ps.) and bonded pairs (b.ps.), there occurswraction in the bond angle (which is formed
between two adjacent b.ps.). More the number & Igm the central atom, greater is the
contraction caused in the bond angle. This statensersupported by the bond angles
observed in Ckj NHz and HO:

molecules Chl NH; H.O
Type of hybridisation involved dp sp sp
No. of I.ps. on the central atom 0 1 2
Bond angle 109% 107.3 104.8
Contraction in the bond angle - ~2° ~5°

iii) ZBAB in AB; type molecules decreases with increasing eleajatiigty of the atom
B where A is a central atom. This is because a®leronegativity of the attached atom B
increases, the b.p. of electrons moves away froencéntral atom and experiences less
repulsion from its l.ps. and enhanced distance &éetwtwo bond pairs also causes less
repulsion between them resulting in the contraditiobond angle.
For example, (i) RE102)>PBr(~101.8)>PCk(=100)

(i) Asl3(=101%)>As Brs(=100.5)> AsCk(=98.5)
iv) The repulsion between the electron pairs in filbélls is larger than that between electron
pairs in incompletely filled shells. As an exampé,us compareZHOH and ZHSH in HO
and HS molecules. It has been observed ##®OH (104.8)>>/HSH (92.2). In both the
molecules, the central atoms O and S contain @lgdtrons in their valence shells, six of
their own and two from H-atoms. Thus the valenadisif O-atom (with 2s and 2p orbitals
only) is completely filled but that of S-atom iscompletely filled due to the availability of
3d-orbitals (which remain vacant) in addition toe8wl 3p-orbitals. The total capacity of the
valence shell of S-atom is to accommodate a maximiub8 electrons (from Znule).
v)The bond angle involving the multiple bonds areegalty larger than those involving only
single bonds. However, the geometrical shape ofntbéecule is not affected by multiple
bonds.

Limitations:
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The VSEPR Theory suffers from certain limitationisietr are as follow:

() This theory canot explain the shapes wvery polar molecules and thohaving an
inert pair of electrons.

(i) The shapes of the molecules which have extensieaesedrelectronsystems are
not explained by this theory.

(i) This theory does not cover certain transition mcomplexes.

The VSEPR Theory inambination with the concept hybridisation has been successfi
used to discuss and explain the geometrical shapasost of the covalent inorgar
molecules/ions. Here we shall discuss the typewbiritdisation and moc of bonding in

certain inorganic molecule/ions in addition to tgsven in the syllabus of VSEPR the:

. Shape of SnGI molecule (sp hybridisation)

The central atom, Sn, has the ground state valmaeconfiguration as given belc

Sny: 555p'py'p,, —  sP hybridizatior

This atom undergoes partial hybridisation mixingtagether the paired 5s and unpairi
and 5p-orbitals, leaving behind the empt, -orbital, to form three $mhybrid orbitals one ¢
which is occupied by the electropair coming from the 5erbital. The process ¢
hybridisation and overlggng of hybrid orbitals with atomic orbiis of Clatoms have bee

shown below:

|&

S
{

I |
W 8
1

Fig 4.14 Formation of hybrid orbitals and their overlappingth 3g-orbitals of Cl atoms t
give SnGl molecule

Two unpaired hybrid orbitals of Sn atom overlaphwinhpaired -orbitals of approaching -
atoms and give Sn@holecule which contains one lone | of electrons on S-atom.
Becausef the greater repulsion of lone [ on bond pairs, theZCl SnCl is less than 12,
the expected angle in case o? hybridisation. The molecule thus attains angulabent
shape.

. Shape of NH Molecule ( sp hybridisation)

In NH3; molecule, the central atom N has following groutadesvalence shell configuratic

Ng: 2Sp py'p — sp hybridizatior
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All these atomic orbitalparticipate in hybridisation and give four equivaley® hybrid
orbitals. One of themontains an electron pair (lone |) and three half filled hybrid orbita

then overlap with 1srbitals of three l-atoms to fornscovalent bonds (N4 bond)

Fig 4.15 Formation of hybrid orbitals and their overlappingth 1s orbitals of 3H atoms -
give NH; molecule

From the figue, it is evident that one lone pof electrons is present in Nkholecule whick
exerts more repulsion obonded pair than that operating between the bonding pair
electrons. The net result is that the 3 molecule attains trigonal pyramidal shape with
bond angle of 107°3a deviation of about’ from the tetrahedral angle of 108.5

. Shape of HO Molecule (sp hybridisation)

The ground state valence shell configuration ofceatral atom O of ,O molecule is

Oy 25ppy'p — sP hybridizatior

All these atomic orbitalsindergo hybridisation and give rise to four eqléma sy hybrid
orbitals. Two of these hybrid orbitals are halfefi and remaining two contain lone pairs
electrons.The unpaired hybrid orbitals than overlap with tlsitals of two F-atoms to forr

ocovalent bonds (O-H bonds).

B

Fig 4.16 Formation of hybrid orbitals and their overlappingth 1s orbitals of two Fatoms

to give HO molecule

There are two lone paidf electrons present in,O molecule which exert strong repulsi
on each otheand move away towards the bonded | of electrons. This brings the bond
pairscloser to each other thereby causing contractiathenbond angle. ;O molecule thu:
attains a \lshaped geometry with the bond angle of 1°, a deviation of a bonc” from the
tetrahedral angle of 109.5

. Shape of HO* Ion (sp® hybridisation)
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Hydronium ion (HO") is formed by the combination of,O molecule and Hion in which
H,O nolecule donates one of its lone p of electrons to Hion and it accepts that lone p
of electrons in its vacant 1s orbit

Actually, filled sp’ hybrid orbital of C-atom in HO molecule overlaps with empt-orbital

of H" ion as follows thereby forming a coordinate covalend

Fig 4.17 Overlappingof filled si> hybrid orbital of O-atom in kD and empty 1s orbital «
H* ion to form HO" ion

This ion has trigonal pyramidal shape like thatNi#i; molecule with one lone pi of
electrons on O-atom.

. Shape of SE molecule (spd hybridisation)

In this molecule the central-&om is in its first excitation state in which ooé its fx
electrons is promoted to the next empty orbital. The electronic configuration in t
ground and first excited state has been shown b

Sy 3Py P, —  Se:38pdp'pldD) —»  su

All these atomic orbitals of Scentral atom get hybridised to give five’dphybrid orbitals
directed toward the corners of a trigonal bipyranude of these hybrid orbitls contains
electron pair (b.p.) and theext four orbitals have unpaired electrons whichrtap with the

p-orbitals of four Fatom to form S, molecule.

Fig 4.18 Formation of five hybrid orbitals 0ex atom and their overlappingith g-orbitals
of four F-atom to give SFmolecul
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This molecule attains a ssaw shape bause of the presence of one lone [of electron
(sometimes also called distorted tetrahedrnd lone paidies at one of the basal sitions
(the molecule has 1 lone pair and 4 bonded)

. Shape of CIk molecule (spd hybridisation)

Cl is the central atom in this molecule with valerghell electronic configuration in grou
and first excited state as given below wherein eleetron from a filled -orbital say | is

promoted to a vacant d-orbitaliZ. dZ) of the same shell:

Cly 3¥ppy %P —»  Cl: 38pdp'pt (A —» spd

All the orbitals of the valence shell 0i*% atom are mixed up together to produce fiv’d
hybrid orbitals. Two bthe hybrid orbitals have lone pe of electrons and three ha
unpaired electrons which then overlap with unpapp-orbitals of three Fetoms to formo
covalent bonds. The lone paiese said to occupy the equilateral positions aedblecule
attains Tshaped structure with the bonngle of 87.6 instead of 90due b the distortior
caused by lone pairs The shaped structure has been confirmed by the expetal
evidences. The whole act of hybridisation, overiag@and bond formation can be showr

below (molecule has 2 lone psiand 3 bonded pa):

Fig 4.19 Formation of five hybrid orbitals ofl*% atom and theioverlapping with -

orbitals of three Fatoms to give ClfFmolecule
The mode of hybridisation shape and bonding in; and ICk molecules can also |
explained on the similar grounds as in the casal€s.
. Shape of IC}™ lon (sp’d hybridisation)
In ICI; ion, the central atom (iodine) has the ground state electronic configuration st
valence shell as shown below:
lg: 55ppy Py (07)°
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All these atomic orbitalcluding a vacant ¢ orbital participate in hybridisation to produ
five sp'd hybrid orbitals of with three orbitals contain lone ps one hybrid orbital is ha
filled which overlaps with half filled -orbitals of Cl-atom to give normalbond and on
hybrid orbital remains vacant and overlaps with fliked orbital of C™ ion to give ¢
coordinate covalentbond (dative bond). The le pairs occupy the eqtorial positions an
the bonded pairare situated in axl positions. The ion has 3 lone pairs and 2 boried as

shown below and has almost linear sh

e qw x = = S = i

Fig 4.20 Formation of five sfl hybrid orbitals ocentral atom, and overlapping of one ¢

these hybrid orbitals with prbital of Cl atom and that of filled-orbital of Clion with
vacanthybrid orbital of | atom

. Shape of NQ  ion (sp? hybridisation)

The central Natom in this ion is & hybridised leaving a pure, prbital behind. Thes
spthybridised orbitals then overlap with the orbitafone O atom and oneion to form two

normalcbonds and one dativebond as follows:

Fig 4.21Formation of two normicbonds, one dative bond and one bond between |
central atom and oxygen atoms/

Shape of S@ ion (sp’ hybridisation)

S atom has 6 electron its valence shell and inidhisll the valence electrons of S are pre
in unpaired state i.e ;& state. Out of six, four orbitals are hybridiseda@®ws:
S35yt S e 3Py (Geyd) (d)t  —>  SP
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The SQ% ion can be shown as follov

For details please refer to*$pybridizatior & CH, molecule.

It has tetradedral shape like ¢iolecule but has two single and two double bocandn).
On the similar grounds the typf hybridisation and shape of XgFXeF;, XeOF; and Xek
molecules can be discussed. It is to be kept indniat F-atom is monovalent, -atom is
bivalent (forms onesand oner-bond with central atom) and central atom requingly that
number of hybrid orbitals which can forsbonds with approaching atoms i these hybrid
orbitals are generally unpaired or half filled. ldenin the above molecules par

hybridisation may take place.

X

&F : spd 3 lone pairs 2 bonded pairs and linear in sh

X

F4: spd? 2 lone pairs + 4 bonded paires and square |

X

(OF, : spd® 1 lone pair + 5 bonded pai+1 nbond and is square pyramidal

x

&Fs : spd® 1 lone pir + 6 bonded pairs and pentagonal pyrar

Fig 4.22Shapes of Xek-XeF, XeOF, and Xek molecules
4.6 MOLECULAR ORBITAL THEORY (MOT)

To explain the formation of the covalent bond inlecales/ions and their behaviour li

relative bond strength, magnetic property etc.ew approach was developed by Hund
Mulliken in 1932 and later by Lennard Jones and I€wu This approach is knin as
Molecular Orbital Theory. This theory treats the covalent bonds in termsviofecular
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Orbitals (MOs) which are associated with the entirelecule and result from the linear
combination of atomic orbitals (LCAOs) of constitieatoms of the molecule/ion. Thus the
molecules are supposed to have their own orbifal@rying energy in the same way as the
isolated atoms have. The difference between aniatorbital and a MO is that an electron in
an atomic orbital is influenced by one nucleus ardyan atomic orbital is monocentric while
an electron in a M.O. is under the influence oftl# nuclei contained in the molecule/ion,
i.e. a M.O. is polycentric.

The atomic orbitals combining linearly to form thN&s must be of the similar energy and
same symmetry and may be of the two similar atohnashmmonuclear diatomic molecule/ion
(e.g9. H, H2", Ny, O, o' etc.) or may be of two different atoms of a hed@atomic
moleculef/ion (e.g. CO, NO, CNNO' etc.).

The main characteristics of MOT are as follows:

The atomic orbitals (AOs) combining linearly togethio form the moleculer orbitals (MOs)
lose their identity and the number of atomic onbits equal to the number of moleculer
orbitals formed.

MOs are the energy states of the molecules/ionghich the electrons are filled just like in
AOs of the atoms.

The linear combination of the AOs may occur in wferent ways, i.e. the additive
combination gives bonding molecular orbitals (BM@as}l the subtractive combination gives
antibonding molecular orbitals (ABMOS).

The bonding MO has lower energy and hence gredaadilisy than the antibonding MO
obtained from two AOs.

The bonding MOs are denoted &yt,5,'Yetc. symbols while the  antibonding MOs by
o.m,8,¥ etc. symbols.

The shapes of MOs formed depend on the type of oongbAOs and mode of combination
and their filling takes place according to the sukéhich are applicable for AOsjiz.
Aufbau principle, Pauli’s exclusion principle anditl’s rule of maximum multiplicity.
Formation of MOs LCAO approximation

Supposel, andWg represent the wave function of the electrons éAtOs. of the atoms A
and B respectively. Then linear combination of €hA30s. may be done in two ways:

PP = W, +¥g (++ combination) ... (4.10)

This additive combination of AOs gives bonding nuolar orbital for which the wave
function is denoted by°. This is also called constructive interactionrtker, from the

above equation, we have
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(P9)? = (Pa+Wp)? = WA+ Wp2+2¥a W ST (4.11)

Or (¥*)>>W¥,%+Wg? by a factor #a¥s Where squares of respecti¥s give the probability o
locating the electrons in the different orbitalsor this we infer tat electrons prefer t
resde in the BMO rather than the A and placing electrons in BMO yieldstable covaler
bond. In this MCthe electron density is greater between the notleonding atom:

¥* (or ¥ = Wa-¥s ( +- (plus minu: combination) ... (4.12)

This subtractive combination of At gives the antibonding molelar orbital, the waw
function for which is represented N{" ( psi star). This is also called destructive intécm.
From this equation, we have

(P)? = (Wa-Vg)% = Wa%+Ws°- 2¥aVs .. (413)

Or (¥')’< Wa%+¥s? by a factor WaWg From this relation it cabe concluded thatlectrons
prefer to occupy the AOsather than the ABM(Cand placing electrons in this N opposes
the bond fomation. The electron density in this I, decreases to zero between the nt
The pictorial representation of the mation of BMOs and ABMOs form AC is shown
below:

s-orbitals: combination of srbitals gives onheMOs (both bonding and antibondir

s and p-orbitals: This combination also gives onlcM.Os. This is possible only alot

molecular axis i.e. orientation p-orbital is along molecular axis.
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It is to benoted that the interaction of AOs occurs to forra MOs only if the symmetry
considerationare taken care , e.g. s-p combination is allowed but s;mnd s-Thep
combination is disallowed if,dies along the molecular axis. Simile, p-py, px-p; and R-p;
combinations are disallowedy-py and p-p, combination will produceM.Os. if X- axis is
the molecular axis. Thl,, andn’,, as well ast,, andz,, MOs have the same energy, i
these are degenerate orbitals.

Energy leveldiagrams of the molecules/ior

The MOsof the molecules/ions if arranged in the increasirdger of their energy, we get t
so called energy levelagrams for them in which the M are taken as energy levi

The electron areilfed in these energy levels (MOs) from the lowesergy MO to igher
energy MDs according to Aufbau princi. The degenerate MOare filled according ti
Hund’s rule, i.e. first singly and then in pairshi§ condition is applicable to bo
homonuclear and heteronuclear diatomic molecules

At the same time if these MGse written is a sequence using their symbols alwitiy the
number of electrons contained in them, then welgemolecular electronic configuration

the same way as the electronic configuration aingtorhis sequence according to increa:

energy is:

et

This sequence has been found to hold 1,, F etc. but for hypothetical BC,, N, etc.c"2px
is of slightly higher energy thanDZQ//z MOs due to certain well established reasons

hence the sequence becomes (taking x axis as tleeutaraxis).

Bond order: The bond order is the numberbonds in the molecular species and is give

Bond Order = (N— Ny)/2, N,= number of antibonding electrons,=number otbonding electror
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4.6.1. Hommuclear diatomic molecules/ion:

H, molecule (i.e. 1+1=2 valence shell electr: It is simplest case with Lsonfiguration in
each H-atomMolecular electronic configuratic

(6"19%< (6719°. Also denoted as KK in the higher molect

Bond Order = (2—-0)kq

.. There is single bonetween I-atoms in H molecule (H-H).

Fig 4.23 Energy level diagram of H
N2 molecule (5+5=10 valence shell electrc
Each N-atom has 22p° electronic configuration in the valence shell. Thuslecular

electronic configuration of Ns:

Fig 4.24 Energy level diagram of
Bond order= 8=6/2=3. Hence there is a triple bond between Matm N\, molecule. KK
are non bonding orbitals.
O, molecule (6 + 6 42 valence shell electrons)
Each O-atom has 22p* valence shell electronic configuration? electrons oboth O atoms

belonging to KK MOs. are nobending
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.. Electronic configuration of £molecule is

Fig 4.25 eneregy level diagrm of

Because of the presence of two unpaired elec
in ABMOs, G molecule is paramagnetic in nati
Bond order = (8-4)/2 = ZThere is a double bond betwee-atoms in @ molecule (O=C

Similarly we can write down the electronic configtion and draw the energy level diagre
for O,", Oy (super oxide ion), »* (peroxide ion) and Fmolecule.@" (oxygenyl ion) ha:
one electron less than, @olecule. ;" ion will have one electron more thar, molecule.
Both are paramagnetic.,©ion and I, molecule will have two electrons more tha, which
go tomopy+ andmop, MOsthereby making them diamagne

4.6.2. Heteonuclear diatomic molecules/ion:

i) CO molecule ( 4+6=10 valence shell electro

This molecule is isoelectronic with , molecule and has similar molecular electrc
configuration and energy level diagram to that ¢ molecule. There is only a min
difference in electronic distribution in A.Os. a@sen below

C - 282¢° 0 2¢2¢

Electronic configuration of CO molule is (the M.O. energy level sequence is like tbfe
N2):
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Fig 4.26 Energy level diagram of C(
Bond order =8/2=3 (triple bonc
i) NO molecule (5+6=11 valence shell electrc
N: 2¢2p° and O: 2&p"
The electronic configuration of Nmolecule is (the M.O. energy level sequence is tiile
of O,) but electron distribution is slightly differe
It is paramagnetic due to the presence of one tegbaiectron. The bond between N and
2% times as strong as a normal covalent t
Similarly, we can write down the electronic configuration anaw energy level
diagram for NO (one electron less than NO) ion which is diamagnatid has only paire

electrons upta’;px M.Os. andt’p’y M.O. is vacant.
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Fig. 4.27 Energy level diagram of N(

4.7. MULTICENTRE BONDING IN ELECTRON DEFICIENT
MOLECULES

In the covalent compounds, in general, an elegban bond holds two atoms together
there are a number of compounds in which an elegieir holds sevel atoms together. |
these cases, it is said that multicentre or deledlbond exists. The best known molec
which displays multicentre bonding isHsg, diborane.

A number of evidences showthat th,Hg molecule has hydrogen bridged structure in wi
four H-atoms are terminal hydrogen atoms;) and the remaining two Htonrs are the
bridging hydrogen atoms (H Thefour H; atoms are bonded with &oms by the normi
electron pair bonds (two Htoms are attached to eacl-atom) and Batoms form ¢
multicentre (3c2e) bond with each-atom.

Boron has valence shell configuratiorg: 25p"  _Bex: s'px'py P2 _» sphybridizatior
Thus a maximum of three unged orbitals are available in &om to form three electrc

pair bonds with Hatoms to give Blz. But the given molecul%

is BoHe, it means HB?BH; type situation must be there a | &

there are no electrons available to form t-B bond in this i

molecule. This anomaly has been explained as fsl

Each B-atom undergoes>spybridisation. Two of the hybri '
orbitals (half filled) form twasbonds with twi H; atoms in each Bstom. Now one half fillec
(shaded) orbital of sayBnd empty hybrid orbital of ; overlap jointly with half filled 1¢
orbital of H, atom to give BH,B, type multicentre bond. Similarlygnother 3-2e bond is
formed by the overlappingf empty hybrid orbital of i, half filled hybrid orbital shaded) of
B, and half filled 1serbital of another l,-atom. These 32e bonds are banana sha

Therefore, this structure of;,Hg is also known as banana structure. Thus thatéins in this
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molecule may be said to show bivalence which isipdes only when the two fHatoms are
bonded with both the B-atoms forming two BHB brialgjior 3c-2e bonds.

Another example of multicentre bonding is"Hhydrogen molecule ion) which contains a 2c-

1le bond.

4.8. BOND STRENGTH

By bond strength we mean how strong is the bondédmt the atoms in a molecule. Bond
length, bond multiplicity and extent of overlappin§ atomic orbitals in addition to bond

energy are the factors which determine the boreahgth.

It has been observed that as the bond multiplicireases, the bond length decreases
thereby increasing the bond strength. Similarly tres extent of overlapping between the
atomic orbitals increases, the bond formed becatesger. That is why ébond is stronger
than arbond. Another important factor influencing the batieength is the bond energy(bond
strengtha bond energy).

4.8.1 Bond energy:
The bond energy can be explained in two ways:

Bond formation energy (i) bond dissociation energy

Bond Formation Energy:

The bond formation energy of a covalent bond A-AdeB in a diatomic molecule Aor AB
is the amount of energy released during the foonatif these molecules from the atoms A
and B.

A+A —» A-A + Energy released, xx these are the exothermic
atoms molecule gasses, hence the
A+B —» A-B + Energy released,nE | energy is shown with

atoms molecule negative sign

This can be defined dthe amount of energy released when one mole (Avodeo’s
number) of bonds are formed between the constituenatoms in gaseous state of a

molecule of A or AB type”. This energy is expressed in kJ fhol
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(i) Bond dissociation energ
It is the energy required to break th-A bond in A or A-B bond in AB molecule into the

constituent atoms, i.e.

A-A + Energy required, + Ea —»A+A these are the endothermic
molecule atom processes and hence
A-B + Energy required, + &5 —» A+B energy is shown wi
molecule atoms positive sign

This can be defined dghe amount of energy required to break one mole abonds in
gaseous state of eolecule of £, or AB type into the constituent atoms.”

Evidently both the bond formation energy and bomssatiation energy foA-A or A-B
bonds in A, or AB diatomic molecule are equal in magnitude hut associated wi
opposite processes.

In polyatomic molecules of ABtype, n numbers of B covalent bonds are present e.,O

etc. 2 molecules have twc
three and four bonds respectively and equal nurmbbond dissociation energies are th
Each bond requires 1/n bond dissociation energlyeac molecules to break up that boi

In such cases the bond energy is actually an agdragd energy. For example, there are

bonds in HO molecule:

H.O OH+H, o —> =496 KJ Total bond dissociation enel
andOH —» O+H, BH =426.5 KJ of twaovalent bond in ,O
molecule

= 496+426.5 =922.5 J n'*
The average bond energy fortDbond in water is 461.2 kJ n't. Thus, it can be generaliz

as:
Average bond dissociation energy ¢-B bond in AB, gaseous
molecule

= sum of successive B-bond dissociation enerqil

Total number of AB bonds in AE, molecule (n)
4.8.2 Measurement of bond nergy:

i) In diatomic molecules
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The determination of bond energy in a diatomic mole containing a covalent bond
involves the measurement of heat of formation @& tholecule from its free atoms. But
normally this cannot be measured directly becauserapound is formed from molecules
and not from free atom as well as a compound osodiation splits up into molecules and
not into free atoms of its component elements. Heurta molecule cannot be completely
dissociated into its free atoms merely by heafirigs can, however, be obtained from heat of
reaction which, in turn, is measured from the cleanythe degree of dissociation with

temperature and from heat of sublimation.

i) In polyatomic molecule

The average bond energy in a polyatomic molecutebeaobtained from measured heats of
formation and heats of atomisation. For exammeltain the average bond energy for the
C-H bond in methane, it require measurement of Hbats of combustion of methane,
graphite and hydrogen gas together with the heatgomization of graphite and hydrogen

gas.

4.9. PERCENTAGE OF IONIC CHARACTER

The percentage of ionic character of a polar cowdbend (also called polarity) depends on
two factors: (i) dipole moment and (ii) electronggéy difference between the combining

atoms. Accordingly, various methods are employectdirulate the percentage of ionic
character of a covalent bond.

Dipole moment (dpm) method

A polar molecule acts as a dipole i.€©" A B® (x a<yg) because of the electronegativity
difference between the combining atoms. The degfgmlarity in the molecule is given by

the dipole moment (1) which is the product of thagmtude of the charge at each centre
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(this is equal and of opposite in nature at the ¢emntres) and the distance separating the two
centres, i.e. positive and negative.

Thus, y = gxd, where g is magnitude of change et eantre and d is distance between the
two poles. The measured (or experimental) dipolene1t (Ltxp) Of @ molecule can be used to
evaluate the ionic character in a bond.

% ionic character Experimental or measured dipole moment < 100

calculated dipole moment (assuming?a@@nic character

M exp

X100

M cal

i x100

da-g X electronic charge
where d g is internuclear distance between A and B atomAB molecule. For example,
the experimental or observed dpm of HF is 1.98D and the internuclear distanceg) is
0.91A. If the bond is taken 100% ionic in the noolle, then calculated dpm ) is
electronic charge X internuclear distance = 4.8R16su x 0.91x18 cm = 4.37 x 18%esu
cm = 4.37 D (A=18cm and D stands for Debye)

.. % ionic character = 1.98/4.37 x100=45.3%

Electronegativity difference method
In the polar molecule AB, polar covalent bond isgent, the polarity or % ionic character

which depends on the electronegativity differeneéwieen the linked atoms and can be

evaluated by using various empirical equations.

(a) Pauling’s equation

According to Pauling, the amount of ionic charaatethe A-B bond is:
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% ionic character = 1467 (yo>y,)
With the help of this equation Pauling establistredfollowing relation:
YBYA 1.0 1.7 20 3.0
% ionic character "22 51 63 91
This shows that whegg-ya=1.7, A-B bond has 50% ionic character and 50%alemt
character. Wheng-y2>1.7, the bond has more ionic character than twalent character
and whenys-ya<1.7, the bond has more covalent character thao atraracter.
(b) Hannay and Smith equation
These two workers proposed a more simplified eqodtir calculation the % ionic character
in a polar covalent bond.
% ionic character = [16¢§-ya)+3.56s-3a)] (xB>YA)
Using the electronegativity values as calculatedibiyng Pauling’s scale and this equation,
the percent ionic character of hydrogen halidedgas) molecules are as follows:
HF 43%, HCl 17%, HBr 13% and HI 12%
These values reveal that the hydrogen halide midedn gaseous state, are only partially

ionic and mainly covalent.

4.10. SUMMARY

This unit of the study material consists of a ceadaiiscussion of covalent bond based on the
octet rule and deviation from the octet rule. Aebaccount of polar and non-polar nature of
covalent bond has been given. The valence bondhtlaeal its limitations, directional nature
of covalent bond as well as pictorial representasitmng with the formation of sigma and pi
bonds have also been discussed. The concept ofdtsgtion has been fruitfully discussed

with examples as well as shapes of inorganic mtéscand ions based on hybridisation and
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valence shell electron pair repulsion theory hagerbgiven in the simple way.Molecular
orbital theory, the energy level diagrams of thelenoles/ions, multicentre bond, bond
strength, bond energy and percentage of ionic cterran polar covalent bonds have also

been discussed and explained.

4.11. TERMINAL QUESTIONS

i) The d-orbital involved in sil hybridisation is
(@) &’ (b) dy*  (c) dy (d) dx

ii) Which of the following compounds contains cosatl bond?
(a) NaOH (b) HCI (c) KS(d) LiH

iii) Which of the following compounds has the leasindency to form hydrogen
bond?
(a) HF (b) NH (c) HCI (d) HO

iv) Nitrogen atom in NH molecule is sphybridised. NH contains a lone pair of
electron on N-atom. What is the shape of this mdé?
(a) Tetrahedral (b) square plannar
(c) Trigonal plannar (d) Trigonal pyramidal

V) Discuss the difference between a polar and a-putexr covalent bond with
examples.

Vi) What do you understand by directional naturemfalent bond?

vii)  What is a multicentre bond. Explain with examp

viii)  Discuss the shape of ;8"

Write down theMOelectronic configuration 050D, and O,and predict the bond order and

magnetic behaviour.
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X) Write down Hannay and Smith equation for calculatime percent ionic character of a polar
covalent bond. With its help, evaluate percenici@haracter present in HCl molecujg$
2.1,%ci=3.0).

Xi) Draw molecular orbital energy level diagram f®* ion and predict its magnetic
behaviour.

xii)  XeF, molecule is linear though Xe atom in this moleautelergoes g hybridisation.

Explain.

4.12. ANSWERS

) (a)
i) (b
i) (c)
iv)  (d)
V) Please see polar and non-polar covalent bonds

Vi) Please refer to directional characteristics of taabond
vii)  Please refer to multicentre bonding

viii)  Please see the VSEPR Theory

iX) Please see the MO theory

X) please refer to % ionic character of polar bond

Xi) Please see the MO theory

xii)  Please refer to shapes of inorganic molecules

4.13 . REFERENCES

For references and list of books consulted kindly at the end of Unit 5.
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UNIT 5 : CHEMICAL BONDING I

CONTENTS:

5.1  Objectives
5.2  Introduction
5.3  lonic solids
5.3.1Characteristics of ionic solids
5.3.2Crystal coordination number
5.3.3Radius ratio
5.3.4Limitation of radius ratio rule
5.4  Lattice defects
5.5  Semiconductors
5.6 Lattice energy of ionic crystals
5.7 Born-Haber Cycle; experimental determination dfidetenergy
5.8 Fajan’s Rule: polarization of ions
5.9 Weak interactions
5.9.1Hydrogen bonding
5.9.2van der Waals’'Forces
5.10 Summary
5.11 Terminal questions
5.12 Answers

5.13 References

5.1. OBJECTIVE

The objective of writing the study material of thisit is to make the readers comfortable
with electrostatic attraction forces and to acqu#iem with the exciting world of the ionic
crystals. An attempt has been made to through layhtthe type of force that holds an
extremely large number of ions together formingudkor cluster of ions which exists in
solid state only. At the same time the text givasdea about why are the ions in an ionic
crystal arranged in a regular manner and haveiaitefatio. It has also been tried to give a

brief account of lattice defects and semi condsctehich are of immense importance
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industrially. The readers must also have an ideth@®fcovalent character of ionic bond and

weak interactions which has been taken care of.

5.2. INTRODUCTION

The solids have been classified in two differenysva

A. First kind of Classification
This classification gives two categories of sol\sg, true solids and pseudosolids.

True solids-These have definite shape and volumehadre retained even on long standing.
These are rigid and hence cannot be distorted. eTBefids have sharp melting points.
Examples are NaCl, KCI, Fe, Cu, S etc.

Pseudo solids-These do not have definite shape@nche and lose them on long standing.
These are less rigid and hence can easily be widtorhese solids melt over a range of

temperature. Examples are glass and pitch.
B. Second kind of classification

This classification is more appropriate and give®e categories of solidsiz crystalline
solids, non-crystalline or amorphous solids angqgistalline solids.

Crystalline solids- The constituent particles (agprions or molecules) of these solids are
arranged in a regular and definite manner in thiigeensional space. These are said to have
long range order. They have sharp melting points @an be broken into pieces, e.g. NaCl,
sugar, diamond, graphite, sulphur etc.

Amorphous solids- The constituent particles of ¢heslids are not arranged in a regular
manner and hence have short range order. Thesetdwmme sharp melting points, i.e. they
first soften and then change to liquid state ortingaExample are glass, rubber, plastics,

silica etc.

(iiPolycrystalline solids- These solids occurpmvder and resemble amorphous solids but their

individual particles have all the characteristi€snystalline solids.

Based on the nature of bonding forces existing eetwthe constituent particles of crystalline
solids, these have further been categorised in® élassesyiz. ionic crystals, covalent

crystals, molecular (van der Waals’) crystals, rtietarystals and hydrogen bonded crystals.

Lattice points and crystal lattice
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It has been mentioned above that the constituetities of a crystalline solid are arranged in
a regular order. The position of these particleatinee to one another in the solid is
represented by points) (which are called lattice points or lattice sit@sd the orderly

arrangement of these infinite lattice points idexhh crystal lattice or space lattice.

Unit cell is a small unit of lattice points which aepeating infinitely in three dimensions
gives a crystal lattice. This small unit is calledinit cell of the lattice. This shows all the

properties of the crystal lattice.

5.3 IONIC SOLIDS

In these solids, the constituent particles areidhs, both positive and negative, which are
held together by strong electrostatic force ofaation. There operates a repulsive force
between the ions of same charge if these are adjacesach other, therefore, the ions of
similar charge move away from one another and thafsepposite charge come closer
together. These ions are arranged in the crydtitddain regular pattern where the positive
ions are surrounded by a definite number of negdtims and the negative ions, in turn, are
surrounded by a certain number of positive ions attractive forces are maximum when
each ion is surrounded by the greatest possiblebauwf the oppositely charged ions. The
positive and negative ions are present in the aryattice in a simple whole number ratio, i.e.
1:1, 1.2, 2:1 etc. The ionic solids along with atheystalline solids have been assigned seven
basic crystal systems. These systems along witkstg space lattices present in the crystal

system and examples have been given bel@hlé 5.1):

Table. 5.1The seven crystal systems

S. |Name of the| Type of space lattices Examples
No. | crystal system present in the crystal

system

1 Cubic (i) Simple cubic (SC) NacCl, KClI, Cak, NaCIG,

(i)  Body-centred cubig¢ ZnS, CyO, alums, diamond

(BCC)
Pb, Au, Ag, Hg

(i) Face- centred cubi

)
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(FCC)

2 Orthorhombic

(i) Simple orthorhombic

(i) Body
orthorhombic

centred

(i) End -

orthorhombic

centred

KNO3, K>SOy, BaSQ, MgSQy
Mgzs|04

Pb CQ, a—sulphur.

3 Tetragonal

Simple tetragonal

Body centred tetragonal

NiSOs, SNQ, TiO;

ZrSiO4, KH,POy, POWQ

4 Monoclinic

Simple monoclinic

End-centred monoclinic

Na, SQi. 10 HO

FeQ, CuSQ. 2H,0,

NazB4O7. 10Hzo

5 Triclinic

Simple triclinic

CuSQ@5H;0, KyCr7O7, H3BOs

6 Hexagonal

Simple hexagonal

Agl, ZnO, CdS, Hg®l,P

quartz, Mg, Cd, Zn.

7 Rhombohedral

Simple

NaNQcalcite, magnesite, S

Bi.

The ions in a given ionic crystal are arrangedp@cked) in different ways which are given

below:

(i) Hexagonal close-packedhcp)structure, i.e. AB AB .........

This structure has the packing sequence of diffdegrers of spheres as AB AB.....

packing of spheres.

In this

structure, each sphere is surrounded by 12 othemestspheres and hence the coordination

number (CN) of each spheres is 12.

(i) Cubic close-packed (ccp) or
ABC...... packing of spheres.

face-centred

cubic (fcc) structure, i.e.

ABC
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This structure has the packing sequence of differltyers of spheres is ABC
ABC......... This structure has cubic symmetry. Each sphisr surrounded by 12 other
nearest spheres in this arrangement and hencedngirtation number of each sphere is 12.
In both of the above structures, the coordinatiamber of each sphere is 12 since each
sphere is surrounded by six nearest spheres Igitigei same layer, three spheres lying in the
layer just above it and three spheres lying inlélyer just below it. Both types of the above
structures have the same packing efficiency whechdi %, i.e. 74 % of the total volume of

the unit cell is occupied by the spheres.

(iif) Body-centred cubic(bcc) structure-In this arrangement, there are 8 spheres at egghecs

(i)

of a cube and one sphere at the centre of the &dEh sphere is in contact with 8 other

spheres in this structure and hence the coordmationber of each sphere is 8.
Interstitial sites (holes or voids)n ionic crystals

In an ionic crystal, the bigger ions (i.e. aniohgye close packed structure which may be
either hexagonal close packed or cubic close patkeel In this close-packed structure,
there is some vacant space between the anions wdicalled interstitial site (or hole or
void). These sites or voids are occupied by smalles, i.e. cations.

Depending on the number of anions and the pattenvhich they surround a cation in a
given ionic crystal, there are four types of intiéied sites,viz. trigonal (C.N. = 3), tetrahedral
(C.N. =4), octahedral (C.N. =6) and cubic (C.N.,#8kpectively.

5.3.1 Characteristics of ionic solids:

Following are the main characteristics of ionitds

The constituent particles of these solids are #tieigs and the anions which are held together
by strong electrostatic force of attraction knovgni@nic bond and these exist as crystalline

solids.

(i) The ionic bond in ionic crystals is not rigid andndirectional, i.e. it extends equally in all

directions. Hence the ionic solids neither have agfinite geometry nor show

stereoisomerism like covalent molecules.

(iiSince the anions are generally larger in glzan the cations, the anions have closest packing

arrangement in ionic solids in which there are $®fine empty spaces called interstitial sites
or voids. These sites may be tetrahedral, octahedi@ubic type which are occupied by the

cations.
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(iv) Each ionic solid is formed from a small unit calladunit cell which contains a definite
number of cations and anions. This unit cell irceleally neutral.

(v) The ionic solids are poor or bad conductors oftatgty because in solid state the ions are
fixed in their position and cannot move even ifeaiternal electric field is applied on them.
However, in fused state or in agueous solution t@yduct electricity because under these
conditions the ions are free to move. Also, theidosolids having defects can conduct
electricity due to the movement of ions from thetida sites to the vacancies or that of free
electrons present in them.

(vi) These solids are very hard and brittle due to tbeement of one layer over the other along a
plane on applying external force.

(vii) These have lattice energy and high melting pointskailing points.
(viii) These solids are generally soluble in water or pstdvents due to ionization and undergo

ionic reactions in that medium.
5.3.2 Crystal coordination number (CCN):

We have learnt above that in ionic crystals theitmesions are surrounded by a definite
number of negative ions and vice versa. The nurab@ns of opposite charge surrounding
an ion in the ionic crystal is called the crystabaination number or simply coordination
number (C.N.)

In case of ionic crystals of AB type (e.g. NaClQGsZns etc.) in which the number of both
kind of ions is same, the C.N. of cation is eqoathie C.N. of the negative ion, e.g. in NaCl
crystal each Naion is surrounded by six equidistant @ins and each Clon, in turn, is
surrounded by six equidistant N@mns. Hence the coordination number of botH Niad CI
ions is 6. In CsCl, the C.N. of C®n and Clion, both is 8 (due to different type of packing
of ions than in NacCl).

In ionic crystals of the type ABor A;B (e.g. Cak, N&S etc.) in which the cation-anion ratio
is 1:2 or 2:1, the two types of ions have differenbrdination numbers. For example, in Ca
F,, the C.N. of Fions is half to that of CGaions. The X-ray study has shown that C.N. of
C&" ions is 8 and that of Fons is 4.
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5.3.3 Radius ratio (R):

In an ionic crystal, the arrangement of ions (pagkiand their coordination number depend
on the relative size of ions or the ratio of raafiithe ions which is known as radius ratio.
Thus the radius ratio (Ris defined asthe ratio of the radius of cation (ic+) to that of

anion (ra-) in an ionic crystal’. This can also be shown as

R, ::C—‘“ Where g.is the radiusof cation and-is the radius of anion, s radius ratio.
A_

The radius ratio plays an important role in detaing the structure of ionic solids

and predicting the coordination number of the catothe anion.
Radius ratio effect

The effect of radius ratio in determining the aination number and the arrangement
of ions (structure or packing) in an ionic crystaknown as radius ratio effect. As the cation
becomes larger with respect to the anion, i,einBreases, higher number of anions can fit
around the cation and hence the coordination nuwiide cation increases. Which C.N. will

give the most stable arrangement of ions is deperateradius ratio.

The relationship between the various ionic arrareygmand the radius ratios is given below:

Limiting value of| Coordination Arrangement of ions

Ter number

Ta-

<0.155 2 Linear

0.155-0.225 3 Trigonal planar {8s)
0.225-0.414 4 Tetrahedral (ZnS)

0.414-0.732 4 Square planar

0.414-0.732 6 Octahedral (NaCl)

0.732-0.999 8 Body centred cubic (CsCl, gaF

The R value can be used for predicting the ionic arramg® and C.N. in the ionic crystals

as already mentioned. For example, the radius fatiblaCl crystal isya+/rc-= 0.95A/1.81A

= 0.525. This value lies between 0.414 and 0.782sThe C.N. should be either 4 or 6 and
the arrangement should be square planar or oc@hddre X- ray study of NaCl crystal has

revealed that the crystal has octahedral arrangeaigans, i.e. each Naon is surrounded
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by six equidistant Clions and each Clon has six equidistant Naons. The cation-anion
stoichiometry is 1:1 and the C.N. is 6 for both tbes. Similarly, it can be shown for CsCl
(Rr = 169/181 = 0.93) that the C.N. is 8 for both thes and arrangement of ions in the

crystal is cubic.
Let us now consider the effect of & the C.N. of the ionic crystal:

If the value of Rdecreases due to decreasing size of cation cgdsirrg size of anion, the
crystal will become unstable. In this arrangemdintn@ anions will not be able to touch the
outer surface of cation. To do so, anions will maleser to each other and repulsion
between them will increase. This repulsion pushesyaone or more anions so that
remaining anions fit around the cation giving matable arrangement and coordination
number may decrease from 8 to 6 or from 6 to 4.

It R, increases either by increasing cationic size eradesing anionic size, the arrangement
will not be stable. In such a case the outeras@s of the anions will not touch each other.
On further increasing the,Ralue, anions move far apart from each other anceranions
may be accommodated in the packing arrangemerd.r@sult, the coordination number may
increase from 4 to 6 or from 6 to 8 This happenth W@l ion in NaCl (C.N. 6) and CsCl
(C.N. 8).

5.3.4 Limitations of R rule:

Though the radius ratio rule is applicable to aarnj number of ionic crystals, yet there are

exceptions also. Following are some limitationshis rule:

The ionic radii measured are not accurate or rigidtecause the radius of an ion is not
constant but changes depending on its environritams been observed that the radius of an
ion increase about 3% when C.N. changes from 6 aodBdecreases about 6% when C.N.
changes from 6 to 4. In such cases the radiusnagadoes not apply.

The R rule is valid to the packing of hard spheres adwn size only. The anions are not
hard due to their large size and are polarisabteuthe influence of cations thereby forming

covalent bonds which are directional in nature muay prefer other orientations.

(iif) This rule does not explain the octahedratit& arrangement of oxides of large divalent

cations such as Ph SF*Ba" etc. through they are expected to have this aemegt

(structure).
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(iv) Rb halides (RbX,X = CI, Br, I) show C.N. 6 at ardry conditions but adopt the CsClI

structure at high pressure. Rr rule is unable faéx this observation.

(v) According to this rule, Li-halides should adopt@baination structure but they crystallize in

octahedral lattice thus violating the Rle. It may be due to covalent character of fealidf

lithium.

5.4 LATTICE DEFECTS

The packing of ions (or structure) in the ionicidgelgiven above relate to ideal crystals. An
ideal crystal is that which has the same unit ceb&taining the same lattice points

throughout the whole of the crystal.

At absolute zero, most of the ionic crystals shos¥l\erdered arrangement of ions and there
are no defects, if the crystals are ideal. Witle its temperature, however, there is a chance
that one or more of the lattice sites may remaivcaapied due to the migration of ions from

their positions to the interstitial sites or outthé surface of the crystal. This constitutes a

defect called lattice or point defect. The lattitdects in the ionic crystals are of three types:

(i) Stoichiometric defects

(i) Non-stoichiometric defects

(iif)lmpurity defects

(i) Stoichiometric defects

In the stoichiometric crystals of the compounds, ridtio of different atoms or ions is exactly
the same as indicated by the chemical formuladn@fcompounds. These compounds obey
the law of constant composition. If there is daeiatfrom this ideal or perfect crystal
structure, the crystal is said to have the defectmperfection which arises due to the
presence of cationic or anionic vacancies or daloa of ions in the lattice structure.

Accordingly, these defects are of two types:

(A) Schottky defects

(i)

If equal number of cations and anions are missiog ftheir lattice sites in an ionic crystal of
the type AB™ and the electrical neutrality of the crystal isimined, the resulting defect is
called the Schottky defect. This consists of pa)r df holes in the crystal lattice due to
missing cation (s) and anion (s).

This type of defect occurs mainly in the highlyimnompounds where

The cations and anions are of similar sizes
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C. N. of the ions is high, i.e. 6 or 8
Examples: NaCl, KCI, CsCl etc.

The presence of this defect decreases the derfishg arystal due to missing ions.

O—O—0~0—0 @@
OO0 OO0

! i

@--
b0 bbb
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Fig. 5.1 Schottky defect showing Fig. 5.2 Frerdeflect showing

one cation and one anion missing migration ofocetd interstitial site

(B) Frenkel defects

(ii)

This type of defect arises in the ionic crystie to the departure (or migration) of an
ion, usually cation due to its smaller size, framregular position in the lattice to the vacant
interstitial site between the lattice points. Thigates a hole in the lattice. The electrical
neutrality and the stoichiometry of the crystal av@ntained even after this defect is created.
This defect occurs mainly in the compounds where;

There is large difference in the cationic and aitigizes, i.e. an ions are much larger in size
than cations (Rs low)

The C.N. of the ions is low, i.e. 4 or 6
Examples: ZnS, AgCI, AgBr, Agl etc.

Lattice vacancies (or holes) occur in almosttla#l ionic solids. However, Schotlky
defect occurs more often than Frenkel defect. Easan being much less energy required to
form a Schottky defect than needed to create akEtemefect. X-ray diffraction of Nacl
crystal has shown that at room temp., this substhas one defect for Tattice sites but at
50C 10 defects and at 880, 10" defects have been observed for the same number of

lattice sites.

Consequences of the stoichiometric defects
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Crystalline solids having these defects are ableotaluct electricity to a small extent when
an electric field is applied on them. This happ#gmeugh an ionic mechanism, i.e. a nearby
ion under the influence of electric field movesnfrats lattice site to occupy the vacancy
present in the crystal and creates a new hole. hesmobearby ion moves to occupy this
vacancy. The process in repeated many times therabsing a hole to migrate across the
crystal which is equivalent to moving a chargehie bpposite direction. In alkali halides, the
migration of cation only has been detected below’&Mut both ions migrate at higher

temperature thereby increasing the conduction.

(i) The presence of holes lowers the lattice energlyremce the stability of the crystal. If too

many holes are present, then it may cause a pestiapse of the lattice.

(ii)The closeness of similar charges brought admuthe Frenkel defect tends to increase the

dielectric constant of the crystals.

(i) Non-stoichiomstric defects

In the non-stoichiometric crystals, the ratio offelient atoms or ions present in the
compound differs from that which is required byabehemical formula of the compound.
These compounds do not obey the law of constanposition. In such cases, there is either
an excess of metal ions or deficiency of metal i@rsexcess of anions) which creates non-
stoichiometric defect. The crystal as a whole istra but the crystal structure becomes

irregular. These defects can exist in a crystalddition to the stoichiometric defects. These

defects are of two types:

(a) Metal excess defects

In these defects the positive ions are in excelsesd may arise due to either the absence of
anions, i.e. the anions are missing from the ktsdes leaving the vacancies which are

occupied by extra electrons to maintain the eleatmeutrality or due to the presence of extra

cations occupying the vacant interstitial sitegha lattice which are counter balanced by

extra electrons also present in interstitial space.
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Fig. 5.3 (a) Metal excess defect Fig. 5.3 (b) aekess defect
due to missing of anion due to iniged cation

The anion sites occupied by electrons are callerfres which are responsible for the
colour of the compounds and their paramagnetic \aeha The first type of metal excess
defect is produced by heating the compound witlessof metal vapours. Examples: NaCl,
KCl etc. The second type defect is observed in 2DdD, FgOs;, Cr,O5 etc.
(b) Metal deficiency defects

These defects occur in the compounds where thel inat@xhibits variable oxidation state,
i.e. the compounds of transition elements. Thealaesecaused either due to missing cations
from the regular positions in the lattice thus @repcation vacancies and to maintain the
electrical neutrality, the nearby cations acquixéae positive charge (examples FeS, FeO,
NiO etc.) or the defect may also be produced byptiesence of extra anions in the interstitial
sites. The extra negative charge is balanced bpmositive charge on some of the cations.
However, due to the larger size of anions, theseheadly be adjusted in the interstitial sites.

Therefore, the examples of this type of defect rare and the defect remains merely a

theoretical possibility.
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Fig. 5.4 (a) Metal deficiency defect Fg4 (b) Metal deficiency defect

due to missing cation due torgarstitial anion

Consequences of non-stoichiomtiric defects

Due to the metal excess defects the compounds shewtrical conductivity because free

electrons present in the crystals can migrateyeansiler the electric field. Since the number
of defects and hence the number of electrons idl,ss@m such compounds show lesser
conductance than metals, fused salts or dissola#td. SThese compounds, therefore, are

termed as semiconductors. These electrons maybalsexcited to higher energy levels by
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absorption of certain wavelengths from the whigiti(visible range) and are responsible for

colour of the compounds.

The crystals of the compounds with metal deficiedefects can also act as semiconductors
due to the movement of electrons from one ion afnab oxidation state to that of higher
oxidation state to create another higher oxida#ibits position. This type of movement of
electrons between the ions appears as an appa@rémmant of positive holes thereby

making the crystal a semiconductor.

55 SEMICONDUCTORS (THERMAL DEFECTS AND
IMPURITY DEFECTYS)

Semiconductors are the materials which have etattdonductivity at normal temperature

which isintermediate between a conductor (like msgtaand an insulator. Thus, the
semiconductors allow only a portion of the appligldctric field to flow through them.
According to the band theory which differentiatesomg conductors, semiconductors and
insulators, the semiconductors are the solids whave only a small difference of energy
between the filled valence band of electrons an@rapty conduction band. This is called
band gap. If this band gap can be overcome by agnsiz. thermal energy or impurity
addition, the electrons from the filled band maytgdigher energy empty conduction band
in a limited number thereby making the materiaddaduct electric current.

This is evident from the fact that there are sonaenmls which may be insulators at low
temperature, (i.e. absolute zero) but become cdodu@t elevated temperatures (thermal
defects) or on adding certain impurities (impudsfects). These are called semiconductors,

e.g. crystals of silicon (Si) and germanium (Ge).

/ metal excess defects

ionic solids
In a general sense, / metal deficiency defects
semiconductors may be thermal defects
nonmetals and metalloids /
AN

impurity defects

The conductivity of the semiconductors arises enftiilowing two ways:
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Intrinsic semiconductors (thermal defects)

A semiconductor which is obtained by heating amlet®r is called intrinsic semiconductor,
i.e. the defect in the crystal is produced by therenergy. Pure silicon, pure germanium or
pure grey tin are some examples of materials whichas semiconductors. Actually at
elevated temperatures, sufficient amount of energyailable to break the covalent bonds in
the crystal to make some electrons free. Thesdrefec can migrate through the crystal
leaving behind positive holes at the site of migdionds. We can thus conclude that the heat
energy promotes some electrons from the filled batwthe next higher energy conduction
band across the small energy gap and the matez@inbes conductor. With the rise in

temperature the conductivity of semiconductorsatoge, increases.
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Fig. 5.5 Energy bands in semiconductor

Extrinsic semiconductors (impurity defects); n-typeand p-type semiconductors

Certain defects in crystals arise from the presesfcehemical impurities called impurity

defects. Thus the materials obtained by adding iitypatoms to the insulators and making
them conductors are called extrinsic semiconduasttiish are said to have impurity defects.
For example, the addition of phosphorus, arsenicorb or gallium atoms to silicon or

germanium crystals makes them semiconductors. Tdresef two types:

(a) n- type semiconductors (n = normal)

If a very small amount of (say) arsenic, the elenuérgroup 1%is added as impurity to the
pure crystal of silicon, the element of group 1y,absuitable means, the process is called
doping and we get the so called arsenic dopedsiliboring the process of doping, a minute
proposition of Si atoms is randomly replaced bnais atoms with one extra electron in their
outer shell because only four outer electrons of aks required to form bonds with
neighbouring Si atoms in the lattice (Si?pf& As: np’, i.e. Si has 4 and As has 5 valence
electrons). At low temp., like absolute zero, thise electrons are located at the As atoms

but at normal or elevated temperatures, theseetemtrons migrate through the crystal lattice
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to conduct the electricity in the normal way aspg®ps in the metallic conductors. Hence this
is called n-type semiconduction and the materiabltined in known as n-type extrinsic

semiconductor. In these materials, the impurityret@ct as charge carriers.

(b) p-type semiconductors (p-positive hole)

(@)

Here the pure crystal of Si is doped with a mirqutantity of gallium, an element of group 13
(Ga: nép', i.e. 3 electrons in the valence shell) in whiome of the Si atoms are substituted
by Ga atoms. Each Ga atom forms three electron hmaids with neighbouring Si atoms.
Fourth neighbouring Si atom forms a weak one ebdediond with Ga atom which behaves as
free electron at Si atom. This creates electroicigeicy or positive hole in the lattice site
from where the electron is missing. There are asynpositive holes as the number of Ga
atoms. At absolute zero, the positive hole is ledat Ga atom and free electron at Si atom.
At elevated or normal temperature, these free relestmove through the crystal from one
vacancy site to another thereby leaving new vaeanor positive holes behind. Thus, it
appears that the positive holes are moving thoegiadly it is the flow of electrons that takes
place to conduct electric current through the alysh applying the electric field. The flow of
electrons and the movement of positive holes ocitucgpposite directions. This process is,
therefore, called p-type semi conduction and théerred so produced in known as p-type

extrinsic semiconductor.

5.6 LATTICE ENERGY OF IONIC CRYSTALS

An ionic crystal lattice consists of a large numbgcations and anions which are considered
to be hard spheres. These ions arrange themsaleeegular pattern to attain a close packed
structure. The system gets stabilized by releasimeygy during the packing process, i.e. the
potential energy of the system is decreased. Eimsed energy is called the lattice energy
of the ionic crystal lattice. Similarly, if the ianlattice has to be broken down into the
constituent ions, the energy required is also knawithe lattice energy of the ionic crystal.
Thus, the lattice energy of an ionic crystal maydeéined in two ways depending on the

process of packing of ions or their separation ftbencrystal-

“The amount of energy released when one mole of gamus cations and one mole of
gaseous anions are brought closer together to theequilibrium position in the stable
lattice, from an infinite distance, to form one moé of ionic crystal”. It is denoted by the
letter U.

e.g.C"(g)+ A (9) — CA(s)+ Energy released (-U, exothermic process)
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(s = ionic solid) vivienenan. (B12)

“The amount of energy required to remove the constilent ions of one mole of a solid
ionic crystal from their equilibrium position in th e crystal to infinite distance”.

e.g.C'A (s) + Energy released (+ U, endothermic process) _C(g) + A (g)

(s =ionic solid) . (5.2)

In both the processes, the magnitude of the enisrgame, i.e., energy released = energy
required (absorbed) but the symbol of lattice eypesgassociated with opposite signs. The

lattice energy is a quantitative measure of thiil#aof any ionic solid.
Factors affecting the magnitude of lattice energy
The lattice energy of ionic crystals depends orfelilewing factors:

Charge on the two ions or the product of chargésttice energy.Greater the charge on the
cation or the anion or greater the product of cbargn the ions, greater is the magnitude of
lattice energy, U. Thus, the lattice energy of cotriystals containing polyvalent ions is more
than those containing monovalent ions, e.g.

lonic solids N&F< Mg?F< Mg? O%

lattice energy (kJ m9l 914 2882 3895

and Li'CI" (845 kJ mof) < C£"0? (3460 kJ md)

1
lattice energy

Interionic distance (r) between the ions or ionre s
Lattice energy is inversely proportional to theeimnic distance (r) between the ions. Since r
= rc+ - fa-, Smaller the size of ions, smaller will be théueaof r and higher will be value of
lattice energy. For example, in case of alkali m#étmrides, the y. increases from Lito
Cs" hence energy of these compounds decreases froho IGBF:

lonic solid LiF> NaF >KF > RbF > CsF

Lattice energy (kJ mdl 1034 914 812 780 744

(i) Electronic configuration of the cation

Pure ionic crystals are generally formed by théoathaving inert gas configuration in their
outershell, i.e. rfg° type. If the cation has non-inert gas/pseudo igastconfiguration in the
outer shell, i.e. rfp° d'° type, this involves covalent character in the édmind of the crystal
thereby increasing the lattice energy of the clydtar example, AgCI(904kJ mid) has
larger value of lattice energy than that of Na@8KJ mot'). AgCl has significant covalent
character while NaCl is essentially ionic becaugg Bas n§°d™® outer shell configuration

and N4 has n&° type configuration.
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Effect of lattice energy on crystals

Solubility- For an ionic solid to be dissolved in a solvahg strong forces of attraction
between its ions (i.e. lattice energy) must ovemedy the ion-solvent interaction energy
called solvation energy (which is released durimg tnteraction). For non-polar solvents,
solvation energy is small so ionic solids do nasdive in them because lattice energy >
solvation energy. In a polar solvent like watemeyally, ionic solids dissolve because the
solvation energy> lattice energy and thus ion-salveteraction breaks the ionic solid into
constituent ions which are solvated and go intcstiiation.

There are some ionic solids which do not dissoivpadlar solventsyiz. water. For example,
AgCl in insoluble in water. This is due to greatmhesive forces in AgCI resulting from
covalent character of ionic bond. Ba$SS8rSQ, PbSQ etc. are also insoluble in water due to

very high lattice energy of these crystals.

(i) Melting point - As the lattice energy increases, the meltingpalso increases.

5.7 BORN-HABER CYCLE: EXPERIMENTAL DETERMINATION

OF LATTICE ENERGY OF AN IONIC SOLID

(i)

(ii)

Since direct experimental determination of latiecergies are not easy, there are determined
by indirect method using a thermo-chemical cychiogess known as Born-Haber cycle. To
illustrate this, we take example of formation ofrgound MX(s) from M(s) and Xg). The
different steps involved in the formation of MX{m)crystalline state are as given below;
Sublimation of M (s) to M (g). In this step 1 madé solid M absorbs energy equal to its
sublimation energy,AHsupm and is converted to gaseous state, M(g), this isradothermic
process. (Energy is absorbed)

M (s) + (AHsup) m — M@ ... (5.3)

(Imole) (1mole)

Dissociation O%XZ (9) to X (g). In this step half mole of;Xg) absorbs energy equal to half
of the dissociation energy»Xg), %(AHdiss)xz and is converted to X (g). It is an endothermic

process. (Energy is absorbed):

lzxz (g) +12(A HdiSS)XZ —_— > X (g) ............. (54)

(Imole)
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lonisation of M (g) to M (g). Each M (g) atom absorbs energy equal toitssation energy
(IE)m and loses its outermost electron to forf(@). It is an endothermic process. (Energy is
absorbed):

M (g) + (IEm —» M@ +e . (5.5)

(Amole) (Amole)

Conversion of X(g) into X(g). The X (g) atom gains electron given by M(bpee to its
outer shell to form X(g). In this process X(g) releases energy equastelectron affinity or

affinity energy (EAx. This is an exothermic process (Energy is reléased

X(@+€6 — 5 X(@)-EAXx e, (5.6)
(Imole) nidle)

Combination of M (g) and X (g) to form MX (solid). This is the final step which M" (g)
and X (g) formed as above combine together to form MX(s}his process energy equal to

lattice energy of MX, (Wx is released. This is also an exothermic procedseaergy is

released:
M (@) +X (@ — MX(S) - (Umx — coovvennnee (5.7)
(Imole) (Imole) (Imole)

The overall change as illustrated above may beesemted in one direct step, as;

M (s) +% X2 (9) — MX (crystal) —4Hswor)mx (exothermic process) ..... (5.8)

According to Hess’s Law, the heat of formation dtaénthalpy change) of MXAH:or)mx
must be same irrespective of the fact weathekéadglace directly in one step or through a

number of steps as illustrated above. Hence,

-(A Hfor)MX = (A Hsub)M + iz(A Hdiss)XZ + (IE)M - (EA))(— (U)MX .......... (59)

Here energy terms of endothermic processes aoeiag=d with positive sign and
those of exothermic processes with negative sigith e help of the above final equation
we can determine the value of (W)if the quantitative values of other energy terms a
known and placing these values in the equationgatath their algebraic signs. NaCl may be

taken as an example.

The whole act of above processes can also be giagnammatically as shown below:
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Direct combination of M[sp+-l-xe(g)

W (] ?
R - =) 3
i = 3 el MX(selidy |
~(aH. ) A i
M X .
o j
L) Sublimation (ii] Dissociation
of Mis) of = X_(g)
i R
* ‘\'ﬁHsub] s i H
M 2 (Mduss)
‘ 2 Energy absorbed=Pasitive |[+)
d v Energy released sNegative|l-)
Mig) Xlg)
ti] Loss.of tuv) Gain of
electron (-g7) electron(te™)
+£jg_£24 ~(EA)
b o ] A
sM¥igr 4+ x"1g)
L s i {v} Combination of M+[gl ond ¥ (o)

=t
MX

Applications of Born-Haber Cycle:

(i) Born-Haber cycle can be used to obtain any onehef dix energy values for the six
appropriate equations given above. In particulag, talue of electron affinity of the non-
metals which is most difficult to determine expegimally can be obtained by this method.

(i) This cycle is useful in establishing the stabibtifyionic compounds. It is generally observed
that the lattice energy for a compound is knowndtahdard enthalpy of formation is not. So
standard enthalpy of formation can be obtained thi¢hhelp of Born-Haber cycle.

(i) This cycle helps to understand the disproporti@matreactions from lower to higher
oxidation states in metal salts, i.e. most metaistd form stable ionic compounds in low
oxidation states such as MnCl, CaCl, AIO etc, IfriBe- Haber cycle is compared for MCI
and MC} (M = Mg, Ca etc). it can be shown that the formatf MCh in favoured over that
of MCI. The much higher lattice energy of MQGiver that of MCI is the answer to this
guestion.

5.8 FAJAN'S RULES; POLARISATION OF IONS

In an ionic solid, both cation and anion are mairgd at an equilibrium distance but when a
cation approaches an anion closely, the net pesifharge on the cation attracts the electron
cloud of anion and at the same time the cation @pels the positive nucleus of anion. The
combined effect of these two forces, attractive egjolilsive, is that the electron cloud of

anion (being larger in size) no longer remains swtnical but is shifted towards the cation.
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This is called distortion or polarization of thei@m by the cation and anion is said to be

polarised. The ability of cation to polarise a itgaanion is called its polarising power.

/-I:-l“ 3 ’/ l”‘.:'." i T
T8 £ a3 by ™ o %
Unpolarised Polarised
anion anion

Fig. 5.6 Polarisation of anion
The anion also polarises a cation but due to tfgetasize of anion, it polarises a cation to a
lesser extent (or almost negligible) while the psktion of anion by a cation is appreciable,
i, e. the anions are more susceptible to get madriThus, in general, the cations have high

polarising power and anions have more polarisgbilé. the tendency to get polarised.

Due to the polarisation of anion by the cation, ¢hectron cloud of anion is concentrated
between the nuclei of two ions and behaves assfhieing shared by the two ions. Because
of this tendency, the ionic bond in the compoundspa to the covalent bond, i.e. has
covalent character. There are certain factors whftdct the polarisation of the ions, These

are known as Fajan’s rules.
Fajan’s Rules: These rules are as follows:
Charge on the cation or the anion

Generally the polarising power of a cation incresas&h increasing positive charge on it.
This is because a cation having higher charge ttasmctelectrons effectively. This can be
seen in the anhydrous chloridesz. NaCl, MgCk and AICk With increasing polarising
power of cation, the covalent character of the bbativeen the cation and the anion also
increases. Because the covalent compounds have hogleng points, therefore in the above
chlorides the polarising power increases in theorlld< Mg?* < AlI**and accordingly the

melting points decrease from NaCl to AJ@k given below:
Compound : Nacl <MgGk AICI; (covalent character increases)

Melting point C) : 800 > 712 > 575
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Similarly, the polarisability of an anion increasesth increasing negative charge on it
because the outer electron cloud is loosely heldh&yucleus of the anion and also the anion
can repel its outer electrons more effectively. Sthe oxide ions, ®in the oxides of metals
are more polarised than (sayjoRs in the fluorides of the same metals and hémeaexides

are more covalent than fluorides having lower mgltpoints.
(i) Size of the cation (cationic radii)

Smaller the cationic size, closer it can go toah@mn and more is its polarising power. Thus,
with increasing cationic size, the power of catimnpolarise an anion decreases which
decreases the covalent character of the bond bettheeions. This increases the melting
points of the compounds. Let us take anhydrousrictels of group 2 elementsyiz. Bech,

MgCl,, CaC}, SrCh, BaCk and RaCl The cationic size and melting points of these

chlorides are given below:

Metal chloride BeGl MgCh CaC} SrC, BaC} RaC}
Cation present Be Mg¥ca's”t  B&' R&"
Cationic size (A) 031 < 065 < 0.99 |.k 1.35 < 1.40
Melting point £C) 405 < 712 < 772 <872 960 < 1000

The covalent character decreases with increasitigni@ size and melting point of the

compound and hence ionic character increases.
(iii) Size of the anion (anionic radii)

Larger the anionic size, more is its polarisaljlite. the tendency to get polarsed. With
increasing anionic size, the polarisalility alsareases thereby increasing the covalent
character in the bond and consequently decreasiagrtelting point of the compounds.

Calcium halides may be taken as examples.

Calcium halide CaF CaCh CaBp Cakb The covalent character of
Anion present F CI Br I the halides increases.
Anionic size (A) 1.36<1.81 < 1.95 <2.16

Melting point £C) 1392 >772 >730 > 575

UTTARAKHAND OPEN UNIVERSITY Page 138



INORGANIC CHEMISTRY- BSCCH-101

(iv) Electronic configuration of the cation

A Cation with pseudo inert gas electronic configiora (i.e. nép°d™®) in its outer most shell
(18 electrons) has greater polarising power, dugréater Zeff, to polorise an anion than a
cation with inert gas configuration (i.e.?pd in its outer shell (8 electrons) even if botheyp
of cations have the same size and charge. Thu&sheype of cation will polarise the anion
to a greater extent thereby resulting in a morealsot bond with lower melting point of the
compound. Let us look at two chloridesz. AgCl and KCI, Ad ion has 49°d™ outer shell
electronic configuration and gives more covalenCAgM.p. 455C) than KCI (m.p. 77%)

which has K ion with 3$p® outer shell configuration.

5.9 WEAK INTERACTIONS

The force that holds the atoms together in a nubdeis called a chemical bond. These
bondsviz ionic bond, covalent bond and coordinate covatemd are formed due to strong
attraction tendency between the species. The megydroducts, i.e. the molecules or their
aggregates (sometimes) are stable species. B #rerinstances where only weak bonds
exist between/amongst different species, for exampthin molecules. In these cases, we
say that molecular forces are present between tilecmes. Such species are said to have
formed by weak interactions. Hydrogen bonding aad der waals’ forces are common

examples of such molecular forces causing weakaotens.
5.9.1 Hydrogen Bonding:

This is a peculiar type of bonding which has beamed after an element, hydrogen and
operates between the molecules containing hydr@gehan atom of the electronegative
elements. It is defined aghe electrostatic force of attraction between H-atm linked
covalently to an atom of highly electronegative eleent like F, O, N etc. in a molecule
and another atom of a highly electronegative elemémn of the same or different
molecule’. Thus hydrogen bond may be formed either betwten molecules of same
substance or between the molecules of differendétanbes. It is a weak bond formed by the

weak interaction and is represented by dotted(line.).
The common examples in which hydrogen bonding exst:

H------0 ||+-——-o |H—--—-o |H----—-o T
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H H H H

(HO)x Cluster

(HF) cluster

H— G=C— H--0 =C

Hydrogen bonding taking place between the molecuk same substance or different

substances.
Cause of hydrogen bond formation

When H-atom is linked with an atom of highly electegative element (say) A atom (Amay
be F, O, N etc.) to form a polar covalent moleddle, the molecule develops polarity like

H**-A% due to electronegativity difference between H Ardtoms. If this molecule comes

closer to another such molecule, e.g’-A% or H*-B> (B may also be F, O, N etc.), the two
dipoles will be linked together by a special tygebond through hydrogen atom, called
hydrogen bond: A-H>*----- B® -H>* Here H-atom acts as a bridge between electronvegati
atoms A and B. This process may be repeated fograewolecules to give a cluster of
molecules where H— bond is formed between any tlyacant molecules of the aggregate or

cluster.

Types of Hydrogen bonding
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The hydrogen bonding in the compounds has beerdfofitwo types:
(i) Intermolecular hydrogen bonding (molecular associabn)

This type of H-bonding takes place between severalecules of the same substance or
different substances. The molecules get assocéaseal result of H-bonding to give a large
cluster. This process is known as association. &@mnples of this type of H-bonding are
H,O, NHs;, HF etc. which have been shown above in the béginof this topic where
association of similar type of molecules occurs.sdgsation of GH, (acetylene)and
CH3;COCH;s(acetone) has also been shown above. Other exarnplegermolecular H-

bonding are given below between the moleculesftérént substances:

||_| |H |Cld
H C H O H @) H 60— H---—--- O0=C
| | | \ N\ l
C H H H H GH
Alcohol water Acetone
| <
Cl H--O0=C _— |
HCI GH
Acetone

(ii) Intramolecular hydrogen bonding (Chelating)

This type of hydrogen bond is formed between the &aoms of the same molecule, one of
the atoms being H-atom. It may lead to the linkafidwo groups of a molecule to form a ring
structure, the ring being generally, a five-member a six-membered chelate ring
(meaning claw). The examples in which intramolecutgdrogen bonding occurs are
aromatic organic moleculasz o-nitrophenol, o-chlorophenol, salicylic acidlisgaldehyde

etc.
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Strength of H-bond

As has been stated above that this bond is a warak &ince it is merely an electrostatic force
of attraction and not a chemical bond. The strerajtiH-bond increases with increasing

electronegativity of the atom attached with H-atoyra covalent bond, i.e. N, O, and F. This
bond is much stronger than van der Waals’ forcealmaut ten times weaker than a covalent
bond. The order of the strength may be given as:dea Waals’ forces < H-bond < covalent

bond < ionicbond.

Consequences of hydreogen bonding

Hydrogen bonding largely affects a number of ptaisiproperties of H-bonded

compounds. Some of them are given below:

Melting and boiling points of hydrides of group 16,and 17 elements; the hydrides of N, O
and F among those of other elements of these grslups abnormal melting and boiling
points. This is attribute to the association of eeales caused by the formation of hydrogen
bonds. Let us take hydrides of group 16 elemetitsH,O, H,S, H2Se & HTe. The melting
and boiling points of bD are exceptionally high in comparison to thosetbier hydrides
which show the increasing trends in these propgrtie. HO >>H,S >H,Se > HTe (both
m.p. and b.p.)

Density of ice and water; like every solid crysiak has definite lattice structure in which
water molecules are arranged in such a way thay evater molecule is surrounded by four
other water molecules in tetrahedral fashion. Térgral HO molecule is linked to four other
H,O molecules by hydrogen bonding (See Fig. 5.7)caBse H-bonds are weaker and longer
than covalent bonds, this arrangement gives a ttireensional open cage like structure with
large empty space within the structure. This insesathe volume and decreases the density

of ice. That is way ice floats on water surface.
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In liquid form water molecules lie closer togett@nce the same mass of water has smaller

volume and its density is more than that of ice.

\\
~,
S

e 180 pm
}
S , IWater molecule
.. ,,H b S
Moge " =t
- Y
v b #
! H.

Fig. 5.70pen cage like crystal structure of ice

(i) Density of water is maximum &@; When ice melts, the cage like structure breakgndand
the molecules of water are packed closely togettiemeby decreasing the volume. The
breaking of structure (i.e. hydrogen bonds) is cmtpleted until the temperature reaches

4°C. Above 4C, expansion commences thereby increasing the oldimus, the volume of

water is minimum and density is maximum (densi%%::—e) at 4c.

5.9.2 van der Waals’ Forces (or Intermolecular forces):

The weak attractive forces between the unchargeshsabr molecules of polar as well as

non-polar substances are collectively referredstean der Waals’ forces. The magnitude of
these forces is maximum for solids and decreaseBdi@ids and minimum for gases. The

crystals whose constituent particles are held tagein position by these forces are called
molecular crystals. These forces arise from thetedstatic attraction of the nuclei of one

molecule for the electrons of a different moleculae repulsions between the electrons of
the two molecules and the nuclei of the two molesuty to counter balance the electrostatic
attractions but there is always a small net aitradbrce. Van der Waals’ forces are short

range forces. These forces are due to differem ofpnteractions which are given below:
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Fig. 5.8Dipole-dipole interaction (head to tail arrangemen

*

() Dipole-dipole interaction
These interactions are present in polar molecules NHs;, SG, HCI etc. (all gases).
Although these molecules are neutral, they havengrent dipole moments and behave as
dipoles. Larger the dipole moment of a moleculeatgr is the dipole-dipole attractive force
between the molecules. Actually in the dipoles, ¥he der Waals’ forces are due to the
electrostatic interactions between the positive @hdne dipole and the negative end of the

other dipole.

(i) lon-dipole interaction

If a charged particle such as an ion is introduiceéd the neighbourhood of an uncharged
nonpolar molecule (e.g. an atom of a noble gasyillitdistort the electron cloud of the atom
or molecule in the same way as a cation does arga knion (polarisation). The polarisation
of neutral species depends on its inherent polaifisaand polarising field afforded by the
charged ion (z). Such interactions occur only ituson of ionic compounds in non-polar
solvents.

(iif) Dipole- induced dipole interaction
A dipole can induce an uncharged non-polar spectesa dipole as does an ion in ion dipole
interaction. Then there occurs dipole induced @ipnteraction. These are important only in
solution of polar compounds in non-polar solvents.

(iv) London or dispersion forces(instantaneous dipole-induced dipole interactions)
These interactions are present in non-polar madsclike N, O,, Cl,, CH4 etc. and mono
atomic molecules like He, Ne, Ar etc. These molesutio not have permanent dipole
moment. The average electronic distribution in an-polar molecule is symmetric but
because of continuous motion of the electronsngitgaven instant, the centres of negative

and positive charges may not coincide. This caase®mentary distortion of the electronic
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charge cloud which results in an instantaneous ¢eanp polarity. Then this instantaneous
dipole may induce polarity in another non-polarnatmolecule. These two dipoles attract
each other by electrostatic forces called Londoog®.

Since van der Waals’ forces are weak and may by eagrcome, the condensed gas readily

vapourises and molecular crystals are soft and leavenelting points.

Continvous and rapid

motion of electron round g =
the mucleus * =
Oringinal Tnstanta:
dipole neous dipole dipole

Fig. 5.9Instantarery dipole dipole induced dipole intei@tbetween non-polar

5.10 SUMMARY

This unit consists of a brief discussion of ionalids, their characteristics, the interesting

topic of radius ratio and its effect, crystal cdoedion number and limitations of radius ratio
rule. The lattice defects have been fruitfully dissed and an elaborate account of
semiconductors has been given. A concise accoulattafe energy, the factors affecting its
magnitude and its experimental determination ha liscussed. The rules governing the
covalent character of ionic bond, a brief discussibH-bond and van der Waals’ forces have

also been taken care offor the readers.

5.11 TERMINAL QUESTIONS

i. The coordiniation number of Tbn in NaCl crystal is:
(@) 4 (b) 6 (c) 8 (d)12
il. CsCl crystal has the packing pattern of ions:
(@) Cubic (b) Tetrahedral (c) Octahedral (d)&ewlanar
iii. If one cation and one anion are missing from tpesitions in a crystal lattice, the defect

produced is:
(a) Schottky defect (b) Frenkal defect (c) n-typéede (d) p-type defect
iv. Which one of the following will have covalent cheter?
(@) LiCl (b) NaCl (c) KCI (d) CsCl
V. How do the ionic crystals behave towards the atedield applied on them in solid state,

fused state and in solution?
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Give a brief account of n-type semi conductors.

How is lattice energy of an ionic compound relatetth its solubility in polar solvent?

What is polarization of ions?

What is the cause of H-bonding in the compounds?

We have two cations. One of them has pseudo iresrtogter shell electronic configuration
and the other has inert gas configuration in thieroshell. Which of these will cause more
polarisation of an anion?

Give a brief account of London forces.

5.12 ANSWERS

i. (b)

i. (a)

iii. (a)

iv. (a)

v. Please refer to characteristics of ionic compounds.
vi. Please see semiconductors.

vii. Please refer to the effect of lattice energy orstersg.
viii. Please refer to polarisation and Fajan’s rules.

ix. Please see H-bonding.

X. Please refer to Fajan’s rules.

xi. Please see van der Waals' forces.
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UNIT6: HYDROGEN

CONTENTS:
6.1 Objective
6.2  Introduction
6.3  Protic and aprotic solvents
6.3.1 Isomers of hydrogen
6.4 Reactions in non-agueous solvents
6.5 Summary
6.6  Terminal question

6.7 Answers

6.1. OBJECTIVE

The objective of writing the course material ofsthinit, i.e. on hydrogen, the first and the
lightest element of the periodic table, is to makeasy for the readers to understand its
various aspects such as its isotopes and theirenats isomers, its oxidesjz heavy water

and hydrogen peroxide and its compounds with varaaments called hydrides etc.

6.2. INTRODUCTION

Cavendish in 1766 while studying the comparatifeatfof dilute acids on metals like zinc,
tin and iron discovered that a similar gas wasréiterl in each case and named that gas a
inflammable air because it burnt on ignition. This gas was givenname hydrogen (from
hydra, a Greek term meaning water forming) by Laisiwho noticed that on burning in air,
the gas produced water. Hydrogen occurs free inr@abnly in traces, about 1part inl.5
million parts of air and in volcanic regions. Theans atmosphere is said to contain
appreciable amounts of hydrogen as revealed by spkctra. It occurs most commonly in
combination with oxygen as water and to a much Emaktent in combination with carbon,
sulphur, nitrogen and halogens. All organic mattartains hydrogen combined with carbon,
nitrogen and oxygen.

Hydrogen shows the unique property of the existasfca typical bonding called after its
name, the hydrogen bonding present in the biomtsdiRNA, DNA etc.) or in other simple

molecules. Hydrogen also exhibits the prevalentearcspin isomerism (i.e. ortho and para
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forms). Because of its dual behaviour, i.e. resamd® with alkali metals in some properties
and halogens in some other aspects, it can bedpladdroup 1(of alkali metals) or Groupl7

(of halogens) of the periodic table.

6.3. ISOTOPES OF HYDROGEN

It has been established by mass spectrometry tfdibgen has three isotopes each with
atomic number 1 and mass numbers 1, 2 and 3, tasgdgcThey differ to a great extent in

their physical properties as there is comparatieelgrge difference in their atomic masses.
Because of the similar electronic configuratiorgytinave similar chemical properties. Their

names, symbols, mass numbers and relative abundaemsemmarized ifable 6.1.

Table 6.11sotopes of Hydrogen

Name Symbol | Atomic | Mass Number Percentage
Number abundance

Protium or ordinary 1 1 (1 proton only) 99.984

hydrogen H

Deuterium or heavy ;H* 1 2 (1Proton+1 0.016

hydrogen neutron)

Tritium or Radioactive ;H’ 1 3  (lproton+ 210"

hydrogen neutron)

(i) Protium or ordinary hydrogen (1H%):

It is the most common isotope of hydrogen and dtutes 99.984 percent of total hydrogen

available in nature. Its nucleus consists of omqor only, that is why its mass number is 1.
(i) Deuterium or heavy hydrogen ¢H? or 1D?)

This isotope of hydrogen called deuterium occursdture only in traces, i.e. about 1 part in
6000 parts of hydrogen or about 0.016 percentnd source is heavy water D) from

which it is separated mainly by electrolysis. Itscleus consists of 1 proton and 1 neutron
(mass number 2). Generally, this isotope is repiteseby the symbol D and referred to as

heavy hydrogen.
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(iii) Tritium or radioactive hydrogen ( ;H3or 1 T3):

Hydrogen'’s this isotope is formed in the upper api@re only by certain nuclear reactions
induced by cosmic rays. It constitutes only IX1@ercent of total natural hydrogen i.e. 1
molecule in 18" molecules of K Its nucleus consists of 1proton and 2 neutronasém

number 3 ). Unlike deuterium, it is radioactive wa half- life of 12.4 years and hence is
present in nature only in traces. Generally, tesdpe is given by the symbol T and is

referred to as radioactive hydrogen.

It is to be noted that since the quantities of d&d T present in natural hydrogen are
exceedingly small, the properties of natural hydrogre substantially those of protium.
Isotope effect:

Because of similar electronic configuration {isll the three isotopes are chemically
identical. But these isotopes show a quantitatifferénce in their reaction rates i.e. for
heavy isotopes reaction rates are slower and bguiln constants, e.g. the dissociation

constant (K) for heavy water is significantly srealihan that for ordinary water:
H:0O = H +OH; K= 1x10"
D,0 = D'+0D; K= 0.3x10*

The mass difference of isotopes of hydrogen haskedaeffect on the rates of

chemical reactions, e.g.

A bond to a protium atom can be broken asmag 18 times faster than that to a deuterium
atom. Thus protium has been found to react withaBbut 13.5 times faster than deuterium

does.

The addition of Hto ethylenic compounds takes place about two tifaster than that of D

at the same temperature.

(iif) Protium has been found to adsorb more rapaler the solid surfaces than deuterium.

These examples show that reactions with deuternenslawer than those with protium.

Such differences in properties which arise due tde difference in masses of the isotopes

are termed as isotopic effect.
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Now let us discuss the isotopes one by one

Protium or ordinary hydrogen (1H%):

This isotope does not need to be discussed inl de¢aice discarded.

Deuterium or heavy hydrogen (D? or ;H?):

The presence of very small amount of heavy hydrogém mass 2 in the ordinary hydrogen
was indicated by various workers. On the basihe$e¢ clues, Urey and coworkers worked
further and showed that a residue obtained byifnaak evaporation of liquid hydrogen at
reduced pressure when examined spectroscopically feund to contain an isotope of mass
number 2. This isotope was called heavy hydrogehreamed deuterium by Urey. It was

assigned the symbol D.

Preparation:
Deuterium has been obtained either from ordinadrdiyen or from heavy water.

0] From ordinary hydrogen (or Protium):

Ordinary hydrogen contains deuterium, though sifta016 percent) and hence can be used
as the source of deuterium. From ordinary hydrodenterium has been separated by

employing various techniques which are discussémibe
(@) By diffusion process:

Deuterium can be isolated directly from ordinandingen gas by taking the advantage of
different rates of diffusion of the two isotopeselprocess is carried out in a series of porous

diffusion chambers called Hertz diffusion unitsgleanit consisting of porous membrane.

When ordinary hydrogen gas is led into diffusiomsinnder reduced pressure with the help
of mercury diffusion units, protium being lighteliffuses more readily than deuterium which
diffuses at slower rate and is left behind. Thecpss is repeated several times till, protium is
collected in the reservoir on the right and deuteris collected in the another reservoir on
the left side. The efficiency of the process isréased by carrying out the diffusion at
reduced pressure and increasing the number of. dries apparatus used for this process is

shown in Fig. 6.1
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Although this process slow and tedious, yet it gives absolutely pure eeum such that th

spectrum of deuterium so obtained shows no tracesdmary hydroge!
(b) By fractional distillation of liquid hydrogen :

Deuterium can also be separated from ordinary lggiroby yt another process, i.
fractional distillation of liquid hydrogen. The fioig point of protium is lowei(-)252.8C
than that of deuterium (-249@). Hence the fractionation process results in téchment
of later fractions in deuterium. From the cerium enriched fractions, it can be recoveret

the diffusion process as given abo
(c) By adsorption on charcoa:

It has been observed that charcoal has differesoration power for the two isotopes
hydrogen, i.e;H* and;H2 Protium isadsorbed more readily and strongly on its surfaee
deuterium. The difference in adsorption of thes#oises can be used for their separai
The mixture of two isotopes is passed over charkeal at liquid air temperature, when m
of the protiumgets adsorbed while most of the deuterium passésunadsorbed. B
repeating the process, a deuterium enriched fragiobtained from which deuterium can

isolated from protium by the usual diffusion pros
(i) From heavy water:

Ordinary water cotains 1 part in about 6000 parts of heavy watO) and is the importal
source of it. Heavy water can be separated fromnarg water by employing variot
physical methods such as mulitage electrolysis, fractional distillation, frawtal freeziig,

preferential adsorption etc. as well as chemicahows such as exchange reactions etc.
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details of these methods will be discussed ahedberchapter under heavy water.). From

heavy water, deuterium can be obtained by anyeofdalhowing methods:
(a) By decomposition of RO:

This can be done with sodium metal, Mg — shavindsgh temperature, red hot iron, heated
W — filament, heated zinc turnings or uranium.

2Na (metal) + RO — 2NaOD +D)
This method is used when small quantity gffias to be prepared.
Mg (savings) + PO (vapours) —» Zk/lgo D

When a large quantity of fD is required, this method is used.
A

3Fe (red hot) + 4fD (steam) — & +4D 1
12W (heated) + BD (vapors) _A L Ww+Dt
Zn (turnings) + RO (vapour) —> ZnO+4D

U+2D0 —> UD+ 2D, 1 (pure B)
2U+3D — » 2UB A, ou+3Dg

The last method using uranium (U) gives purg D can also be stored as Wbr the
production of B when required.

(b) By electrolysis of DO:

D, can also be obtained from pure@by the electrolysis of acidified heavy water m a

evacuated all glass apparatus using Pt-electroes & is liberated at cathode.

2D,0 electrolysis 2Pt + O 1
Cathode Anode
D, obtained by this method may contain énd DO vapours. When it is heated over
platinised asbestos and dried at liquid air tenmpegaboth @ and DO vapours are removed.

Physical Properties:
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The properties of deuterium £Pare slightly different from ordinary hydrogen j§HIt also
exists as a diatomic molecule and is insoluble etew and bad conductor of heat and
electricity. Its melting and boiling points aregsitly higher than those of ordinary hydrogen

due to its higher mass number, e.g.

H D>
Melting point £C) (-)259.2 (-)254.5
Boiling point {C) (-)252.8 (-)249.3

Chemical properties:

The chemical properties of deuterium are similathtuse of hydrogen, the only difference is

that deuterium reacts at slower rate than hydrogen.
i) Burning in oxygen:

It is combustible like hydrogen and burns in oxygerair at elevated temperature to give its

oxide (heavy water).
2D, + 0 — 2 2

i) Reaction with halogens:

It combines with halogens under suitable conditiimnform deuterium halides, e.g.
D> + Ch inlight —» 2DCI
D,+Br, onheating — » 2DBr

D+ kK in dark and 2DF

e r—
cold

iii) Reaction with nitrogen:

In presence of a catalyst, it combines with nitrogeform deutero — ammonia (or deuterium

nitride).
3D, + N, cata. 2N
—

iv) Reaction with metals:
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It combines with alkali metals at high temperattordorm deuterides which resemble with

alkali metal hydrides.
2Na+ D _4& . 2NaD
These deuterides are hydrolysed easily to giveedeliydrides
NaD+HO —» NaOH + DH (or HD)
V) Addition reactions:

Like hydrogen, it gives addition reactions with ansated hydrocarbons in presence of

catalyst and at high temperature but at slower rate

CH,=CH,+ D, Ni CHD CHB- (deutero ethane)
260
Vi) Exchange reactions:

Deuterium and hydrogen atoms undergo ready exchander suitable conditions, e.g. at
high temperature it reacts with,HNH;, CH, etc. and slowly exchanges their hydrogen

partially or completely.

Hz + D2 = 2HD

2NH; + 3D, = 2ND; + 3H;

CH,+2D, = CD, + 2H,
Some exchange reactions can be catalysed by fitlnalyed nickel, chromium, palladium or
Pt- black, e.g.

CgHe + 3D,  Pt-black > CsDs + 3H,

H.,O + D, cata. _— DO +H
Acetylene, acetone and acetyl acetone undergo paddynge reactions in alkaline solution.

CoHz + D, — D + K
Deutero acetylene

This reaction is due to the weakly acidic charaoteZ- H bond in acetylene.

vii)  Reducing Property:
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It reduces certain halides at high temperature,vehgn D is passed through the suspension

of AgCl at very high temperature of about %0pAgCl is reduced to metallic Ag.
A
D, + 2AgCl ——»Ag + 2DCI
Uses of D:

(i) Accelerated deuterons (deuterium nuclei) arepleyed for bombarding atoms in the

nuclear transformation of elements and artificzéalioactivity.

(i) Its oxide, D,O, known as heavy water, is used as a moderatdeimuclear reactors for

slowing down the speed of the fast moving neutrons.

(iif) Deuterium and its compounds are used as teatethe study of mechanism of various
chemical and metabolic reactions taking place & llbdy because deuterium with higher

mass number increases the density of the compound.
C. Tritium or radioactive hydrogen (:H* or 1T°):

Tritium is a rare isotope of hydrogen and its oxidgO, is present in water in extremely
minute quantities. Though this is present in atrhesp only in traces, yet is produced
continuously in upper atmosphere by the reactiomeaftrons on atmospheric nitrogen. These

neutrons are generated by the action of cosmiatiads on the atmospheric gases.
Atmospheric gases + cosmic rays — ont

7N14 + onl —DsClz + 1T3 (or 1H3)

Production of Tritium:
Tritium has been obtained, in small quantitiesti®ycertain nuclear reactions given below:

(2) Bombardment of deuterium compoundg DsPOs,, ND4Cl etc. with high energy

deuterons.

(b) Deuterium induced reactions, e.g.
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4Be9 + 1D2 e 4Be8 + 1T3
Li’+,D? —» aLi®+ T3

(c) Neutron induced reactions

B+ ot . B _>1T3+ 2,He*

3Li6 + onll - 5 T3 + 2He4
The last one is the best method of obtaining tritiu
Properties:

Because of the unfavourable neutron to proton réiilum is radioactive (unstable) isotope
of hydrogen with a half life of<12.4 years. It decays emitting low eneffyparticles and is
transformed into a lighter isotope of heliuHg®,

T —» oHE + 1€ (B- particle)
Because of this decay, tracesdE® are present in the atmosphere. Its melting psint i

(-)252.4C and boiling point is (-)248°C. Being an isotope of hydrogen, it shows similar
chemical properties to that of hydrogen and deuterbut reacts at much slower rate, even
slower than those of deuterium.

For example,

On burning in Q or air, it gives 3O
2T+ O, — 27,0

It combines with H, on heating to 300 to 480, forming tritium hydride.
Ho+ To —  »  2HT(or TH)

HT reacts with HCI to give tritium chloride

HT + HCl — TCI+ H,

(i) It is used as a radioactive tracer in chemijdtiglogy and medicine.
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(ii) Itis also used in nuclear fusion reactionstsas

D%+ T3 — ,He*+ on' + Energy

In the fusion reaction huge amount of energy isaséd which is used in hydrogen bomb

(Thermonuclear process).

(iii) It is used as the source of tritons which amployed in several nuclear transformations.

(iv) TH is an important compound for the prepanatiof a number of organic compounds

containing this radioactive isotope.
6.3.1 Isomers of hydrogen:

Hydrogen exists in two isomeric forms, first reeshlin 1929 by Bonhoeffer and Harteck
from spectral studies, known as ortho and paradgeir. These two forms are isomeric and
differ apparently only in their nuclear spins. Thatvhy hydrogen is said to exhilmiticlear

spin isomerismand the two forms are called nuclear spin isomers.

It has been observed that the nucleus of hydrogen apins about its own axis like a top as
does an electron. Because the hydrogen molecutmngposed of two hydrogen atoms
containing, as is well known, a proton in the nusl@nd an electron revolving around it.
When two hydrogen atoms combine to form the mokscwvo types of hydrogen molecules
should be formed, one having the spins of the tudeai parallel or aligned (i.e. in the same
direction) and the other having the nuclear spintgparallel or opposed (i.e. in the opposite
direction). The former variety is known as orthadiggen and the latter as para hydrogen,

respectively.

The two types of hydrogen molecules have been ssstlibelow:

(i)

(ii)

Ortho hydrogen molecule:
The hydrogen molecule in which the nuclei (protoofshoth the combining hydrogen atoms

spin in the same (i.e. parallel) direction is tednas ortho hydrogen (Fig 6.2a). In this form
the resultant nuclear spin is one (i.e.+%+ +% =1).

Para hydrogen molecule:
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The hydrogen molecule in which the nuclei (protasfshoth the constituent hydrogen atoms

spin in the opposite (antiparallel) direction idlea para hydrogen. (Fig 6.2b). In this form

the resultant nuclear spin is zero ie. (l-%+ -12 =0).
BAInLg 10 lh-ﬂmﬂc

Protons spinning in the umc
dnwlmip(ptlll‘.:l spins) duecuon tcwnm spins)

Fig. 6.2(a) Orthohydrogen molecule s 82 (k] Peiywrogsn motsate
It is to be noted that the two electrons in bothditho and para forms of hydrogen molecules

always spin in the opposite directions to resuthim stable molecular structure.
Difference between ortho and para hydrogen molecuse

() Internal molecular energy:
The two forms of hydrogen differ in their intermablecular energy which is attributed to the
fact that in case of ortho hydrogen molecule, thessof the two nuclei (protons), being in
the same direction, increase the molecular enefrgyioform.
On the other hand, in para hydrogen molecule, pivesof the two nuclei (protons) being in
the opposite direction, neutralise (or cancel) eztbler. The neutralisation of spins decreases
the molecular energy of para hydrogen molecule.sTie para form has lower internal

energy than the ortho form.

(i) Physical properties:
The physical properties such as melting point, ibgilpoint, thermal conductivity and
specific heat of both the forms are different freath other. Some physical constants of para
form are given below whereas those of ortho formehbeen left blank because the ortho

from is difficult to be obtained in a pure state.

Ortho form Para form
Melting point £C) - (-)259.17C
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Boiling point £C) - (-)252.74c
(at 760 mm)
Vapour pressure(mm) at 751 737

(-)253 to (-)248C
The magnetic moment of parahydrogen is zero beoafue neutralisation of nuclear spins
while that of ortho form obtained from the data fknown ortho-para mixture is
approximately twice the moment of a proton.
The appreciable difference in the thermal condit@s of the two forms is used to estimate
the percentage of ortho and para forms in a gisempée of hydrogen.
The ortho form is more stable than the para foroh fleence the latter ( i.e. para form) has a
tendency to change into the ortho form.
Effect of temperature on the relative proportions & the two forms in ordinary
hydrogen.

Ordinary hydrogen gas gHis an equilibrium mixture of ortho and para hygkas,
Ortho b =& Para H and their relative proportion (i.e. ortho-para ogtin the gas is
dependent on temperature. It has been shown thabsilute zero molecular hydrogen
consists mainly of the para form and the ratio afapto ortho forms is 1:0 (approximately).
As the temperature increases, the proportion dfooform gets increased and that of para
form decreases. At the temp. of liquefaction of dlre ratio of ortho to para forms has been
found ot be 1:1 and at room temperature?C27this ratio is 3:1 and remains constant
thereafter. This means that it is rather impossitoleget pure ortho hydrogen at any

temperature, i.e. the above equilibrium cannot higesl entirely in favour of ortho #H

'l | S
0 100 200 300 400
TEMPERATURE (°K)
Fig. 6.3 Variation of ortho/parahydrogen with temperature.

However, this equilibrium shifts towards the rigte, para H, on decreasing the temperature
up to near absolute zero when the sample of maedtwyidrogen has mainly para hydrogen.

This situation has been shown by graphical reptaten as below in Fig 6.3.
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(v) Both the forms have different band spectra andftiis was used to demonstrate the

existence of ortho and para hydrogens.
Separation of pure para form of H, from ordinary hydrogen:

In order to separate almost pure para form fromnarg hydrogen, the latter is passed
through a tube packed with activated charcoal araded in liquid air or liquid hydrogen for

about four hours. The para form thus obtained mged off and is about 99.5% pure. The
para hydrogen can be stored in glass vessels at temperature for about a week with

appreciable change into ortho form.
Conversion of para hydrogen into ortho form:

Since ortho form of hydrogen is more stable, it bareasily transformed into the para form.
However, the process P> O hydrogen is acatgd by the following methods:

0] by passing an electric discharge through it

(i) by heating it to high temperature of about &@nd above.

with the help of catalysts like platinised asbestos

by mixing it with paramagnetic moleculesz. O,, NO,, NO in gas phase or ions like fin

Co™*, Ni?* etc. in solution.

6.4 HYDRIDES

The binary compounds of hydrogen with other elesembose electronegativity is lower
than that of hydrogen (i.e. 2.1 on Pauling’s scaed generally called hydrides. This
definition excludes the binary compounds of hydrogéth non-metallic elements like,B,
NHs, PHs, Ho,S, HF, HCI, HBr, HI etc. But on the basis of typelahature of bonding in the
compounds of hydrogen, Gibb (1941) has classifiedtinto the following types:

(a) lonic or salt like hydrides

(b) Covalent or molecular hydrides

(c) Metallic or interstitial (alloy type) hydrides

(d) Complex hydrides

(e) Borderline hydrides

€)) lonic or salt like hydrides
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The hydrides of the elements of groups IA, IIA (elgH, CaH, etc.) and some highly
electropositive lanthanides and actinides are @adlric hydrides (Fr of group IA and Be and

Mg of group IIA are the exceptions).
Preparation
These hydrides can be prepared by any of the follpwethods:

0] By heating the metals in a current of H
Alkali and alkaline earth metals when heated ded#t temperatures in a current of dive

ionic hydrides.

2M + H, 400°C 5 2MH(M=Na, Ketc.)

M+ H, 152-300C » MH> (M= Ca, Sr, Ba)

Li kept in a hard glass tube in an iron boat corabiwith H at 606C to give LiH
A

2Li + H, EE— 2LiH
By heating carbonates in a current of H
Certain alkali metal carbonates when heated inreentiof H at high temperature of about
620 - 658C and in the presence of Mg give hydrides, e.g. RBéH etc.
R,CO; + 2H, A_, 2RbH +CQ + H,O
Mg
By heating metal nitride with H, gas.
LiH is prepared by this method.
2LisN + 3H, —A 5 BLIH+N
CaH, may be prepared by heating CaO with metallic Mg urrent of H at high temp. and
optimum pressure:
CaO+Mg+H ﬁ& CaH + MgO

~50cm

This is a quick method and the yield is high (99.2%

Properties

These hydrides are crystalline compounds with iofattices, hydrogen acting as
electronegative element. These have high meltimhleniling points and conduct electricity

when fused. The crystals of hydrides are somewkeaseal than the parent metal itself
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because of strong polar bonds existing in theckttExcept LiH, they decompose on fusion.
All these hydrides are stoichiometric compounds.

Thermal stability and order of reactivity

The hydrides of Li, Ca and Sr are stable while cthiEecompose above 4@ In a particular
group their thermal stability decreases with inshe@ size of the cation, i.e. down the group:

LiH > NaH > KH > RbH > GH

CaH,> SrH, > BaH,
This has been supported by the decreasing valuégais of formation of these hydrides.
Hence the relative order of the reactivity is &84 < NaH < KH < RbH < GH.

Electrolysis: Presence of hydride ion

When these hydrides are electrolysed in their fissates, they liberate hydrogen at the anode
showing the presence of kbns in them.

Action of protonic solvents

They all react vigorously with protonic solventkluas HO, NH;, G;HsOH etc. forming a

base and liberating hydrogen.

MH —> M"+H
H+HO  —>  OH+H
H + NH; —> NH, + H,

H +CHsOH —— GHsO +H,
Reducing property
All these hydrides show reducing property at higmperature which is attributed to the
formation of atomic hydrogen. They reduce refractoetal oxides to free metal, chlorides of
some semimetals to hydrides, sulphates to sulpleittes

4NaH +FgO4 — 3Fe + 4ANaOH

4NaH+ SiCf ——— SiH; + 4NaCl

2CaH + PbSQ ——> PbS + 2Ca(OH)
The alkali metal hydrides possess face-centredcciditice while alkaline earth metal
hydrides have orthorhombic lattice.
(vi) Reaction with Nitrogen
The hydrides are converted to the nitrides onitrgatith Nitrogen

6LIH + N — 2LisN + 3H,
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3CaH + N — CaNz + 3k,
(vii)  Complex hydride formation
Only LiH reacts with AIC} in ether forming LiAlH, which is an important reducing agent.
4LiH + AICl; (in ether) ——» LiAIH, + 3 LiCl
Uses
These hydrides are used as condensing agents amiorghemistry. Because these are
hydrolysed by water giving large quantities of khey are used as reducing agents. LiH and
CahH; are used as the source of hydrogen for ballooif. MaH and Caklare the important

members of such hydrides.

(b) Covalent or molecular hydrides

(i)

These hydrides are formed by most of the p-bloeknehts, may these be metals, metalloids
or non-metals. The binary compounds with non-metals excluded from the class of
hydrides and those of metalloids and metals (belttopk) are included. The elements, e.qg.
Sn, Pb, Sb, Bi, Te, Po etc, give only mononuclgdrides while the elements like B, Al, Ga,

In, Si etc. give mono nuclear as well as polynuc{eapolymeric) hydrides as follows:

B —»B,Hg, B4H10, BsHg etc
Al —> AlH 3, (AlH3),

Ga —>» GaHs, GaHs etc.

In — (In Ho)n

Si — SiH,, SkHs, SikHs etc.

Preparation
By the hydrolysis of compounds
MgsB, + 6HCI —»  3MgCl, + BoHg
Mg.Si + 4HCI —>» 2MgCl, + SiHs
ZnzAs; + 6HCl; —» ZnCl, + 2AsH;
(iiif) By the reducition of anhydrous chlorides witiAIH 4

MCls + Li AlIHs  —— MH, + LiCl + AICI3
Properties
In these hydrides H-atom forms covalent bond wightal atoms. They exist as discrete
molecules held together (in polymeric compounds)wsak van der Waals' forces or
hydrogen bonds. Hence these are gases, liquideliols with low melting and boiling
points).

Thermal stability
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In a group, thermal stability decreases with insiegatomic number or metallic character of
the elements forming hydride, e.g. AsSHSbH; > BiH3. Thus the hydrides of predominantly
metallic elements (e.g. Pbldnd BiH) are unstable.
Property of behaving as Lewis base or Lewis acid
Electron rich hydrides show this property which ases down a particular group, e.g.
AsH3;>SbH;. Some hydridesyiz. BoHe, (AlH3), are electron deficient and hence behave as
Lewis acids.

B:Hs+2: PR — 2[BH; : PRK]

(AlH3z)n + :NR;  —» n[AlH3: NRg]
Formation of complex hydrides
Some covalent hydrides react with ionic hydridefotan complex hydrides, e.g.

BoaHg+2MH —» 2M[BHy]  (M=Lior Na)

Borohydride

AlHz+LiH —> Li(AlHy)
Li- Al hydride

Uses
Boron hydrides are used as fuels and fuel additi8#ane (SiH) is used as a source of pure
Si employed in transistors.
Hydrides of Boron: Boranes
These will be discussed in Unit 9 ahead.
Hydrides of Silicon: Silanes
These are represented by the general formyldpSh like alkanes. Members of this series up
to n = 6 are definitely known. In addition, sili@ihylene, (SH.), and silico acelyline,
(SipHy), are also known.
Preparations
When MgSi (obtained by heating a mixture of Mg and Si®absence of air) is treated with
20% HCI in an atmosphere of,Ha mixture of silanes is obtained containing vagyi
proportions of different members. These can be raggad by fractional distillation of the
mixture obtained in liquid form by cooling at liguN, temperature.

Mg,Si + 4HCI — MgC} + SiH,1t  + other silanes

2 MgSi + 8HCI —»  4MgC} + SkHst + Hat

Properties
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These hydrides are analogous to alkanes. Theim#destability decreases with increasing
molecular weight Sikl and SiHg are colourless gases at room temperature and rhighe
members are liquids. These are poisonous. Chemitladlse are very reactive and burn
spontaneously in oxygen to give $iO

SiH; + 20, — SiG, + 2H,0

SigHip+13/2Q —* 4SiQ, + 5H0
They form silicates in alkaline water:

SiHs + 2NaOH + HO ——»NaSiO; + 4H,1

SibHg +4NaOH + 2HO —» 2NaSiOs + 7THT
Structure
As these are analogous to alkanes, hence haveubtuses similar to those of alkanes.

(c) Metallic or interstitial hydrides

Many of the d-block elements like Ti, Zr, V, Nb, Btt., lanthanides and actinides, e.g. La,
Ce, Pr etc. absorb hydrogen into the holes orritexstices existing between the atoms in the
metallic lattice at elevated temperature withowtrading the original crystal structure of the
metal and thus give the metallic hydrides. Therstigal combination of hydrogen and metal
atoms takes place during the process, hence thesdsa called interstitial hydrides. These
may or may not be stoichiometric e.g.
Non — stoichiometric : Ti Idz3 Pd H s NbHp g6 €tc.
Stoichiometric : NiH, CoH, Feh, CrH; etc. (typical metallic hydrides)

Mostly these are non-stoichiometric with lower dees than the parent metals (due to

expansion of lattice).

(d) Complex hydrides

These hydrides may be regarded as the combineddegdof the elements, e.g. LiBH
NaBH,, Be(BH),, LiAIH 4 etc. Here hydrogen is covalently linked with tiesat element to
form a complex anion which is bonded to the monewiaimetal ion through ionic bond, i.e.
LiIAIH 4 ionises toLi* and AlH; ions. Such hydrides can be obtained by the acfiGn

excess of alkali metal hydride on an appropriateléae.qg.

4ANa H + BR Ethers NaBH,; + 3NaF
_—

4LiH + AICI3 Ethers LiAIH 4 + 3LiCl
—
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LiAIH 4

It is an import complex hydride. It is best prephtey the above reaction from LiH and

AIClI3. LIAIH 4 remains in solution. On evaporating ether, LiAlsl obtained.

(i) Itis decomposed by water liberating H
LIAIH 4 + 4H,0 — LiOH + AI(OH)3 + 4H,
(i) Itis an import reducing agent and reducesiynhalides and other

compounds to hydrides, e.g.

3Li AlH, + 4BCk Ether __, 2B,Hg + 3AICI; + 3LiCl
LiAIH 4 + SiCly Ether SiH, + LiCl + AICl3
—
LiAl H 4 + SnC} Ether SnH, + LiCl + AICI;
LIAIH 4 + Zn(CH), . ZnH, +Li[AlH 5 (CHs)2]

ARCHO + LiAlH, ——» [R-CH,0), LIAl “*,° 4RCH,OH + LiOH +AI(OH);
—>
Uses

(i) Itis used for reducing almost all the compdsirtontaining a carbonyl group, >c=0 like

ketones, aldehydes, carboxylic acids etc. to alsoho

(i) Itis also used for the preparation of hydsd# Si, B, Al etc. from their chlorides.
Structure

The complex ion, [AlH]" like other [M" H,] ions, is tetrahedral involving $pybridisation
in the central atom. Three of thesé kgbrid orbitals of Al or M' atom overlap with three
unpaired orbitals of H-atoms to form 3 nornsabonds and fourth vacant>spybrid orbital

overlaps with filled orbital of Hion to give coordinate bond as follows:

Li H Li* + H—» !

_ _ A
H + AlH3 [AlH]— - > H 5 ~H
Al atom in ground state 35"

Al atom in excited state %&%@(_J
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(e) Borderline hydrides

These hydrides do not belong to any type given eland are not easily formed from the
elements, e.g. Befd MgH,, ZnH,, CdH, etc. These are prepared by special methods.
Generally these have the properties of both iomid eovalent hydrides or sometimes of

metallic hydrides also. These are less known hedrid

6.5 Oxides of hydrogen

Hydrogen forms four oxidesiz. H,O, D,O, T.O and HO, H,O and TO have not been
discussed here. Only,D and HO, will be discussed in detalil.

6.5.1 Heavy water, RO

It is an oxide of heavy hydrogen, discovered byyinel932 and is an important compound.
Preparation of D,O.

It occurs in ordinary water in traces which is ttleef source of BD. Heavy water is
prepared by the following methods:

Prolonged (or multistage) electrolysis of ordinarywater

Heavy water is largely prepared by the continudastelysis of ordinary water in presence
of small quantity of NaOH (~3%). The electrolysiscarried out in a steel cell (shown in Fig.
6.4) which itself acts as a cathode and a perfdreyindrical sheet of nickel acts as anode.
In actual practice, a large number of such ceblsused for each stage and the electrolysis is
carried out in many stages usually five to severe §ases Hand I3, obtained from each
stage (second onwards) are burnt and water so tbisneturned to the previous stage. Thus
by continuous and prolonged electrolysis of ordinavater in several stages, the
concentration of heavy water goes on increasindugidy in the residual water left behind at
the end of each stage which is taken to the nagestells. At the end about 99% purgDs

obtained which is distilled and the distillate sotadned is again electrolysed to get pure
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deuterium. This deuterium is burnt in oxygen to H@®% pure RO. This technique is used
in heavy water plant at Nangal (Punjab) for manwifidéeg D,O used in the atomic plants in

the country.

Ordinary_
water ~

e 2

-

Cylmdrical - -
t of ckel | —
{Anode)

Fig. 6.4 Electrolytic cell used for the preparation of

heavy water,

Fractional distillation of ordinary water

Taking the advantage of the difference in the bgiloints of HO (10(5’0) and heavy water
(101.42C), latter can be separated from ordinary watenguging fractionating column and
repeating the process several times. The ligh&etion (i.e. HO) having lower boiling point

is distilled first while the heavier fraction (i.B0) with higher boiling point is left behind at

the end of the repeated process.

Fractional freezing of water
Since the freezing point of ordinary watéC0and that of BO is 3.85C, the two oxides of
the isotopes of hydrogen can be separated whiobnigpleted in several cycles.
Preferential adsorption
The vapours of BD are adsorbed more rapidly on charcoal tha® Mapours and can be
separated by preferential adsorption.
Preparation of pure DO
Pure DO can be prepared by the action efgas on @gas
2D, + O, . 2D,0
Properties
Some of the physical properties of®land DO are similar like odour, colour, taste etc. but
many properties, e.g., density, melting and boipo@ts etc. are different.
Action on metals and their oxides
Like H,O, D,O reacts with alkali and alkaline earth metalsierate 3 and with basic oxide

to give heavy alkalies.
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2Na + 2B0O —— 2NaOD +Dt
Ca +2R0O —» Ca(OD} + Dot
Na,O + D,O — 2NaOD
CaO +DO __, Ca(OD)

Heavy alkalies
Action on non-metallic oxides

With non-metallic oxides (acidic), it gives deutexads.

N2Os + D,O — 2DNGO; (Deutero nitric acid)
P,Os + 3D,0 —» 2D3POy (Deutero phosphoric acid)
SG; + D,O —  2D,SOy (Deutero sulphuric acid)

iii) Action on nitrides, phosphides etc
D0, like water, decomposes metallic nitrides, phadgd) arsenides and carbides etc. to give
deutero compounds.

MagsN2 + 6D,0 —> 3Mg(OD), + 2ND;s (deutero ammonia)

CaP, + 6D,O — 3Ca(OD} + 2PD; (deutero phosphine)

CaG + 2D,0 — Ca(OD}) + G,D, (deutero acetylene)

Al,Cs + 12D,0O - 4Al(OD);3 + 2CDy (deutero methane)
iv) Formation of deuterates

Heavy water also gets associated with salts likieemta form deuterates or deutero-hydrates,
e.g.

CuSQ .5H,0 + 5,0 — CuSQ, 5D,0 + 5H0
Other examples are: BeD,0O, CoCh.6D;0, NiCl,. 6D,0, MgSQ, 7 D,O etc.
V) Exchange reactions
With a number of compounds containing labile hy@mgtoms, it undergoes exchange
reactions in which H-atoms are partially or comgligteplaced by D-atoms.

NaOH + DO = NaOD + HOD

HClI+ D20 = DCI +HOD

NH.Cl + D,O = ND,4CIl + 4HOD
The last exchange reaction occurs in steps regld¢iatoms one by one in each step.

CeHs + 3D,0O = CgDg+ 3H,0

deutero benzene

Vi) Deutrolysis
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These reactions are similar to hydrolysis reaction@hich certain inorganic chlorides and

other salts are involved. The process is calledodelysis.

AICl; + 3D,0O —> Al(OD); + 3DCI
BiCl; + D,O —> BiOCI + 2DCI
SiCly + 4D,0O —> DsSiO; + 4DCI
Uses
0] It is used as a moderator of neutrons in nuclesotoes.

(i) It is also used for the preparation of &ther by electrolysis or by the action of Na-nheta
it.

(i) Itis sometimes used as a tracer compound pantigutaorganic chemistry.

6.5.2 Hydrogen Peroxide (HO,)
(a) Laboratory preparation of H,0,
(i) H20: is generally prepared in the laboratory by théoacof cold dilute sulphuric acid on
hydrated barium peroxide which is readily decomdose give HO, solution while
anhydrous barium peroxide gets a protective coatirBpSQ hence not used.

Ba0,.8H,0 + H,SO, (cold dilute) —» BaSQ + H0, + 8H0
BaSQ is filtered off to get the solution of .
Hydrated Ba@is obtained by slowly adding anhyd.Bat® a cold conc.HCI (1 part HCI + 1
part HO) until it is neutralised.

BaGO, + 2HCI —> BaCh + H,O,
After filtering the impurities, if present, thetfihite is treated with saturated Ba(QlHplution
and precipitate of BafBH,0 is filtered off.

H,0O, + Ba(OH} + 6 H,O — BaQ.8H,0O (precipitate)

(i) It may also be prepared in the laboratoryaalling small quantities of sodium peroxide
to ice-cold water.
NapO + 2H,0 . 2NaOH + HO,
(b) Manufacture of H,O,
(i) Electrolytic process
On a large scale, @, is prepared either by the electrolysis of 50% lsutfc acid followed
by distillation in vacuum. Perdisulphuric acid datained reacts with water during distillation

to give HO,.
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2H,SO, — 2H" + 2HSQ  (anode)
2HSO4 — H,S,0g + 2€ (at anode)
H»>S,05 + 2H,0 — > 2H,SO, + HO,

Or an ag. solution of ammonium sulphate and sulptagid in molecular proportic, at low

temperature, using @rode and graphite cathode separated by a poraypisrdir

(NH4)2804 + H,SO, . 2NHHSO,
NHHSO, = H" + NH,SC,4 (anode)
2[NH, SO -2¢ — (NH4)250s

(NHs)2 S0Os is distilled with F,SO, under reduced pressure andSpDs obtained is

converted to k..

(NH4)2 S0 + H,SOy —> H,S,0q + (NH4)2504
H,S,05 + 2H,0 R 2H,SO, + HO,

(c) Auto-oxidation process

This is a recent process in which ethyl anthragquéns reduced to ethyl anthraquirby
passing H through its solution in an organic solvent in preseof P-catalyst. On frothing

the product with air, about 20% solution 0,0, is obtained and ethyl anthraquinone

EHhud anfiragunone
o g

regenerated.

Concentration of H,O, solution

H,O, obtained by above methods is always in the formdibite solutions. It can k
concentrated as follows:

Careful evaporation of the solutior

Dilute solution of HO; is carefully heated on a water bath preferably umelduced pressu
at 60-70C using afractionating column. Water being more volatiletitSsover to increas

the concentration of #D, to 2025%
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The above solution is heated in a distillation Klagpto 45C at low pressure (15mm).
Initially, water distils over and at ~%0 H,O, begins to distil over. For most commercial
purposes, concentration is carried out upto 55-60%p.

Further concentration of @, is possible by using #D, along with solid C@and ether. The
whole mass of C@and ether freezes and if little of frozen solidiispped in a conc. solution
of H,O,, needle-shaped crystals of almost 100% puf@;ldeparate out.

Properties

Anhyd. HO- is a colourless syrupy liquid, produces blisterskin, boils at 11%C (at 68 mm
pressure) and freezes-at)271°C.

Decomposition
Pure HO, is unstable and decomposes by itself to give®standing or on heating.

2HO; —» 2O+ O,
The decomposition is accelerated in the presenadkafies, MnQ, finely divided metals,
e.g. Pt, Ag, Cu, Co, Fe etc.
The addition of small quantities of alcohol, acéide or glycerol inhibits the decomposition.
H,O, is stored in paraffin wax coated bottles and notgiass bottles to avoid its

decomposition by alkali oxides present in glass.

Oxidising and bleaching properties
H.0; is a strong oxidising agent in acidic as well ikaline solutions because of its tendency
to lose oxygen.

HO, —» HO+O
It oxidises F&" to F€* ions, I ions to b, sulphides and sulphites to sulphates, nitrites itmn
nitrate, arsenites to arsenates, ferrocyanidesrtizyanides, formaldehyde to formic acid etc.
Some of these reactions are given here:

2F€" +2H + H,0, —» 2F€"+2H,0

2l + 2H + H,O, —» I, + 2H,0

S + 4H,0; —»  SO*+4HO

SQ” +H0, —» SQ” +H,0

NG, + H,0O, - NG;s + H,O

AsO® + HO0;, —» AsQ® + H,0
2[Fe(CN)]* + H0, — 2[Fe(CN})]* + 20H
HCHO + HO, —» HCOOH + HO
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The bleaching of silk, hair, ivory and wool is d¢ad out with F,0,. This is because ¢
oxidising properties of D..

(iii) Reducing properties
H,0; also acts as reducing agent in presence of stridgsimg agents. It reduces Mn ion

to Mn** ion, X, to HX, Ag-oxide to Ag metal, Mni, to Mr?* ion etc.

2MnO4 + 5 KO, + 6H" 2Mif*+ 85,0 + 50
X5 + H,O, 2HX ¢ O, (X=halogen)
Ag20 + HO; 2Ag+> H0 + O

MnO, + 2H" + H,O; Mn*"_+ 20 +0;

It is noted that in all its reducing reaction; gas is liberated.
(iv) Addition reaction
It is capable of adding itself to ethylenic linkag
CH=CH; + H,0, —» CH,OH — CHOH (ethylene glyco

Strength (or concentration) of F,O; solution
The strength (or concentration) 0,0, solution may be expressed in terms of
Volume of Q gas
Weight of pure HO, in a given solution of ,0,
Normality

Let us discuss the first typThe volume of @ gas obtained at N.T.P. by heating «
volume of HO, solution is called the concentration 0,0, solution, e.g. 1 ml. of a 1
volume of HO; solution, on heating, will give 10 ml. of, gas.
Uses
It is used in medicine as antiseptic washing wounds, teeth and ears.
It finds use as an oxidising agent in the labosa
Used for bleaching materials.
For restoring the colour of blackened lead pail

PbS+ 4HO; PbSG+4H0
Black white

As a propellent or fuel in submarines anckets.
Structure of hydrogen peroxide
The empirical formula of KD, has been proposed as HO and molecular form;O,. Thus

: 00— 0O and H—O—O—H (libgobroregl STruclred
- L
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two formulae were suggested for it as:

Structure | is supported by its unstable naturengioxygen.

H20; HO +@
and structure Il is evidenced by the formationved-series of salts, e.g. Na-O-O-H and Na-
O-O-Na as well as by its reaction with diethyl $wdpe and subsequent reduction of the
product to ethyl alcohol:

H-O-0O-H + (GH5).SOy —» CyHs0-O GHs + H,SO,

C,Hs0-O GHs + 2H  znicHcooH 2C,HsOH
Similar reaction with structure | would have givaiethyl ether. But actually ethyl alcohol is
obtained. This is in favour of structure Il which further supported by X-ray analysis of
K,$,0g crystals obtained from 4@, and chlorosulphonic acid and subsequent treatmigmt
potassium salts.
Non- planner and non-linear structure
Its dipole moment value (2.1D) indicates its noarpler and non-linear structure confirmed
by X-ray analysis of solid ¥D, molecule in which the two O-H bonds are asymmalic
distributed and all the four atoms are not lyinghie same plane. The position of the atoms,
bond angles and bond lengths as determined by iexgatial methods are shown in the figure
(Fig 6.5).

6.6. SUMMARY

This unit on hydrogen and its compounds contaidstailed discussion on isotopes of

hydrogen and its isomeric forms, hydrides and ax@eng with their preparation, properties

and uses wherever necessary. The structure@f khas also been given.
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Fig, 65 Non-linear and non-
planar structure of
H30;p molecule,

6.7. TERMINAL QUESTIONS

i. Heavy hydrogen has in its nucleus
(a) 1 neutron
(b) 2 neutrons
(c) 3 neutrons
(d) no neutrons
ii. At 300K, the ratio of O to PHlis
(@11
(b) 1:2
(c) 3:1
(d) 3:2
iii. Silicon hydrides are
(a) lonic hydrides
(b) Covalent hydrides
(c) Metallic hydrides
(d) complex hydrides.
iv. The boiling point of heavy water is
(a) Higher
(b) Lower
(c) Equal

(d) Much lower than that of ordinary water.
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6.8 ANSWERS

i. (@
. (c)
il. (b)

iv. (a)
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UNIT 7: THE ALKALI METALS

CONTENTS:

7.1 Objectives

7.2 Introduction

7.3 General characteristics and use (Flame Colouration)
7.4 Oxides and Hydroxides

7.5 Solubility and hydration

7.6 Complexation of alkali metal ions

7.7 Anomalous Behavior of Lithium.

7.8 Summary

7.9 Terminal Question

7.10 Answers

7.1. OBJECTIVE

The objective of preparing the course material lo$ wnit, i.e. on the alkali metals (the
elements of Group 1) is to give a summary of theegal properties and their trends in the
group. That is to acquaint the readers with gergraracteristics of these metals along with
their flame colouration and their uses, the natarel behaviour of their oxides and
hydroxides, solubility behaviour of their salts dndiration, and complexation of alkali metal
ions. The anomalous behaviour of lithium, its drgarity with other alkali metals and

similarity with Mg, the element of next group anelxh period, called diagonal relationship

shall be discussed.

7.2. INTRODUCTION

The six elements of Group 1(or IA) of the periothble,viz. lithium (Li3), sodium (Nay),
potassium (Kg), rubedium (Rby), caesium (Gg) and francium (Fg) are collectively called
the alkali metals. This name alkali has been ddrfvem arabic which means ash because the
ashes of plants contain the compounds of Na and Krge quantities. In addition to this,
these elements form strongly alkaline oxides amdrdwides. The individual elements were
named on the basis of their use, origin in plam$ spectral characteristics, i.e. colours of

spectral lines. The last but radioactive elemeanhdium was named after the name of the
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country where M. Curie worked (France) on her mtesice, though she was born in Warsaw
(Poland).

All these elements belong to s-block of theperiotdible because in the atoms of these
elements the last or differentiating electron entbe s-subshell of the valence shell. These
occupy their position at the extreme left portidntiee periodic table. Every period of the

periodic table commences with an alkali metal.

The alkali metals, due to their reducing nature @ugdr oxides being too reactive to occur in
nature, are generally found as cations combineti aitions of the most electronegative
elements. The less electropositive elemeit. (i) is present in nature as silicate minerals
and more electropositive elements are found agidek The elements are obtained from the

minerals/ores by the electrolysis of their fuseltssa

All these elements are metals and have less goadiatitheir characteristic properties.

7.3. GENERAL CHARACTERISTICS OF ALKALI METALS AND
THEIR USES

(i) Electronic configuration

The valence (or ultimate) shell electronic confafion of these elements is invariably' ns
where n denotes the principal quantum number ofvillence or outer shell and s is the
subshell that receives the solitary differentiathgctron while the penultimate shell contains,
in general, eight [(n-158°] electrons (Li is an exception with two electransts penultimate

shell). On losing the solitary valence electrom, #kali metal atoms are converted inté M
ions having inert gas configuration in the outeelshThese ions are colourless and
diamagnetic in nature. The similarity in the elentc configuration of these elements is
responsible for their similar physical and chemipabperties. These are all monovalent

elements and give colourless ionic salts.
(ii) Physical state, hardness and density

The alkali metals, except lithium, are extremelyt smlids to be cut by knife and can be
readily fused. This is because of the weak meththieding among the atoms of the metallic

crystals. They are also highly malleable and decfileshly cut metals have a bright lustre
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which is quickly tarnished as soon as the metalexin contact with atmospheric air. In
general, these metals have high density due talts® packing of atoms in the metallic
crystals but lithium has low density due to lowraio weight. The density increases down

the group because atomic weight increases.
(iif) Atomic and ionic radii (atomic volume)

Both the atomic and ionic radii (of Nbns) increase from the first (i.e. Li) to the Igist. Fr)

element on moving down the group due to the inolusif an extra shell of electrons at each
step, i.e. in the next element. But the ionic radi@ smaller than the atomic radii of the
corresponding elements due to the elimination efdtuter shell and greater attractive pull of
nuclear charge on the outer electrons of the idhs. above statement is evidenced by the

values of atomic and ionic radii for the alkali mstgiven below:

Elements Li Na K Rb Cs
Atomic (i.e. metallic radii (A) 155 190 235 248 267
lonic (or Crystal) radii (&) 0.60 0.95 1.33 1.48 1.69

(for M ions)

The group trend of the atomic volume is the samghaisfor atomic radius due to the similar
reason as given above. These elements have thestatpmic radii, ionic radii and atomic

volumes among the elements of the respective period
(iv) Melting points, boiling points and heats of abmization

Alkali metals have low melting and boiling pointsdause of weak inter- atomic bonds in the

crystal lattice which decrease further down theugrdue to increasing atomic size.

These metals also have low heats of atomizatiorhand the same trends as the melting and
boiling points due to the same reason as discusisede though the change is sharp at the
beginning and a small change is observed in theehimembers.

(v) lonization energies, electron affinities and elctronegativities
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Alkali metal atoms can lose their solitary elecgdrom the respective outer shells (i.€)ns
with relative ease because the electron in eaah atcheld weakly with nucleus due to the
larger size of the atom. These metals, therefaage How ionization energies. Further, the

ionization energy values decrease on moving dowrgthup from Li to Fr as shown below:

Elements Li Na K Rb Cs
lonisation energy

520 496 419 403 376
(kdmol%)

The electron affinity and electronegativity valwee also very low for these metals as these
have no or very low tendency to attract or accomat®dhe electrons. The values of these

properties decrease down the group though the eharggmall.
(vi) Electropositive (or Metallic) character and reducing properties

The electropositive character of the elements d#gen the ease with which the atoms of the
elements lose their outermost electrons. Becausbeaf low ionization energy values, the
alkali metals have the highest electropositive attar among all the elements of the periodic
table. With decreasing ionization energy values, glectropositive character also increases
down the group for alkali metals, i.e. Li metaltie least electropositive due to highest
ionization energy and Cs, the most electropositivéh the least ionization energy value
among the alkali metals. The last element, Fr leelexcluded because all its isotopes are
radioactive with very short half life periods to &eailable for their detailed study.

According to the trend of electropositive charaaemrlkali metals, their reducing property
must also increase down the group, i.e. from LC#obut the reverse trend is observed in the
reducing properties though the basic nature of tiddes increases from the first to the last
element in accordance with the electropositive attar. Li has maximum reducing power
and Cs has minimum reducing tendency. The anomalend in the reducing properties can
be explained as follows:

The standard electrode potential is taken as thesuame of the reducing properties of these
elements. More negative is the standard reductodarpial or more positive is the standard
oxidation potential of the metal, greater is itsdency to lose electron (s) and stronger is its

reducing power.
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It has been found that Li has the highest standardation potential (+3.05V) or highest
negative standard reduction potential value (-3)ab€reby making it the strongest reducing
agent among all the alkali metals as it can logert electron most readily in aqueous

condition.

Actually the conversion of an alkali metal in th@id state, M (s), in contact with water into
M* (ag.) represents the reducing power of M in agsenadium which takes place in three
steps, i.e. sublimation, M (s) --—M (g) requiring sublimation energy, S, which isgslily
higher for Li metal than for others, ionization, () —» M (g), absorbing ionization
energy, |, again which is maximum for Li atom angdifation of the cation, Mg) + nHO
M™ (aq), liberating hydration energy, H. Anhydrous ldn, being the smallest in size, gets

hydrated to the maximum extent releasing the higigdration energy content.
The standard oxidation potential’g and other energy terms are relatedds H—1- S

The hydration energy of lithium being very highpagh to compensates the values of | and
S and consequently results in high electrode piaevilue making it the strongest reducing
agent in contact with water though the reducing growf alkali metals in the dry or

anhydrous conditions depends on their ionizatiergynvalues.
(vii) Photoelectric effect (effect of light)

The outermost rselectron in the atoms of alkali metals is so ldp$eeld with the nucleus
that even the low energy photons (i.e. light) cgattethis electron from the surface of these
metals. This property of emitting the electron frime metal surface even on the exposure of
light is calledPhotoelectric effectand permits the application of these metals (ealhed

and Cs) in the photoelectric cells which are semsparticularly to blue light. Li metal with

the highest ionization energy does not show ttecef
(viii) Flame colouration and use

The alkali metals give characteristic colour in Ben flame, i.e. Li- crimson red, Na- yellow,

K-violet, Rb and Cs — also violet.

The reason for this flame colouration being whenaliali metal or its any compound is
heated in the flame, the outer electron can betexkdd higher energy levels by absorbing

some energy from the flame. When the excited edaateturns back to the ground or original
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level, the absorbed excitation energy is releasdtieé form of light in the visible region of
the electromagnetic spectrum and colour is impabiethe metal to the flame. Since for the
same excitation energy, the electrons of the atofrdifferent alkali metals are excited to
different higher energy levels depending on thbkttigss with which the nuclear charge holds
the outer electron (s) with itself. Thus in Li, el®ns are excited up to lower levels and in
other metals up to higher levels and the releasedgg as a consequence goes on increasing
from Li to Cs and accordingly the colours are obsdrfor them, i.e. for Li crimson- red(due

to lower energy) and for Cs, violet(due to higheleased energy).

This property of alkali metals to impart colouration the Bunsen flame has been used to
detect their presence in the salts by the so cdlede test and to estimate Na and K

quantitatively in plant samples.
(ix) Polarizing power of alkali metal ions

On approaching nearer to an anion, the alkali mega#bns attract the anionic charge and
repel the nuclei of anions thereby distorting otapaing the anion. This results in the
passage of ionic bond in the compound to covalentlbThis effect has been found to be
more pronounced in smaller alkali metal catiores, lii* ion (all alkali metal cations have the
same charge). That is why Li salts are covalemiiture and insoluble in water but soluble in

organic solvents. While others form ionic compoundisch are freely soluble in water.
(x) Action of liquid ammonia

The alkali metals dissolve in lig. NHvithout the evolution of Kto give blue colour in dilute

solutions. This is due to the excitation of freeatlons to higher energy level to give an
absorption band in visible range of the spectrudhtaerefore, the solution looks blue due to
transmitted light. The concentrated solutions asedgconductors of electricity due to the

presence of ammoniated electrons, [e¢){Hand are bronze coloured.
Uses of alkali metals

(&) The most important use of lithium is in making gp e.g. on adding to the alloys of
magnesium, it improves their tensile strength asistance to corrosion.

(b) Lithium is also used as deoxidizer in the purificatof nickel and copper.
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(c) It is an ingredient of high energy fuels employext the propulsion of intercontinental
rockets (i.e. thermonuclear energy).

(d) Compounds of lithium are used in glass and potiedystry to increase the strength and
resistance of glass and to prevent the surfacé&iaguof pottery.

(e) Li-citrate and salicylate are used in medicinegout.

(f) LiOH is used in making high quality lubricating gees which can withstand extreme
temperature variations.

(g) Sodium is used in the laboratory as a reducingtagehe form of sodium amalgam and it is
also used for detecting N, S and halogens (CII)Bmn, organic compounds.

(h) In metallurgy, this metal is employed for the egtian of many elements like Si, B, Mg etc.

(i) Itis largely used in industry for the productidraatificial rubber, dyes and drugs.

() Its compound, NaCG;, is used as a laboratory reagent, for laundry wankd as domestic
cleansing agent as well as in softening of haretwat

(k) NaHCG;, another compound of Na, is used in medicine @@ dicarb) to neutralize the
acidity in the stomach and as baking soda.

(I) Potassium and caesium metals are used in photoeleels.

(m)The sodium-potassium alloy is used in the spetiathometers employed for measuring
high temperature.

(n) KCIO3, an important compound of potassium is used adiziig agent in the laboratory in

fireworks as well as match industry.

7.4. OXIDES AND HYDROXIDES OF ALKALI METALS

Oxides:

Alkali metals react with oxygen or air rapidly agdt tarnished due to the formation of their
oxides on the surface of the metals. That is wikalaimetals are stored in kerosene or

paraffin oil.

When these metals are burnt in oxygen or air, theld either of the three types of oxides:
monoxide (MO) or peroxide (MO,) (Na, K, Rb, Cs) or super oxide M@K, Rb, Cs)
depending on the nature of the metal. The oxideth@$e metals can also be obtained by
dissolving the metal in ammonia and treating thiutem with the required amount of
oxygen. Lithium does not form higher oxides becalieion is too small and has much

stronger positive field around it than other alkaktal ions. This strong positive field near
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one oxygen anion restricts the spread of negatherge towards another oxygen atom

making the formation of higher oxide difficult.

Generally under normal conditions, following oxiddggdifferent metals can be obtained:
4Li + O, ——» 2Li,O (Monoxide only)
4ANa+Q_____, 2NagO0 and
2Na+Q — 5  N&O, (monoxide and peroxide both)
M+0O, — 3 MO; (M =K, Rb, Cs; superoxide, generally)

Since the normal oxide of alkali metals other thiaat of Li are not formed by the direct

reaction between the metal ang @ air, they are obtained by indirect methods, e.g
2N&0, + ANa~—— 4 Ng O (reversible reaction)

ONaNQ, + 6Na  —»  4Ngo + N1

The normal monoxides are strongly basic and higdyuble in water giving alkaline

solutions by proton exchange?® H,O0 ~———0OH + OH (hydrolysis of oxide ion to

hydroxide) and disproportionate to perexahd metal vapours when heated
A
2Na,O — NaO, + 2Na (vapours)

The peroxide of sodium yields,8, on treatment with dilute acids in cold and sup&ex
(NaQ,) by heating with @
Na,O, + 2H" —» HO, + 2Na

Na,O, + O, — 2NaO

In general alkali metal peroxides and super oxigesstrongly oxidizing agents and react

with water and dilute acids to,8, and Q :

0% +2H,0 —» 20H + H,0,

022_ + H,SO, —» Sd_4+ H,O,
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20 + 2H,O0 ——» 20H + H,0; +0O,
40, + 2H,SO, — 2SQ7+ 2H,0 + 3G,
Hydroxides:

All alkali metals form ionic hydroxides with the meral formula MOH and can be prepared

by treating the monoxides or metals with water:
2M + 2H,0 —> 2MOH + H,
M20 + H,O — 2MOH (M = alkali metals)

The reaction between water and the metal, exces highly explosive hence this method is
not generally used for the preparation of hydrogidehese are obtained by the electrolysis of

agueous solutions of the chlorides.

These hydroxides are highly soluble in water amladl and ionize to yield OHons and
thus behave as strong bases or alkalies in solufid® solubility increases and the
hydroxides become more and more basic on movingidbergroup, i.e. from Li to Cs due to

an increasing trend in electropositive charact&DH.is less basic and less soluble in water.

The hydroxides other than LiOH are thermally stalen at very high temperature:
780°C

2 LIOH ~— L0 + HO?

1300c
2NaOH —> stable but sublimes

The alkali metal hydroxides are strong bases ardtrevith acids, acidic oxides and

amphoteric oxides to form salts:

2MOH + H,SO, — M,.SO, + 2H,0
2MOH + CG - M,COs+ H,O
2MOH + AlLO3 — 2MAIO>+ H,O

The hydroxides absorb GCeven in traces, from the air to form carbonates:

2NaOH + CQ — NaCOs+H,0
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7.5. SOLUBILITY AND HYDRATION OF ALKALI METAL

COMPOUNDS (IONIC HYDRATION)

(i)

(i)
(iif)
(iv)
(v)

The terms, solubility and hydration of compounds eelated with the lattice energies and
hydration energies of the compounds. The latticagnis a direct and quantitative measure
of ionic bond strength of any compound. When ancie@ompound is placed in water (or any
polar solvent), the ionic charges of the compoutréet the polar molecules (called dipoles).
The ions of the compound after separation combiite water (solvent) molecules. This
process is called hydration (solvation). For exampthen NaCl is placed in water the
positively charged Ndons attact the partially negatively charged oxygems (O) and the
negatively charged Clons attract the partially positively charged togn atoms (H) of
water molecules. Energy is released in this proedssh is known as hydration energy. If
the hydration energy is more than the lattice gnefghe compound, the ionic bonds will be
broken and the solid compound dissolves, i.e.@hs go into solution as hydrated ions. But
if the hydration energy is less than the latticergy of the compound, the ionic compounds
remain insoluble. It may be concluded that the lsibty of ionic compounds depends on the
difference between their lattice energies and Hiahtaenergies. The large lattice energy of
LiF makes it insoluble in water. Thus it can beddhiat lattice energy and ionic hydration are
intimately related with each other. The alkali nhétas are hydrated to different extents, e.qg.
anhydrous Li ion being smallest in size is hydrated to the mmaxn extent and anhydrous
Cs' ion is hydrated to the minimum extent due to ésyést size among these ions. After

hydration Li (aq) ion is the largest and Cs (ad)n is the smallest in size.

7.6. COMPLEXATION OF ALKALI METAL IONS

The alkali metal ions have the least tendency afglexation with normal ligands among the

elements of the periodic table. This is mainly tiue

Relatively larger ionic size of the alkali metah#o

Low charge densities (charge/size) of the ions

Non-availability of the vacant d-orbitals of rigihergy to accept lone pairs from the ligands
Very high basicity of the metals and

Non-availability of variable oxidation states iretlons.

However, a few complexes of these elements hava figened but the complex forming

ability decreases down the group from lithium tesiam. Alkali metals form complexes
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with oxygen containing multidentate chelating ligarsuch as salicylaldehyde, acetylacetone

etc. Fig. 7.1 given below:

@/(L\ > acctone(%co% )
Li
oo i acctonc(@(‘gﬂf)%j

Qi C
cvo;&cl: o
Ao h

Figure 7.1

An important class of complexing agent, the crowlmeg has been synthesized known as
dibenzo-18-crown-6 containing two benzene rings &Bdatoms making a crown-shaped
ring, six of them being oxygen atoms. These sixgexy may form complexes with a metal
ion, even with a large alkali metal ion. The bomgdiof the metal ion to the polyether is
largely electrostatic. Polyethers having differsizies are known. The size of the metal ion
and that of the hole in the centre of Polyetherstnine comparable for close fitting of the

metal ion in the ring.

Benzo-12-crown-4 has a ring of 12 atoms, four ofclwhare oxygens. A crown-4 polyether
forms stable complex with Lior Na ion where as a crown-6 polyether prefersiéh with

unusual coordination number.

The polyethers act as ion carriers inside livintisce transport ions across cell membranes

and thus maintain the balance betweeh &tal K ions inside and outside cells.

The crown ethers also form some unusual complexatedc electrides. These are
paramagnetic such as ‘Cécrown ether)e-. Because of very large size andrdphobic

character of the complexed cation, crown ether dermpy can lead to salts becoming
soluble in organic solvents containing no donomepe.g. [K(crown-6)]JOH and K (crown-

6)]MnO;4 in benzene and toluene, respectively.

Three dimensional equivalents of crown ethers é¢ontérogen atoms to obtain branching

and to provide extra donor sites. They are callggtands as they hide the cation. A typical
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cryptand-222 has been shown Kig.7.2) below. All the N and O atoms of this compound
act as donors, the conformations at the nitrogemstbeing the ends, i.e. the lone pairs
inwards cryptands shield the cations such thaty #ive complexed more effectively than
crown ethers. The cryptands-221 and -222 form tineire stable alkali metal complexes with

Li*, Na" and K respectively in terms of enthalpy.

/ 179
<;0/\\,‘3/\/0/\\/N
e g e 4
Fig. 7.2. Cryptand-222

The action of cryptand-222 on sodium in ethylansokution produces [Na (cryptand-222)]
Na, a golden yellow solid. This shows the strikinglgation of cryptand-222 in shifting the

disproportionation equilibrium to the right handesi
2Na~—— Na' + Na

Also the salts containing the ion§ IRb and Cshave also been prepared.

7.7 ANOMALOUS BEHAVIOUR OF LITHIUM

Lithium, the first element of the alkali metal s though shows most of the characteristic
properties of the alkali metals (Group IA) as hasrbdiscussed above yet it also differs from
them in many respects. This anomalous behavioulit@iiim may be attributed to the

following points:

Very small size of Li and Liion as compared to those of others.
High charge density (charge/size) and high pdlagipower of L{ ion.
Higher electronegativity and ionization energy af than other alkali metals and less

electropositive character.
The main points of difference are summarized below:

Lithium is harder and more ductile metal than theeo alkali metals with higher melting and

boiling points.
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ii. Chemically it is less reactive than other alkalita& Thus it is attacked by water only slowly
even at 2%C while other metals react instantly and vigorousken at lower temperature.
Also, Li is not attacked by air easily and doeslose its lustre even on melting.

iii. Liis the only alkali metal which forms nitride @N) by the reaction with nitrogen. Other
alkali metals do not react with;N

iv. On burning with Q or air, Li gives only monoxide (k©) while other alkali metals generally
give peroxides or superoxides, i.e;®4 and MQ.

v. Lithium halides, being covalent in nature, are bt@un organic solvents while other alkali
metal halides are not.

vi. Li,O is much less basic (almost amphoteric) in natdrige monoxides, MO, of other alkali
metals are highly basic. Therefore, LIOH is a weake, MOH of other alkali metals are
strong bases.

vii. Most of the lithium salts are only sparingly sokilh water while the corresponding salts of
other alkali metals are freely soluble. This ifieitbecause of high lattice energy or covalent

nature of Li-salts.

viii. The carbonate and hydroxide of lithium are thenmnbdss stable and decompose to
give Li,O:
Li,CO;3 A Li.O + CQ1
—
A
. —> .
2LIOH Li,O + HO

The same salts of other alkali metals are stabte#d and do not decompose.
ix. Li- nitrate on heating decomposes easily to eviN@ and Q but other metal nitrates are

converted to nitrites and-O

4 Li NOs A, 2 Li,0 + 4NQ + O
2NaNG; A 2NaNQ, + O, 1
—>

Diagonal relationship of Li with Mg

Though lithium, the first element of alkali metaries and the member of Group 1 and

period 2, shows a number of dissimilarities frorhestalkali metals yet it exhibits close
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resemblance with Mg, the element of the next higiteup (Group 2) and the next higher
period (Period 3) located diagonally opposite tinithe periodic table, in many respects.
This sort of relationship between the two elementthe periodic table is called diagonal

relationship:
Group 1 Group 2

Period 2 Li Be

I

Period 3 Na Mg
The resemblance between these diagonal neighb®because of:

(). Close similarity in atomic and ionic sizes, i.e.
r(L) = 1.34A, r (Mg) = 1.36A
r(Li*) = 0.60A, r (Mg") = 0.65A

(ii).On moving down the group, the periodic propertiesz. ioniziation energy and
electronegativity decease and electropositive dbt@rancreases from Li to Na But the same
properties have the reverse trend on moving adtresgeriod from Na to Mg, i.e. the first
two properties increase and the last one decrefBeset effect is that both Li and Mg have
almost the same values of these parameters.
Some points of similarity between Li and Mg arda®ws:

a. Both the elements have almost similar polarizingv@odue to small size and high charge
density of the ions.

b. Both Li and Mg decompose water only slowly libemgti.

c. Both the elements combine with nitrogen to giveihits:

6Li + N, —> 2 Li3N
3Mg + N\, — MgszN2

d. The chlorides of both these elements are deliqumésaed are separated from aqueous
solutions as hydrated crystals, i.e. LiCl.,.ZHand MgCj 6H,O
These chlorides are also hydrolyzed in the similay in water unlike those of other alkali
metals.

e. The nitrates, carbonates and hydroxides of bothnd Mg decompose on heating to evolve

0, & NO; (nitrates), CQ (carbonates) and.B vapours (hydroxides):
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A
4Li NOs — 2 LioO +4ANQT + O21
A
2Mg (NGy)2 — 2MgO+ 4ANQ + O1
A

Li,COs — Li,O + CQt
A
MgCOs - MgO + CGt
A
2LiOH — Li,O + HO
A
Mg(OH), — MgO + H,0

7.8. SUMMARY

The course material of this unit deals with theegahcharacteristics of the alkali metals such
as their electronic configuration, physical statensity, hardness, atomic and ionic radii
along with their atomic volume, their melting anadilimng points as well as heats of
atomization, ionization energies, electron affgstand electronegativity, their electropositive
or metallic character and reducing properties,piheto electric effect and flame colouration
along with its use in qualitative and qualitativealysis. A brief account of their polarizing
power and the uses of alkali metals and their cam@s have also been taken care of. The
general discussion of oxides and hydroxides of lialkeetals with their preparation and
properties has been given in short. An accounthef dause of solubility of alkali metal
compounds and its connection with hydration has laéen given. The complexation of alkali
metal cations, anomalous behaviour of lithium asdliagonal relationship with magnesium

have been discussed with appropriate reasoning.

7.9. Terminal questions.

i. The element used in photoelectric cells is ?

(@) Li (b) Na (c) Mg (d) Cs
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ii. Which one of the following has maximum reducipgwer in aqueous solution ?
(a) Li (b) Na (K (d) Cr
iii. The element imparting crimson red to Bunsemfe is ?
(a) Li (b) Na (c)K (d) Rb
iv. The least stable among the following is ?
(2) RbNQ  (b) KNG c) NaNg (d) LINOs
v. Write a note on reducing property of alkali nieta
vi. What is photo electric effect ?
vi. How does the electropositive character of thalametals vary in the group and why ?
viii. Li gives only monoxide but not higher oxidEgplain?
ix. What happens when alkali metal nitrates aredua
x. Differentiate between lattice energy and hydmagnergy?
xi. How does LiCGO; differ from KoCOs?

xii. Salts of lithium, in general, are covalent Wehthose of other alkali metals are ionic.
Explain.

7.10. Answers.

i (d)

i. (@)

i. (@)

iv. (d)

V. Please refer to reducing properties.

vi.  Kindly see the photoelectric effect.

vii. Please see the electropositive character.

viii. Please refer to oxides.
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ix.  Kindly refer to the anomalous behaviour of lithium.
X. Kindly refer to solubility and hydration of alkafietal compounds.
xi.  Please see the anomalous behaviour of Li

xii.  Please refer to the polarizing power of alkali rhitas.
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UNIT 8: THE ALKALINE EARTH METALS

8.1 Objectives

8.2 Introduction
8.3 General characteristics and uses
8.4 Halides and hydrides of beryllium
8.4.1 Preparation and properties ohBkdes
8.4.2 Preparation and properties of Beldides
8.5 Complexation behavior of alkaline earth metals
8.6 Anomalous Behavior of Beryllium
8.7 Summary
8.8 Terminal Question

8.9 Answers

8.1. OBJECTIVES

The course material of this unit, i.e. on the all@learth metals, has been written to give a
summarized view of the general characteristics #&ir gradation in the group and to
acquaint the readers about the properties as welieauses of these metals and their salts in
the light of the said properties, the preparatiod properties of the halides and hydrides of
beryllium, the complexation behaviour of alkalireeth metal ions along with the anomalous

behaviour of beryllium in contrast to other groupmbers.

8.2. INTRODUCTION

The alkaline earth metals, the members of Groupr2lA) of the modern periodic table,
consist of the six elementsjiz. beryllium (Be), magnesium (Mg), calcium (Ca),
strontium (Ssg), barium (Bgg) and radium (Ra). The name alkaline earth metals was taken
from the fact that in old days the word ‘earth’ wagsplied for the metallic oxides and the
oxides of three of these metalsz. calcium, strontium and barium were known mucHiear
than the metals themselves and occurred in natufena (CaO), strontia (SrO) and baryta
(BaO). These oxides were called alkaline earthsesithey were alkaline in nature and
produced alkaline solution in water as well as tegisted in nature as the earths (oxides).

Later when these elements were discovered, theg named as alkaline earth metals. After
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the discovery of other members of this groug, Be, Mg and Ra, this term was used to
include all the elements of the group (Group 2).

However, because radium corresponds to the alkakinéh metals in its chemical properties
but it is a radioactive element, therefore, ittisdged separately along with other radioactive

elements.

These elements are also said to belong to s-blbt¢keoelements because in the atoms of
these elements too, like group IA elements (or lalikeetals), the differentiating or last
electron enters the s-subshell of the ultimatelsh¢élese elements are also placed at the

extreme left portion of the periodic table aftee tikali metals.

These metals are never found free (in metallic joim nature because of their active
reducing behaviour like alkali metals and reactdilgawith a variety of non-metals.
Magnesium is the second most abundant metalliceieim the sea water and also occurs in
a variety of silicate minerals. Beryllium occurs &sryl minerals. Calcium is found
abundantly as carbonate in marble, lime stone dadkc Strontium and barium are found
most frequently as the sulphates. Radium is a membelecay chain of & All these
metals can be prepared by the electrolysis of tigides or by the reduction of their oxides

with the available strong reducing agents.

8.3. GENERAL CHARACTERISTICS OF ALKALINE EARTH
METALS AND THEIR USES

The general characteristics of alkaline earth metah be summarized as follows:

(i) Electronic configuration:

The valence (or ultimate) shell electronic confagion of the metals of the group A is
invariably né where n is the principal quantum number or thel shember of the ultimate
shell and s denotes the subshell which receivesaiteelectron. The penultimate shell, like
alkali metals, except Be has eight, i.e. (rfi%selectrons in these elements. Be has two
electrons i.e. (n-1jsin the penultimate shell. If the valence elecsrame ejected from the
metal atoms of these elements, they are convededl® ions having the inert gas
configuration in the outer shell. These ions afeuwtess and diamagnetic in nature, i.e. the
elements form colourless ionic salts and are bintalBue to their alike electronic structure,

these elements resemble closely in their physioaiparticularly in chemical properties.
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(ii) Physical state, hardness and density:

All these metals are silvery white solids exhilgtigrayish white metallic lustre when freshly
cut but tarnish soon after their exposure to aireyrare also malleable and ductile but less
than alkali metals and are harder than alkali reetéhis is because of stronger metallic
bonding in the crystal lattice. The hardness of¢hmetals increases with increasing atomic
number. They have high electrical as well as théeoaductivity because the two valence

electrons can move easily through the crystakckatti

These metals have higher density than alkali méedause they can be packed more tightly
due to greater charge and smaller radius. The wefirsit decreases up to calcium and then

increases, i.e. there is irregular trend due ti@iiht crystal structures of the metals.
(iif) Atomic and ionic radii and atomic volume:

The atomic radii of these elements, though largeugh, are smaller than those of the
neighbouring alkali metals in the same period duéigher nuclear charge of the atoms
which tends to draw the valence electrons inwarts. atomic radii increase down the group

from Be to Ra due to the inclusion of an extralsbfetlectrons at each step.

The ionic radii of M* ions of these elements are smaller than thoskeo&lkali metal ions
and larger than those of other elements of theeme periods (with the same charge).
These radii also have the increasing trend asoffetbmic radii down the group. This is clear

from both atomic and ionic for these elements asrgbelow:

Elements Be Mg Ca Sr Ba Ra
Atomic radii (A) 112 | 160 | 1.97| 215 222 ---
lonic radii (A) 0.31 | 0.65 | 0.99 | 1.13| 1.35 1.4Q

(of M** type ions)

The atomic volume of these elements has been ftuitrease on moving down the group

from Be to Ra as happens in the case of atomic radi

(iv) Melting and boiling points and heat of atomizaion:
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Both the melting and boiling points do not showulag trend. These are, however, higher
than those of the neighbouring alkali metals duestmaller size as compared to those
elements and much stronger bonds in solid statealtiee presence of two electrons in the

valence shell.

Heat of atomization decreases from Be to Ra. Thdauigiis considerably from Be to Mg but
the difference is small in the subsequent elemehitss reveals that the metallic bond

strength is maximum in the case of beryllium amalhghe alkaline earth metals.
(v) lonization energies and oxidation states:

These elements have higher ionization energy vallié®nization potential) than those of
the neighbouring alkali metals. This is due to shaaller size and greater nuclear charge of
the atoms of these elements as compared to alkdélsnwhich exert stronger pull on outer
electrons. The outer fislectrons of these elements are removed from #teins one by one

in steps on supplying energy and thus two ioniraBoergy values are observed for each
element. The first as well as the second ionizatioargy values of these elements decrease
on going down the group from Be to Ba as expectmhbse of increasing atomic size in the
group. However, The ionization energies of Ra dightly higher than those of Ba but no
satisfactory explanation is available for this aatynThus beryllium has the highest values
and barium has the lowest values of ionization giseramong these elements. It has been
noticed that the second ionization energy is agprately double to the first ionization

energy for each element as is evident from theoig table:

Table 8.1First and Second lonization Energies of Alkalireetk Metals

Elements Be Mg Ca Sr Ba Ra
lonization IRy, 899.5 738 590 549.5| 503 509.5
Energies I

(kJmor?) 1757 1451 11455 | 1064 965 979

It is interesting to note that in view of the muaigher second ionization energy values of
these elements than the first ionization energyiesl it appears that these metals would
prefer to form M ions rather than 1 ions. However, in actual practice, these metais fo

only M?* ions, viz Be**, Mg®* etc. If ionization energy were the only factor itwex, they
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would have formed only Mions rather than K ions but actually they only form ¥ ions.
This anomaly has been explained by the fact thaMfi ions are excessively hydrated and a
large amount of energy known as energy or enthafdyydration is released in the process
which more than counterbalances the higher valuthefsecond ionization energy in each
case. The hydration energy values have been giglnwband could be compared witti9l

|.E. values of the elements:

Elements Be Mg Ca Sr Ba Ra
Enthalpy of

. -2455 -1900 -1565 -1415 -1275 -
hydration
(kJ mol%)

(vi) Electropositive character and reducing propety:

Because of their large size and having compargtil®l/ ionization energies, the alkaline
earth metals are strongly electropositive elemastthe change-M M+ 26 can be

brought about fairly readily. However, these aigslelectropositive than group IA elements
of their respective periods. That is why these tmet@ not show photoelectric effect on

exposure to light.

Among these elements beryllium has the least elpasitive character and hence also has
least tendency to form Beions. That is why its compounds with nitrogen, gesy, sulphur
and halogens are covalent whereas the correspordimgounds of other members of this
group are ionic. Also the hydroxides of these elemdecome more and more basic as we

move from Be to Ba.

The reducing properties (based on values of stdnei@ctrode potential) are also high for
these elements which increase down the group frentoBBa though this property is lower
than that exhibited by alkali metals. This infdmattthese metals are less electropositive and
weaker reducing agents than the alkali metals efcibrresponding periods inspite of high

enthalpy of hydration because of their higher soation and ionization energies.

(vii) Flame colouration:

The alkaline earth metals and their salts impaara&tteristic colours to the Bunsen flame,

viz. calcium-brick red, strontium-crimson red, bariapple green and radium-crimson red.
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The reason for this is that when energy is supplethese elements or their compounds by
putting them in the flame, their outer electrong a&ixcited to higher energy levels by
absorbing energy. On returning back to the groundriginal level, the electrons emit or
release the absorbed energy in the form of vidiglet of a particular wavelength which

appears in the form of characteristic colours asmgabove.

In the atoms of Be and Mg elements and their &a&ltsiuse of their smaller size and stronger
force of attraction between the outer electronstamdhuclear charge, these electrons are not
excited to the higher levels by the energy of tlaen& which is unable to overcome the

attractive force. Therefore, they do not give aolpuar to the Bunsen flame.
(viii) Polarizing power of alkaline earth metal ions:

The polarizing power of bivalent cations of the igvdIA metals for a given anion goes on
decreasing from B& to R&" due to increasing ionic size. This results in fivenation of
covalent compounds by smaller cations, as expeutgd,an anion. This is the reason why

most of the Be-compounds are covalent in nature.
(ix) Hydration of alkaline earth metal ions:

The M ions of alkaline earth metals are extensively hgett to form the hydrated cation,
[M(H-0)x]** and in this process a large amount of energy aadleergy or enthalpy of
hydration is released as has already been discgssedubsection). The hydration energy
values and extent of hydration of the cations el®ee with increasing ionic radii of
anhydrous M' ions, i.e. B& to B&*ion.

The hydration energy values for alkaline earth isetae higher than those of the alkali
metals in the respective periods and hence théirskearth metal compounds are hydrated to
the larger extent. For example, magnesium and galdhlorides exist as MgebH,O and
CaCb.6H;0, respectively while NaCl and KCI do not form hyths.

(x) Solubility in liquid ammonia:

Like alkali metals, alkaline earth metals also dligs in liquid ammonia yielding coloured
solutions. On evaporation, the metal-ammonia sahgtigive hexa-ammoniates, [M(MN).

These ammoniates are good conductors of electraity decompose at high temperature.
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The tendency of ammoniate formation is decreaséd wcreasing size of metal atom, i.e.

down the group.
Uses of alkaline earth metals:

(a) Beryllium (pure) is used in the nuclear reactorghassource of neutrons.
(b) Due to high permeability to X-rays, Be-sheets aedufor windows of X-ray tubes. It is also
used for imparting hardness to alloys, e.g. CuiBg.a
(c) Mg is used as a structural metal because of itdrflegss and alloying property with other
metals.
(d) Being a powerful reducing agent, Ca is used inetkteaction of Be, Cr and Th metals from
their oxides which are otherwise difficult to belueed by carbon.
(e) When alloyed with lead, Ca is used as cable cogerin
() Since, Ca and Ba have great affinity for oxygen aitiebgen, these are used for removing air
from vacuum tubes and as deoxidizer in the manufeaf steel.
(g) Sr and Ba are also used as scavengers for remaghgaces of air in steel production and
from vacuum tubes.
(h) Various Ca-salts are used industrially as follows:
0] CaO: manufacture of bleaching powder, calcium cerlaind as basic lining in furnaces.
(i) Ca (OH): preparation of sodalime [Ca(OH) NaOH] which is a good adsorbent for a
number of gases and as a decarboxylating agemngjamiz chemistry.
(i)  Gypsum : manufacture of plaster of paris.
(iv)  CaCQ : manufacture of cement.
() Ba salt, BaSQis used to prepare white pigment-lithopone (Bas@nS)

() Ra-salts are used in radiotherapy for the treatmiecancer and in luminous paints.

8.4. HALIDES AND HYDRIDE OF BERYLLIUM

8.4.1 Preparation and properties of Be-halides:

Beryllium reacts directly with halogens at apprafeielevated temperatures to form halides,
Be Xu:

Be + Xo—Be X,
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BeF,, though covalent, yet is more soluble in watentbther alkaline earth fluorides.
Anhydrous BeGlis made by the action of carbon tetra chlorideBe® at high temperature
of about 808C (This is a standard method for preparing metrides).

BeCkL has lower melting and boiling points as well ascimiower electrical conductivity in
the fused state than other alkaline earth metalriclds because of its covalent nature (due to
high polarization power of Bé ions). This is hygroscopic and fumes in air, ifubte in
some organic solvents. BeGk hydrolysed in aqueous solution and makes itaeidic
solution.

BeCk + 2H,0 —>Be (OH), + 2HCI

In the gas phase, Be$ a linear symmetric molecule which is consisteith a description
of the bonding in terms of sp-hyprid orbitals arduhe Be-atom. In the solid state, beryllium
chloride displays the Be-Cl-Be bridged structurewhich each Be atom is tetrahedrally

surrounded by four Cl-atoms through covalent basishown below:

Cl I Cl Be-CI-B
\Be -~ ™ Be/ S B( ™ Be/ or

“a N SaN S aN SN cedel

Structure of polymeric beryllium chloride

C

The two Be-Cl covalent bonds in the polymeric s@elCL are normal covalent bond and
rest two bonds are coordinate covalent bonds waith echlorine donating a lone pair of
electrons to the Be-atom (2c-2e bonds). This comgosometimes taken as a polymer
involving a three centre-two electron (3c-2e) ortioentre bonds formed by the overlapping
of an unpaired sp-hybrid orbital of one Be, unpdiatdomic orbital of Cl-atom and an empty
atomic orbital of another Be-atom.

BeCl is sometimes used as a Friedel —Crafts catalyst.

8.4.2 Preparation and properties of Be-hydride (Beb):

Beryllium shows only a slight tendeny to react whkidrogen, hence BeHcannot be
prepared by direct combination of Be angl Fherefore, this is prepared by reducing BeCl

with LiH or LiAIH 4 in ethereal medium.
Ether
BeChL + 2 LiIH ——>BeH, + 2 LiCl

Ether
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2 BeC} + LIAIH,—>2 Beh + LIiCl + AICl3

Beryllium hydride is a covalent compound and reaasy slowly with water liberating
hydrogen, hence used as reducing agent.

BeH, + 2H, O ————>Be(OH), + 2H,1
It is a polymeric hydride (Behh and exists as a solid. It contains hydrogen bedmgtween
Be-atoms forming three centre-two electron (3c-Bepds in which a banana shaped

molecular orbital covers three atoms i.e., Be-—4Be and contains two electrons.

H H H
e/ O\ N N
I

Structure of polymeric beryllium hydride

The formation of three centre two electron or neeltitre bonds in this polymeric hydride can
be explained in the similar way as has been domettfe polymeric BeGl The only
difference being H atom in place of Cl- atom (séev&). There is no possibility of the

existence of a coordinate bond as in case of BeCl

8.5. COMPLEXATION BEHAVIOUR OF ALKALINE EARTH
METALS

The complex formation by a metal is favoured maibl the small size, highly
charged ion and availability of suitable empty tals. The cations of group IIA elements do
not possess these characteristics, hence are wotgha significant tendency to form
complexes, however the tendency is more than thbatkali metals by virtue of their higher
charge density.

However, Be forms a number of complexes with marygen and nitrogen containing
organic compounds. It also gives stable complexiés & ion due to its small size, e.qg.
[BeFs], [BeR]* etc. in which Be Faccepts electron pairs fromibns:

BeF+ F—[BeFRy]”
(Be is sp hybridised and contains two normal covalent bamt$ one coordinate bond.)

Bef+ 2F————>[BeF,]*
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(Be is sp hybridised and contains two normal and two coatiirbonds: F— BeR,)

Be®" ion also gives [Be(bD)s]?* complex with four coordinate bonds of®——Be type
and [Be(oxalate)® type complex with oxalic acid.

It gives M,[BeCly] with alkali metal chlorides which are decomposgtwater. In aqueous
medium, Be forms stronger complex with fluoridertteloride ions. The fluoride, aguo and

oxalate complexes may be shown as:

~ F ™\ - ~ Fo\ 2 / b0 \2"‘

| |

Be Bé

YANERVINERGN

N\ Y, . /

trigonal tetrahedral tetrahédra

@)
[

ec\ /ec=
BE” ‘

VRN
e 0 © C =0

Tetrahedral

In [Be(H;0)4** complex, B&" ion withdraws electronic charge from oxygen atahsvater

towards itself and facilitates the removal of pratdorming [Be(OI—L)]Z' complex ion.
(H,0)s BE <—O—I|—I—>(H20)3 Be?* - OH + H' and so on (4steps)
H
Thus [Be (HO)4]?*"is an acid and [Be(OHIf is a base.

Be has been found to have a unique property of ifigna series of stable and volatile
molecular oxide-carboxylate complexes of generahfda [OBg(RCOO)] where R = H,
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Me, Et, Pr, Ph etc. These are white crystalline maummds readily soluble in organic solvents

but are insoluble in water or lower alcohols.

Basic beryllium acetate, R = GHs a common and typical example. They are begtgred

by refluxing the oxide or hydroxide with the carlybg acid. Mixed oxide carboxylates can
be prepared by reacting a given compound with amadinganic acid or acid chloride. The
structure of the acetate compleiig. 8.1) features a central oxygen atom surrounded
tetrahedrally by four Be-atoms. The six edges eftdtrahedron so formed are bridged by the
six acetate groups in such a way that each Be aothe corner of tetrahedron is also

coordinated tetrahedrally by four oxygen atoms.

CH B
o o i S FHh
c = 7 i 0\ N .\C
| 3 N\
,-./ /.’ | \\ \\ \
/b 2 Sga S —CHy O\
i i el o
E‘FE.‘_-’;- caceited vl Rl D i _‘_x.‘“';
V0= AL L o771
1{ s / ‘I 0 i /
Y v EHy |'-| |[ Gy
A\, g 1y ! i /
B N \"I T
£ \05 \\:“'_II/ s \\
CH, g CHj

Fig. 8.1 Structure of basic beryllium acetate

Be also forms numerous chelating and bridge consplxi¢h ligands such as the oxalate ion

given earlier, alkoxide$i-diketonates and 1,3- diketonates.

The tendency to form complexes goes on decreadieg we move down the group which is
attributed to increasing size of the metal ionswieleer, Mg* and C&" form complexes with
multidentate, ethylene diammine tetra acetate rah Mg2+ alone with 8-hydroxy guinoline
(oxine) etc. This property is used in quantitatarealysis for the estimation of these metal

ions.
8.7 Anomalous behaviour of beryllium

Beryllium, the first element of the alkaline eartketals, though shows various chemical
similarities with other group members, yet alsdetd from them in many respects. This
anomaly has been attributed to its small size, hilgarge density (charge/size) and high
electronegativity as compared to other membersé®fgroup. The main points of difference

are as follows:
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() Beryllium is the hardest metal of all the elemeriftshe group with the highest melting and
boiling points.

(i) It has the tendency to form covalent compounds waitions due to its high polarizing power
and high electronegativity. At the same time itghleist ionization energy among the group
IIA elements does not allow it to form Bdons easily to give the ionic compounds.

(ii)It does not react with water even at high tesrgiures. Other alkaline earth metals decompose

water to liberate Kas given below:
M + H,O —MO + H, (M = alkaline earth metals except Be)

(iv) Beryllium has the lowest standard oxidation potdnéimong all the group members and
hence has the least electropositive character.igtasident from the nature of its oxide and
hydroxide which are amphoteric, i.e. they dissddoéh in acids and alkalies to form salts and
beryllates respectively:

BeO + 2HCl——BeCb + H,0O
BeO + 2NaOH——>N&:Be(O, + H,O
The corresponding compounds of other alkali earéitaia are basic in nature, the basicity
increasing down the group.

(v) BeO is covalent and has 4:4 types ZnS (wurtzitelciire but other elements give (MO type)
oxides with 6:6 type NaCl structure and are ionic.

(vi) Beryllium does not react directly with hydrogen lghdther elements of the group IIA do so
easily. Further, BefHand Mgh are covalent but other elements give Midmpounds which
are electrovalent.

(vii) Beryllium on heating with carbon forms E&type carbide which when treated with
water evolves methane. The other members of thayféonm ionic carbides of the type MC
if the metals or their oxides are heated with carbihese ionic carbides when treated with
water evolve acetylene.

Be,C + 2H0 —> 2BeO + CH1
CaG + H,0 —> CaO +G@Hx1

8.6. ANOMALOUS BEHAVIOR OF BERYLLIUM
(SIMILARITIES BETWEEN Be AND Al)

Be shows similarities in some of its propertieshvatuminum, the element of Group 13 (or

I1IA) and period 3 situated diagonally oppositattarhis is called diagonal relationship.

UTTARAKHAND OPEN UNIVERSITY Page 206



INORGANIC CHEMISTRY- BSCCH-101

Group 2 (or lIA) Group 13(or lIA)

Period 2 Be B

Period 3 Mg \ Al
The main points of similarities are given as folfow

() Both the elements (Be and Al) have strong tendémdgrm covalent compounds due to high
polarizing power which is based on the small sizeé lhigh charge density of the metal ions
(charge/radius ratio: Bé= 6.45 and A" = 6.0).

(i) Both of them have the same value of electroneggtfti5).

(ii)Both have almost similar values of standarddation potential:

Be=+170V, Al=+1.67V
(iv) The oxides of both the elements are amphotericatura, i.e. dissolve in acids as well as
alkalies.

BeO + 2HCI——BeCL + H,O
BeO + 2Na OH——NaBe(, + H,0O

Al,03 + 6HC|— 2AICI3 + 3H,0
Al;03 + 2NaOH—>2NaAlO+ H,0

(v) The Carbides of both Be and Al evolve methane Qi treatment with water.

Be,C + 2HO —2BeO + CH 1
Al4Cz + 6H,O —>2A1,0; + 3CH, 1

(vi) Both the metals on reacting with dilute mineraidacor caustic alkalies liberate hydrogen

gas.
Be + 2HCI—BeCL + H,1
Be + 2NaOH—NaBeG, + Hy 1
2Al + 6HCI — 2AICI; + 3H,1
2Al + 2NaOH + 2H—2NaAIG; + 3Hx1
(vii) Both Be and Al are rendered passive on treatindh witnc. HNQ due to the

formation of protective oxide coating on the mestaiface.

8.7. SUMMARY

In the text of this unit, a detailed descriptiontbe general characteristics such as their

electronic configuration, hardness, density, atormnd ionic radii, ionization energies,
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reducing property and electropositive character,ltinge and boiling points, flame
colouration, polarizing power, hydration propertydasolubility in ammonia along with the
uses of alkaline earth metals and their saltdbkas given. A detailed account of the halides
and hydride of beryllium has also been given inliblet of their preparation, properties and
structural details. The complexation behaviourhef alkaline earth metals in general and that
of beryllium in particular has been discussed véaiample. The anomalous behaviour of
beryllium and its diagonal relationship with alumm, the element of the next higher group

and period has also been taken care of.

8.8. Terminal questions.

i. Which one of the following is more basic ?
(a) Be(OH)
(b) Mg(OH),
(c) Ba(OH)
(d) Ca(OH)
ii. Which oxide of the following is amphoteric ?
(a) BaO
(b) Sro
(c) CaO
(d) BeO
iii. The metal used in nuclear reactors is
(a) Be
(b) Ca
(c) Ba

(d) Ra
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iv. The alkaline earth metal having the lowest zaion energy value is
(a) Be
(b) Ca
(c) Ba
(d) Ra
v. The two alkaline earth metals imparting crimsed flame colouration are
(a) Be and Mg
(b) Mg and Ca
(c) Caand Sr
(d) Sr and Ra

vi. Though the alkaline earth metals have two iatian energy values, yet in agueous
solution they exhibit only + 2 Oxidation state. Ep.

vii. why do Be and Mg not give any colour in therBen flame?
viii. Why are these metals used as deoxidizers?

ix. Discuss briefly the bonding in BeH

x. Discuss the structural aspects of basic bemnjliacetate.

xi. How do Be and Al react with acids and alkalis?

xii. What factors are responsible for aatmns behaviour of Be in contrast other group
members?

8.9 ANSWERS

i. ()
i, (d)
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iii. (a)

iv. (c)

v. (d)

vi. Please see ionization energies and oxidatiate st
vii. Please refer to flame colouration.

viii. Due to their high affinity for oxygen and air

ix. Please refer to hydrides of Be.

X. Please see the complexation behavior of grodgliéments.

xi. Please see the diagonal relationship.

xii. Please refer to anomalous behaviour of Be.

BSCCH-101
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UNIT 9: ELEMENTS OF GROUP -13

CONTENTS:
9.1 Objective
9.2 Introduction
9.3 General characteristics and uses
9.4 Hydrides of boron diborane and borazine
9.4.1 Diborane
9.4.2 Borazine
9.5 Halides of boron and aluminium
9.5.1 Boron trihalides
9.5.2 Aluminium halides
9.6 Oxides of boron and borates
9.6.1 Oxides of boron
9.6.2 Borates
9.7 Anomalous behaviour of boron
9.8 Summary
9.9 Terminal questions

9.10Answers

9.1 OBJECTIVES

The text of the study material of this unit, i.e.the elements of Group 13 or group IlIA, has
been prepared to throw light on the general charastics and uses of the elements of boron
family, to make the readers understand the integestnd important aspects of hydrides of
boron particularly diborane and borazine in terrhtheir preparation and properties as well
as their structure, the halides of boron and aliumnand oxides of boron and borates. The
readers have to be well acquainted with anomal@sdour of boron in contrast to other

family members of this group.

9.2INTRODUCTION
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Group 13 (or group 1l1A) of the long form of perigdtable contains five elements, namely
boron (B;), aluminium (Aks), gallium (Ga,), indium (Inyg) and thallium (Td). This group is
also known as boron group. All these elements aigkte belong to the p-block of elements
as the differentiating electron in the atoms ofsthelements enters the p-subshell of the
outermost or the valence shell. The first elemembb is semimetal while other members of
this group are metals as is indicated by their @ridgs, i.e. boron is closer to non-metals is its

properties but the rest of the members show metalbperties.

Boron occurs rather sparsely, aluminium is thedthiiost abundant element found in earth’s
crust, i.e. it is the most abundant element ofdhas gallium, indium and thallium are not

found in concentrated deposits and do not find nafatommercial applications.

9.3 GENERAL CHARACTERISTICS

The inclusion of these elements in the same grdujheo periodic table is justified by the
following general characteristics of these eleméntsthese have been found to show a wider

range of variations and also notable contrasteir fproperties.
Electronic configuration:

These elements are characterized by three eledtidhs valence shell, two of which are s-
electrons and one a p-electron, i.e. the valenedl sbnfiguration of the atoms of these
elements is rfap', n being the principal quantum number, the ultemstiell which varies
from 2 for boron to 6 for thallium. Unlike the sdok elements, the electronic configuration
of the penultimate shell of the atoms of these el varies from inert gas to pseudo inert
gas type. Boron has helium configuration (i.8),1aluminium has octet (3%) and rest of the
elements have (n-Pd'® type configuration (i.e. n-1 = 3 for Ga, 4 fordnd 5 for Tl) in the
penultimate shell. This difference in the electcononfiguration in the penultimate shell,
though the valence shell has the same configurasaesponsible for the abrupt variation in
the properties of these elements.

Density, melting and boiling points and heat of submation:

The density, in general, increases on moving ddwengroup, however, Al has exceptionally
low density. Melting point decreases consideralbdynf B to Ga and then increases up to Tl

but boiling point shows a regular decreasing tréodn the group. Similar trend is observed
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in heats of sublimation also indicating that thenad of the elements are held less and less
closely as we move down the group. Very low melfiint of Ga (36C) which is about ten
times less than that of Tl and about seventy tilees than that of B is explained on the basis

that its structure contains &molecules.
lonization energy:

The first ionization energy of these elements amomds to the removal of helectron
which is invariably held with nucleus less tightipd has low value. Its value decreases, as
expected from B to Al because Al has larger sizethen increases slightly in Ga. This is
because from Al to Ga though atomic size increbsgsl-electron in the penultimate shell
(with $p°d™® configuration) in Ga not able to shield the nuclemarge effectively and the
valence electrons in this element are more firngidho the nucleus thereby having slightly
higher ionisation energy value. Thallium has unexpaly higher ionisaton energy due to the
inclusion of f-electrons as well as d-electronsthe inner shells and their low shielding

effect.

These elements have been assigned three succiessaaion energies (i.e,ll; and k), the
first belonging to the removal of p-electron anst lavo to the ejection of s-electrons one by
one for each elementg>l I, >I;. Boron has the highest values of all the threasation
energies among these elements. Though the nudieagec of these elements is larger and
their size is smaller than those of Group 2 eleseyrt their first ionisation energies are
unexpectedly lower than those of the alkaline ealements in the respective periods. This is
due to the fact that the p-electrons are less peiveg and lie at larger distance from the
nucleus than the s-electrons and hence can be eshmoere easily.

Oxidation state:

Boron gives mainly covalent compounds and has leastency to from & ion which is
unstable because of very small size and very lugization energy of its atoms but it may be
arbitrarily assigned +3 oxidation state in its campds with more electronegative elements.
Aluminium has high charge density due to small sigd high charge of Al ion, hence its
compounds, in general, are ionic in solution (hgvirgh hydration energy) and are covalent
in gaseous phase. In solid state, its compounds heyh lattice energy. In general sense it

can be assigned + 3 oxidation state.
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The higher elements exhibit both +1 and +3 oxidastates, +1 state becoming more and
more stable down the group from Ga to Tl. Thus & &3 state has been found more stable
than +1 state but in Tl, +1 state is more stabiés Peculiar property of these elements is due
to theinert pair effect which increases from Ga to Tl down the group.h@ ¢compounds of
Ga, In and Tl with +1 oxidation state, the' mectron only takes part in combination anél ns
electron pair remains inert due to its penetratiothe inner shell and strong attractive force

operating between nucleus and ekectrons.

The relative stability of +1 and +3 oxidation state the last three elements can be shown as

follows:
Ga™> In**> TP and Ga<In*<TI*
Electropositive character:

The electropositive or metallic character of theksments increases form B to Tl down the
group. Boron is a semi-metal and all the othemelats are distinctly metallic and good
conductors of electricity having almost equal elgoositive character as well as close

ionisation energy values.
Tendency to form ionic or covalent compounds:

From the electronic configuration of these elemealisof them would be expected to form
M3* type ions and the compounds would be ionic. Howete second and third ionisation
energies of boron are so high that it has littredescy to form B ion and other elements
have higher tendency to form such ions under skitabnditions due to lower ionisation

energies. Thus these elements form ionic compounds.

Further if trivalent ions are formed, the smallems will have more polarising power and will
tend to give covalent compounds. This tendency goedecreasing down the group. That is
why B gives covalent compounds, Al forms both cemaland ionic compounds and the

higher members result mainly in ionic compound fation.
Oxidation potential:

With the exception of B, the standard oxidation eptil values for the elements

corresponding to the conversion; M, [M)@A" + 3¢, are quite high because of large
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guantity of hydration energy associated with th%qWI ions in solution inspite of their large
values of ionization energies. These high potentalues for these elements may be

attributed to the high charge and small radii 6f Mns (i.e. high charge density).
Gradation in chemical properties:

Some chemical properties of these elements alonly thieir gradation in the group are

discussed below:

Action of air and water:
Boron is almost unreactive at ordinary temperabuwewhen heated it reacts with air§Olt
does not react with water but is attacked by hatcacids, e.g. $5O..
Aluminium readily reacts with air even at ordinaeynperature to form a protective layer of
the oxide which protects it from further actionaaf. It decomposes cold water.
Galium and Indium do not react with water in absgené Q. Thallium forms an oxide
coating on the surface when treated with air.
Nature of oxides and hydroxides:
All the elements form oxides and hydroxidesOB and B(OH}) both are acidic. This is
because hypothetical’Bion, being very small, has very high positive gjeadensity. Hence
when placed in water, it tends to pull off elecgoftom water molecule towards itself
sufficiently strongly by rupturing the O-H bond water molecule. This results in the rapid
hydrolysis of hypothetical B ion by HO releasing H ions. B(OH}) dissolves in strong
alkalies to form metaborates, e.g.

B(OH); + NaOH —»  NaB®@+ 2H,0
The Trivalent Af* and G&" ions, being relatively larger have smaller capatgitrupture the
O-H bond in HO molecule by pulling off electrons. Consequentigyt are hydrolysed to a
smaller extent than the hypothetical Bon. Hence the oxides and hydroxides of Al and Ga
are amphoteric. The hand T?* ions are very large and their interaction with evas very
slow. The O-H bond in water is hardly affected bgge ions. This makes the oxides and
hydroxides of In and Tl distinctly basic. It can bencluded from above that on moving
down the group of these elements, the oxides awdokides change from acidic through
amphoteric to basic in character.
Halides:
All the elements of this group react with haloga@asform the trihalides. B-halides are

covalent due to its small size and high chargeitens
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The fluorides of other elements of the group aréciand have high melting points while the
other halides are covalent when anhydrous. For pkeamanhydrous AlGlis covalent but in
water it is hydrolyzed to give Al(aq) ions. This is due to the high hydration enesfAl®*
ions.

The normal trihalides are planar triangular in €hasp hybridization). One vacant
unhybridised p-orbital is present in the centrahabf these halides which can accommodate
one electron pair from the donor molecules or ldgrthus acting as Lewis acids. Boron
trinalides have strong tendency to form complexe€BXsL type where L is a neutral
molecule or anionic donor (i.e. ligand). These claxgs are tetrahedral with three normal
and one coordinate bonds.

Boron trihalides exist as discrete molecules winitealides of other elements exist as dimers
both in vapour state and in non-polar solvents ngakise of vacant p-orbital.

Hydrides:

These elements do not react directly with hydrogeform hydrides. Howener, hydrides of
all these elements have been prepared by indiretihods. Boron forms a large number of
covalent polymeric hydrides called boranes. Alunmmi forms only one high molecular
weight polymeric hydride, (Alg), containing Al-atoms octahedrally surrounded by Kix
atoms. Gallium gives only one volatile and unstdlgjeid hydride-gallane (Gélg). Indium
forms polymerized solid hydride, (In}d but Tl hydrides are unstable. These elements also
form the complex anionic hydrides with alkali metgidrides like LI[BH4]", Li*[AIH 4] etc.
where H ion acts as electron pair donor. These complexithysl are used as reducing

agents.
Uses of Group 13 elements:
Boron and aluminium are more commonly used elements

Boron is used as deoxidiser, in the casting of eopfor making boron steels which being
very hard are employed as control rods in atomé&ct@s, in the manufacture of thermo

regulators etc.

(ii) Its hydrides are used as fuels for rockets, borahesboron carbide are used as abrasives.

(iiBoric acid is used in antiseptics and eyedos etc.

(iv) Aluminium-alloys find extensive use in industry, i#delf for making utensils, frames, coils

for motors and cable wire for electrical transntssiin the extraction of chromium and

manganese.
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(v) Aluminium-powder is used in making silvery whiteiqa, in fireworks, flash light powders
and thermite welding.
(vi)Ga, In and Tl elements do not find important aglans but their salts are sometimes used

for various purposes.

9.4 HYDRIDES OF BORON: DIBORANE AND BORAZINE

Boron forms a large number of polymeric hydrideBechboranes, e.g. Bls, BsH10, BsHo,

BsH1; etc. Diborane (BHs) is an import member of this series.
9.4.1Preparation of diborane (B:Hg):
Diborane can be prepared by the following methods:
() By the action of ionic hydrides like NaH or Cabh BCk
6NaH + 3BC}—>B,Hs + 6NacCl
3CaH + 2BCk—>B;Hs + 3CaC}
(i) By the reduction of Bgwith Li H, Li (BH,4) or Na (BH)
8BF; + 6LiIH —> B,Hgs + 6LIBF,
BF; + 3Na(BH) —> 2B,Hs + 3Na F
(iif) By the reduction of BGlwith Li [AIH 4]
4BCl; + 3Li(AlH4) —> 2B;Hg + 3LICl + 3AICI3

(iv) By the reduction BGlvapours with molecular hydroge.
2BCl; (vapours) + 6b—>B,Hs + 6HCI

Properties:

It is an inflammable colourless gas, extremely ¢oand reactive and stable only at low

temperatures in absence of moisture.

(A) Decomposition:
0] By heat:
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When heated between P@and 256C, it changes into a number of boranes:
100°C
2BBHg —> ByHipo+ H
100C
5BHg ——> BioHis +8H:

105°C
SBHs —> 2BsHiui+4H,

250C
SBHe ——>  BsHg+ BsHiy + 5H;
120mm

By water:
B,Hs is readily decomposed (hydrolysed) by water irdddoacid and K
BHg + 6H,O —> 2H3BO3 + 6H:,0

By aquous alkalies:
On passing BHs into an agq. solution of alkalies, e.g. KOH, &EPpotassium hypoborate, K

[B2HsO2], is obtained solution.
o°c
B, Hs + 2KOH —> K3[B2 HsO5] (pot. hypoborate)

On diluting this solution, potassium metaborat®ised.
Ko[B,HeO2] + 2H,O —> 2KBO, + 5H,
Evolution of K in alkaline medium makes it a useful reducing agen
(B) Combustion:
B2Hg is an extremely reactive gas hence under contralbaditions, if reacted with Ogives

large amount of energy at room temperature.
28C
BHe + 3O,—> B,O3; + 3H0 + Energy (Rocket fuel)

(C) Action of halogens and halogen acids:

Under different conditions it reacts with halogéescept iodine) and halogen acids.
25°C
BHg + 6CL— > 2BCl; + 6HCI (vigorous reaction)

100C
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B,Hs + Br, — B,HsBr + HBr (slow reaction)
temp

B, Hg + HX————— B,Hs X (X = Cl, Br, 1) + Hb.
catalyst

(D) Reaction with alkali metal hydrides:

Alkali hydrides suspended in ether react with diimer and give alkali metal borohydrides

which are used as reducing agents.

BoHg + 2LiH—> 2Li[BH.]
B,Hg + 2NaH—> 2Na[BH,]

(E) Reaction with ammonia:
Under different experimental conditions, diborareaats with ammonia giving various
products:

0] At low temperature of about 1%0) excess of ammonia gives an addition compound,

diammoniate of diborane.
low tem.

B, + Hs + 2NH;——> B,Hs.2NH; (white non-volatile solid)

(i) At high temperature, it reacts with excess of amia@orming boron ritride.
high temp
nBHg + 2NNH——— 2(BN), + 6nH,

(iii) At high temperature, Bl¢ and NH in 1:2 ratio, react together to form borazine (or

borazole), BN3Hs.
high temp.
3B,Hg + BNH;—> 2B3NsHg + 12H,

Structure of diborane:

The electron diffraction and infra-red spectroscogiudies of BHs molecule have shown
that this molecule has hydrogen bridge structdiig.(9.19 in which two irregular BH
tetrahedra have one edge in common and thus tworBsa(B' and B) and four terminal H-
atoms (H) are coplanar (lie in the same plane) while remginwo bridging H-atoms ()

are located at the centre above and below the plhedwo planes are perpendicular to each
other.

UTTARAKHAND OPEN UNIVERSITY Page 219



INORGANIC CHEMISTRY- BSCCH-101

Tersinel 126 2o!
: B~ My bond = 3 i n
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Fig 9.1aBridged structure of diborane

From the figure it is clear that the,H molecule possesses four B-bbnds, two bonds
attached with each B atom with the bond distandel®A (2c-2e bonds), two bridging'B
Hy-B? bonds with bond length of'B Hy= 1.37A. The B-B? distance is 1.77A. The bond
angles between Hatoms and each B atom = ?2#nd that between jatoms and each B
atom = 97, Both the B-H-B bonds are bridging bonds (3c-2e type).

The formation of the bridging (3c-2e)™4Bi,-B and terminal (2c-2e) B4Hbonds in this
molecule may also be explained on the basis ofisgtion. According to this concept each B
atom is sp hybridization thereby giving four hybrid orbitad®ie of which is vacant and the
other three are singly filled (B has’ps—> ns'px*Py'P,® configuration in the ground and
excited states).

The formation of four terminal normal (2c-2e) caal bonds, two each by both B atoms,
occurs by the overlapping of two singly-filled*dpybrid orbitals on each B atom with half-
filled orbitals of four Hatoms (two each with each B atom). Thus thessgs type bonds.
Each B atom is now left with one singly-filled ande vacant shhybrid orbitals which
participate in the formation of the bridging bon@ne half-filled sp hybrid orbital on B
atom and one vacant*pybrid orbital on B atom then overlap jointly with half-filled 1s-
orbital on one I atom to form a BHy-B? bridging bond. Another such bond is formed by
overlapping of vacant 3porbital on Batom, half-filled sp hybrid orbital on B atom and
half-filled 1s-robital on another Hatom. These two bonds are called 3 centre-2elgd&on
2e) bonds because 2 electrons hold 3 centres tgEib. 9.1H
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' g Einpty 30 hybrid ororal

Formation of fwo
bridging (3¢ =2e} g =Hy-B
agnd four termingl (2e-28)
B = Hy bonds

Bridging 13 - 2c|n'—ub~s‘
Terminol (2¢ =281 8- Hy bond

Fig. 9.1bFormation of 3c -2e bonds

9.4.2 Borazine or borazole (BNsHg):
This compound is also sometimes known as inorgaeitzene and is isoelectronic with
benzene.
Preparation:
(i) Heating a mixture of B,Hg and NHs.
As has been given earlier in the properties of iibe, this compound is formed when

diborane and ammonia are reacted at high temperatdr2 molar ratio.
high temp.
3BHg + 6BNH;—> 2B3N3Hg + 12H,
Diammoriate of diborane formed at low temperatwenixing B,Hs and NH may also be

converted to borazine by heating at high tempegatur
low temp.
BHe + 2NH;—> B,Hg.2NH;
high temp.
3(B He.2NHz —> 2B3N3Hs + 12H

(i) Reaction of Li [BH4] on NH4CI:
This reaction is carried at high temperature.
3NH,CI + 3Li[BH4] —> B3N3Hg + 3LICl + 9H,
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Heating BCl; with NH 4Cl:
When BC} is heated with NECI in chlorobenzene @EisCl) in presence of a catalyst (e.qg.
Fe, Ni, Co etc) at 138, trichloroborazine is obtained which on beingueetl by Li[BHy] in

polyether gives borazine (yield by this methodhewt 50-60%).
A, GHsCl
3BCk + 3NH,Cl —— CI3B3N3H3+ 9HCI

(Fe cata.)

Redu
2CEB3N3H3 + 6LI[BH4 —> 2B3N3Hg + 6LICI + 3BHg
Properties:
Borazine is a colourless and volatile liquid. itgportant chemical properties are;
Hydrolysis:
It is slowly hydrolysed by water to produce bormda H;BOs;, ammonia and Hwhich is
favoured by increasing temperature.
B3sN3Hg + 9H,O —> 3B(OH); + 3NH; + 3H:

(i) It has also been reported that under certain tiondj borazine reacts with three molecules

(i)

(ii)

of water to produce tri-hydroxylbora-zine, (QB)N3zHs, in which OH groups are attached
with B-atoms.
BsNszHg + 3HO —— B3N3H3(OH)3 + 3H,

. Addition reactions:

It has been found that one molecule of borazines &ldcte molecules of &, CHOH, CHl,

HCI or HBr in the cold without a catalyst. SinceaBym is less electronegative than nitrogen
atom in B-N bond, more negative groups or atomthese molecules are generally attached
with boron. HCI derivative of this compound whegated at 50-10C, loses H molecules

to gives B-trichloro borazine (Cl-atoms attache@tatoms).
A
BsN3Hg + 3HClI ——— B3N3HoClz— B3N3H3Cls

-3H,

One molecule of borazine also adds three molecofleBr, at FC giving B-tribromo-N-
tribromoborazine which on heating at°6) loses three molecules of HBr to form B-

tribrimoborazine.
+3Br, 60°C
BsN3sHg— BsN3zHeBre———> BsNsH3Brz + 3HBr
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o’c
. Hydrogenation:

Borazine can be converted to cyclotriborazing\4Bl;» as shown below:
+3HCI +3NaBH,
B:N3sHg — > B3N3HgClz—> B3N3H1» + 32BsHg + 3NaCl

Cyclotriborazine

Structure:

Electron diffraction studies and various chemieaations of this compound have shown that
this is isoelectronic with benzene and its strietarsimilar to that of benzene. It has a planar

hexagonal structure containing six-membered rirtfy &iternate B and N atoms, i.e.-BH-and

-NH groups.
H H
N N
7\ N\
HB BH HB BH
| | > I |
HN NH HN NH
\ S NP7

Each of B-N bond distances is 1.44A which is appnate average of single B-N (1.54A)
and double B-N (1.36A) bond distances. All the asgire equal to 120Like benzene, this
compound is also said to have aromatilectron cloud which is delocalized over the atoms
of the ring. The B-N bonds are polar witkcloud localized more on N- atoms. This weakens
the n-bonding in the ring and hence polar species likél Ean attack this double bond

between B and N and the molecule can undergo additactions readily.

All the B and N atoms in the ring presumably usé lsgbrid orbitals to form three B-M
bonds and B-Nt- bonds arise from the sideways overlapping ofuhkybridised p-orbitals
of B and N atoms which are at right angles to tlame of the ring ana-electrons are not

derived from all the six atoms of the ring but frdime three N-atoms only.
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9.5 HALIDES OF BORON AND ALUMINIUM

9.5.1Boron trihalides, BX3 (X =F, Cl, Br, I)
Boron reacts with halogens and forms all the titlesl, BX where X = F, Cl, Br, .
Preparation of BX3 (halides):

All the trihalides of boron, with the exceptiontafluoride, can be prepared by the treatment

of a mixture of BO3 and carbon with the appropriate halogen at hitgraperatures.
B,O, + 3C + 3%—>2BX3 + 3CO (X =Cl, Br, 1)

The trifluoride has been prepared by the treatnuénitl,SO, on the mixture of calcium

fluoride and boron oxide.
3Cak + B,Os + 3H,SO,—>3CaSQ+ 3H,0 + 2BR;
Or by the action of HF on B
B,Os;+ 6HF——> 2BF;; 3H,O
Properties:
BF; and BC} are gases, BBis a liquid and Bjis a solid at room temperature.

Covalent character:

All the boron trihalides are covalent in charactee to the small size and high charge density
of B¥ ion. As liquids they do not conduct electricitg. are non-electrolytes. They exist as
discrete molecular species and have very low lppioints.

Geometry and formation of complex halides:

They all have planar triangular geometry resulfiogn sg hybridisation of B-atoms. One p-
orbital in B-atom remains unhybridised which cacegt a lone pair of electrons. Hence the
trifluorides are strong electron acceptors or Leatsds and are capable of complex ion
formation, e.g. [BR]™ with coordination number 4 but not beyond 4 duadn-availability of
d-orbitals in its valence shell. BF F——> [F3B <« F]

Addition compounds-electron-acceptor property:

Due to the availability of vacant p-orbital on Bats, all the trihalides act as electron-
acceptors because they are electron-deficient @lg@otrons short of an octet). They can

accept an electron pair from the donor atoms of rtteecules having lone pair (s) of
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electrons like N in NBl O in HO, P in PH etc. to form adducts or addition compounds in

the way as they form complex halides (given above)
BF; + :NHs——>BFsNH; = [RB—NH3]
BR + :OH,b——>BF3.0H, - [FsB—OH;]
This property of BEmakes it an extremely useful catalyst in orgahienaistry.

Though BX molecules have plane triangular geometry, the timidicompounds attain
tetrahedral shape, the central atom using allritgtads in the valence shell, three half-filled
and one vacant and undergoing spbridisation.

The order of electron-acceptor ability of boromatides is BE< BClk< BBr;< Bl; due to
pr-pr back bonding in the molecules which decreasekdrotder: Bg> BCkL > BBr;> Bl3

with increasing atomic size of halogen atoms.
(iv) Hydrolysis:
B-trihalides are easily hydrolysed to form ba@id.
BXs + 3H,0 — > H3BO; + 3HX (X = Cl, Br, 1)

BFs, however, gives fluoroboric acid which is resultsdthe combination of Hon and Bg~

ions.

BFR; + 3H,0 ——>H3BO; + 3HF

[HF —>H"+F]x3

[BFs+F  ——>BF;]x3

4BR; + 3HLO —> H3BOs + 3H' + 3BFy
Or 4BR + 3H,O0 —> H3BO; + 3HBFR,

BCls, BBr; and Bk are more readily hydrolysed by.® than BE showing that they are

stronger Lewis acids than BFRself.
9.5.2 Aluminium halides:

Aluminium forms all the halides. Alis ionic while other halides are covalent when

anhydrous. AlG is the most important of all the halides whichlw# discussed here.

Preparation of AlCls.
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()  When aluminum metal or its hydroxide is treatedhvHtCl, solution of hydrated aluminum
chloride is obtained.
2Al + 6HC|—> 2AICl3+ 3H,1
Al(OH)3 + 3HC—— AICI 3+3H,0
On evaporating the solution, crystals of AAGH,O are obtained.
(i)  Anhydrous AIC} is prepared as follows:
(a) By passing dry chlorine or HCI gas over heated éJvger.

AICl 3 vapours are condensed to get AICI

A
2Al + 3CL—> 2AICl;
A
2Al + 6HC|—> 2AICl3+ 3HT

(b) By heating a mixture of alumina and coke in a auirce chlorine.
A
Al,O3 + 3C + 3Cj—> 2AICI; + 3COp

(c) By heating alumina in a current 03, vapour and Gl
This method is used for itbmmercial preparation
A

4A1,03 + 3SCl, + 9CL—> 8AICI; + 6SQ

(d) AICI; can also be obtained by heating alumina in a ntioecarbonyl chloride (COg)
A

Al,O; + 3COC}—> 2AICI3+ 3COt

Propertius of Aluminium chloride:

Anhydrous salt is a white crystalline solid, is hygropic and fumes in moist air, it sublimes
at ~ 188C below its melting point (198 at 2atm. pressure). It is a typical covalent
compound soluble in organic solvents likgHg CS etc. and shows poor conductivity in the

fused state.

() Hydrolysis:
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It undergoes hydrolysis in water to give an acgtitution due to the liberation of HCI.
AICl; + 3H,O === Al (OH); + 3HCI
Similar reaction occurs in moist air to give funaégiCl.
(i)  Its solution gives white precipitate of Al (OH)ith NH; OH.
AICl3 + 3NH; OH —> Al (OH)3| + 3NHCI
ppt

(iif)  With excess of NaOH, the salt solution gives s@uhkta aluminate, NaAlO
AICI3; + 3NaOH—> AI(OH)3| + 3NaCl

ppt

Al(OH); + NaOH—> NaAIO; + 2H,0
(iv) It forms adducts or addition compounds with a numdfedonor molecules like N§&i PHs,
COCh etc.
AICI3 + BNH;—> AICI 3.6NH; (hexa ammoniate of Al ¢)l

Uses:

It is used in organic chemistry as a catalyst iadil-Crafts reaction and manufacture of

dyes, drugs and perfumes.
Structure

In solution and at very high temperature of 75006°8, it has mono meric formula, Al
but at 350 - 40T, its vapour density corresponds to the dimerientda, ALCls. In the
dimer, the halogen atoms are tetrahedrally arraageahd the Al-atoms.

The dimeric formula is retained when it is dissdlve non-polar solvents like benzene.

CI\ ) / CI\Al/ Cl
CT/ \CI/ \ Cl

Dimeric AICk

9.6 OXIDE OF BORON AND BORATES

9.6.1 Oxide of boron (B Os):

Preparation:

UTTARAKHAND OPEN UNIVERSITY Page 227



INORGANIC CHEMISTRY- BSCCH-101

When boron is heated in presence of oxygesis formed

700°C
4B + 30— 2B, O

Properties of B,Os.
B,Os is a solid of high melting point.
()  Acidic character:
Its acidic character is revealed by the fact thaeacts with strong alkalies or fused metal
oxides to give metaborates.
B,Os; + 2NaOH——>2NaBG;, + H,O
B,O3 + MO —> M(BO.); (MO = metal oxide)
(i)  Feeble basic character:
It is also very weakly basic in nature since ibalsacts with HF. This method is sometimes
used to prepare BF
B,O; + 6HF — 2BF; + 3H,0O
It also reacts with HCI forming B¢l
B,O3; + 6HClI—>2BCl; + 3H,O
(i) Hydrolysis:
When treated with water, it undergoes hydrolysiprtmduce boric acid.
B,O3 + 3HLO—> 2H3BO3
(iv)  Reduction:
It is reduced by Mg or alkali metals to the fremtet
B,O3 + 3Mg—> 3MgO + 2B
B203 + 6K—> 2B + 3K,0
(v) Formation of carbide:
On heating with carbon in an electric furnacejveg boron carbide.
A
2B,0; + 7C—>B,4C + 6CO
(vi)  Reaction with Cl,.
When BOs is heated with carbon in a current of drg, &Cl; is formed.
B,O; + 3C + 3C}—> 2BCl; + 3CO
9.6.2 Borates:
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Borates are the salts of weak boric acidg, orthoboric acid (BBO3), metaboric acid
(HBOy,), pyroboric acid (lHB4Og) and tetraboric acid (8,0;) and are named on the basis of
the name of the acid, e.g. orthoborates, metalmnaiEaborates etc.
The most important borate, known as sodium teteteasrBorax, is being discussed here.
Borax or sodium tetraborate (NaB4O-):
This compound is the sodium salt of tetraboric acid
Preparation:
It occurs naturally as well as can be prepareficatiy.
It can be prepared by the action of sodium carl®aoatlkalies on boric acid.

4H;BO;3 + NoCO;—> NapB,O7 + 6H,0 + CQy

4HBO; + 2NaOH—> NayB,O; + 7TH,0
Properties:
Borax exists in three forms: (a) ordinary or prisimé&orax which is decahydrate, ¥a0O;.
10H,0O. It is obtained when a solution of the salt igstallized at room temperature,. (b)
Octahedral or Jeweller’'s borax which is pentahygralaB,0,.5H,0 and is obtained when
the solution is crystallized above %D (c) Borax glass is the anhydrous fromBl®; and is
obtained by heating the ordinary borax above it#tingepoint until all of lattice water is
given off.
(i) Basic nature:
Though this compound is sparingly soluble in colatev, yet is fairly soluble in hot water
and the solution is alkaline because borax is Hydeal to give NaOH and 480:.

NaB4O; + 7THLO =—4H3BO; + 2NaOH
(ii) Action of heat:
On heating above its melting point, it loses itsida water and swells up to a white porous
mass. On further heating, it melts to a liquid whiben solidifies to a transparent glassy

mass consisting of NaB@nd BOs.

A A
NaB4O7.10H,O —> NaBsO; — > 2NaBQG + B,0O3
-10H,0

(i) Action of Acids:

Being basic in nature it reacts with conc. acidfota boric acid.
N&B4O; + 2HCI + 5HO —> 4H3BOs+ 2NacCl

(iv)  Action of NH.CI:

When heated with NiCI, it forms boron nitride.
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N&B4O; + 2NH,C|l—> 2BN +2NaCl + BOs+ 4H,0
Uses:
Borax is used
0] In borax bead test for the detection of basic rdic
(i) In the manufacture of enamels and glazes for potter
(i) In making borosilicate glassware.

(iv) As a preservative for food.
9.7 ANOMALOUS BEHAVIOUR OF BORON

Boron, the first element of Group 13 (or IlIA), tgh shows similarity in some of its

properties with other members of the group, yetethare dissimilarities also among them.
These dissimilarities in the properties of boramirother member of its group are attributed
to (i) its small size, (ii) high charge densityii)(ihigh electronegativity and (iv) non-
availability of the d-orbitals in the ultimate shef boron. The main points of difference
among these elements are:

(i) All the compounds of boron are covalent while ote@&ments give covalent as well as
electrovalent compounds.

(i) Maximum covalency of boron is 4 while other elensemizy have covalency higher than this.
i.e. 6 or more due to the availability of vacardrtditals in their ultimate shell.

(iif)Electron accepting power, i.e. Lewis acid cheter of boron compounds is higher than those
of other elements.

(iv) It does not exhibit inert pair effect at all whitee elements beyond Ga show this property.
Both boron and aluninium are closer in some ofrtheaperties but the higher members have
distinctly different behaviour.

Diagonal Relationship between B and Si
Boron resembles silicon, the element of higher gramd higher period in many of its
properties to which it is diagonally related. Thase:

(1) Both the elements can be prepared by redubiig dxides with Mg metal.

B,O; + 3Mg—> 2B + 3MgO
SiQ + 2Mg—> Si + 2MgO

(i) Both the elements are not attacked by water bgbbtis in alkalies (in fused state) forming

metaborate and metasilicate liberating H
2B + 2NaOH + 26D —> 2NaBQ + 3H,t
Si + 2NaOH + HO — > N&SiO; + 2H,1
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(iiBoth the elements do not occur in free state typical non-metals hence bad conductors of
heat and electricity and exist in two allotropicrfs, viz. amorphous and crystalline.

(iv) Both of them have almost the same density, ioromgpiotential electronegativity and boiling
point but differ in their melting points.

(v) Both the elements are inert at ordinary temperahure reactivity increases with rise in
temperature and both form mainly covalent compolikdshydrides, halides, oxides etc. The
oxides have macromolecular structure.

(vi) Both the metals combine with metals like Mg formbayides and silicides respectively

2B + 3Mg—> Mg3B;, (boride)
Si + 2Mg—> Mg.Si (Silicide)
These products when treated with HCI give hydrides.
MgsB; + 6HClI —> 3MgCl, + ByHg + higher boranes
Mg, Si + 4HCI—> 2M(gCl, + SiH, + higher silanes

9.8. SUMMARY

The text of this unit comprises of the general ahtaristics of the elements of Group 13 (or

[lIA). i.e. boron group and their gradation suchtlasir electronic configuration, ionisation

energy, oxidation state, electropositive characigidation potential and action of various
reagents and nature of compounds. Hydrides of bepatifically diborane and borazine

have been discussed in detail in terms of theipamaion, properties and structure. The
halides of boron and aluminium, the oxides of botmrates and anomalous behaviour of B
in the group and its diagonal relationship witlicsih, the element of next higher period and
higher group have been taken in detail.

9.9. TERMINAL QUESTIONS

i. Which element has the highest ionisation energy?
(@) Boron

(b)  Aluminium

(c) Galium

(d) Thaleum

ii. InTI, the last element, + 1 oxidation state is

(a) Less stable than + 3 state

(b) More stable than + 3 state

(c) Equally stable to + 3 state
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(d) None of the above.

iii. The electron-acceptor capacity of boron trihalides
(a) BFs< BCl< BBrs< Bl

(b) BFs< BCls> BBrs< Bl

(c) BFs> BCl;>BBr3> Bl

(d) BFs> BCl:> BBrs< Bl

iv. Boron shows diagonal relationship with
(@) Aluminium

(b) Beryllium

(c) Silicon

(d) Lithium

v. Discuss the structure of boron trihalides

vi. What happens when boron is heated?

9.10. ANSWERS

. @
i. (b)
iii. (@)

iv. (c)

v. & vi. For their answers please refer to the text.
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UNIT 10: ELEMENTS OF GROUP -14

CONTENTS:

10.1 Objective

10.2 Introduction

10.3 General characteristics

10.4 Oxides of carbon and silicon
10.4.1 Oxides of carbon
10.4.2 Silicon oxide

10.5 Halides of carbon

10.6 Organosilicon compounds: silicones

10.7 Anamolous behaviour of carbon

10.8 Summary

10.9 Terminal questions

10.10 Answers

10.1. OBJECTIVE

The objective of writing the course material ofsthinit, i.e. on the elements of Group 14 or
group IVA of the periodic table, is to make thedeis to understand their various aspects
such as their general characteristics and usespxides of carbon and silicon, halides of
carbon, organo-silicon compounds-an important ctdssseful compounds and anomalous

behaviour of carbon in contrast to that of othenbers of carbon family.

10.2. INTRODUCTION

Group 14 (or Group IVA) of the long form of periadiable containe five elementgz
carbon (G), silicon (Sis4), germanium (Gg), tin (Sryg) and lead (P®). This group is also
known as carbon group. All these elements belonghitock of elements as the last electron
in the atoms of these elements enters the p-suleghtele valence or ultimate shell. The first
element carbon is distinctly non-metal, Si is noetath with the characteristics of a semi-
metal, Ge is a semimetal. The last two elementsarf@hPb, are distinctly metals. Carbon
occurs upto 0.1% in the earth’s crust. However, lwoed with oxygen and hydrogen it

occurs in all living tissues of plant or animal gdom and also in petroleum and coal
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deposits. Silicon is the most abundant elementt t@»xoxygen, in earth’s crust (~28%)

present as silica and silicates.

10.3. GENERAL CHARACTERISTICS

(i)

These elements have been included in the same gbtipe periodic table and this is
justified by the following general characteristic§ these elements. There occurs an

appreciable extent of variation also in their pmtips.
Electronic configuration:

The atoms of these elements have four electrorikein valence or ultimate shell, two of
which are in s-orbital while the remaining two ane p-orbitals with n&p? type
configuration, n being the principal quantum numftiee valence shell). Like the elements of
Group 13, atoms of these elements also have ditfeaerangements of electrons in the
penultimate shells, i.e. varying from inert gapseudo-inert gas configuration. Thus carbon
has helium configuration (i.e. Jssilicon has an octet (i.e. 28) and rest of the elements
from Ge to Pb have (n-1$=d" type arrangement of electrons in their respegiamultimate
shells. This difference in the configuration in thst but one shell, though the valence shells
have the same configuration, is responsible for thaation in the properties of these

elements. Thus carbon differs from Si and these(ieoC & Si) from other members of the

group.

(i) Occurrence:

Only Carbon occurs in the free state as diamoraphgte and coal. In the combined state it
occurs as hydrocarbons, carbohydrates and carloaiddi (in the atmosphere). Silicon is a
major constituent of rocks. Germanium is a rarenelat. Tin is found as tin stone, SO

while lead is present in nature as galena (PbS).

(iii) Density, atomic and ionic radii, atomic volume:

The density, atomic radii and atomic volumes ofsthelements show a regular increasing
trend as usual. The ionic radii (of the ions witmitar charge) also show the same trend as

other physical properties given above.

(iv) Melting and boiling points
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These properties generally decrease down the dgroumh the trend is not regular. These

values for C and Si are high because of their tecids to form giant molecules.
(v) Metallic and non-matallic character:

The best illustration of the change from non-matalh metallic character with increasing
atomic number is provided by this group. The firgd elements are non-metals, though Si

shows some properties of metalloids, Ge is a seat&hand the last two elements are metals.

(vi) lonisation energy and electronegativity:
As expected, the ionisation energy values decrdasm the group from C to Pb, though in
an irregular manner. This is due to the presenceé-aibitals in case of Ge and Sn and f-
orbitals in Pb in the penultimate shell which a able to screen the valence electrons
effectively in these elements.
The electronegativity also shows the same trendtliitchange is abrupt in the first two

elements and then only a slight change is obsewezhg other elements.

(vii) Valency and oxidation state:
All the elements show a covalency of 4 and aretetvalent involving sphybridisation.
Due to high ionisation energy values, the existesfcemple M ions is unlikely. Their low
electronegatity also makes them unavailable forfthmation of M~ ions. The elements, C
and Si, being non-metals do not have the tendemégrin electrovalent compounds but Ge,
Sn and Pb, the higher congeners of these elemenisbit tetra and bi-electrovalency
forming both M* and M ions. Thus the oxidation state of +2 and + 4 mshby them in
their compounds. The stability of tetravalent i¢rd oxidation state) goes on decreasing
from Ge to Pb. i.e. Gé> Sii* > PH"* and that of +2 oxidation state (bivalent ionsy&ases
down the group, i.e. &< Srf* < Pb2+. This behaviour of the ions of Ge, Sn andsPb
attributed to the inert pair effect which is moreyalent in the heavier p-block elements, i.e.
maximum for Pb in this group. That is why Sn (ljts are used as reducing agents while Pb
(IV) salts are strong oxidising agents, i.e>'SnSri*and PB*> PH".
The nature of the compounds ofMand M* cations can be predicted by Fajan’s rules,
according to which the smaller cations cause maiarization of anions and make the
compounds more covalent in nature. For exampl&;ign is smaller than $hion, hence Sn
(IV) compounds are covalent while Sn (II) compouads ionic in nature, similarly Pb (V)

compounds are covalent and those of Pb (1) are.ion
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(viii) Catenation or Self-linkage:

This depends on the tendency of the elements to favmo-chains. The atoms of all the
elements of this group have this tendency of ligkimth themselves to form long chains
called homo-chains. This property of the element&riown as catenation or self-linkage
which decreases down the group from C to Pb. Tharbon has maximum property of
catenation while tin and lead hardly show this &y, i.e. C > Si > Ge > Sn > Pb. This is
because of decreasing M-M bond energy values fesettelements (C= 348 kJriplPb =
155 kdmotf). The result is that it is easy to prepare compsurentaining C-C chains up to
twenty or even more carbon atoms while for Si arqg iGis not possible to extend Si-Si or
Ge-Ge chains beyond six units. For Sn and Pb, th8rSor Pb-Pb chain can not be extended

beyond two units.
(ix) Allotropy:

All the elements, except Pb, of this group showtsdpy, i.e. exist in different forms, e.g.
carbon exists in the two forms: crystalline-diamamdi graphite, and amorphous- coal, coke,
charcoal etc. Silicon and Ge also exist in two farprystalline and amorphous. Tin has three

allotropic forms: white tin, grey tin and rhombin.t
(x) Formation of oxides:

These elements form three types of oxidés,mon-oxides (MO type), dioxides (MQype)
and other oxides such ag®; P04, PpO; etc.

(xi) Formation of hydrides:

All the dements of this group form hydrides whiglke aovalent in nature though the number
of stable hydrides and the ease with which thesdaamed decreases as we move from C to
Pb. The MH type hydrides (monomers) are in the gaseous si&e.thermal stability of
these hydrides decreases steadily frony @HPbH, as is evident from their decomposition
temperature: Cli= 800C, SiH, = 450C, GeH, = 28%C, SnH, = 150C and PbH = (°C and
decreasing M-H bond energy. This infers that thériakes of higher elements are thermally

unstable.

(xii) Formation of halides and halo complexes:
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All the members of this group form halides eithésionple type, MX (e.g. CC}. SiCl, etc.)
or MX; (e.g. SiC}, Sil, etc.) or those in which H-atoms are also preddhi;X (e.g. CHCI),
MHX 3 (e.g. CHC4, SiHR;etc.) or catenated type halides (e.goGby).

The tetra halides of these elements can be prepgraccommon method which employs the
heating of element with appropriate halogen. Thesgalides are having decreasing thermal
stability down the group, i.e. GX{s most stable and PhkXs least stable. The tetra halides,

MX4 of Si, Ge, Sn and Pb when reacted withals, form the hexahalo complex ions, e.qg.
Sk + 2F——  [SiR*

Other examples are: [Ge)X, X = F, CI; [Sn %]*, X = F, Cl, Br, | and [Pb GJ*

Acid formation:

All the elements give acids of,MO3; type whose sodium salts are stable. The elements,
Carbon and Silicon also form acids of (MQHype, e.g. (COOH): oxalic acid, (SIOOH):

silico oxalic acid.

Uses of group 14 elements:

(a) Carbon is an essential element of the plant anchankingdom. All fuels also contain

carbon. SiC is an important compound of C usedmslaasive and /& is the hardest

artificially made abrasive used for cutting diamsnd

(b) Si and Ge containing an impurity of Group 13 or @rd5 elements are used as the semi

conductors. Silica (Si§) is an assential material for glass industry.c8iles are important

polymers.

(c) Sn is used in the preparation of a number of usdhoys, in tin plating of iron sheets and tin

amalgam for making mirrors.

(d) Pb is used for making cable covering, protectiveesh for roofs and drains, water pipes and

lining of the chambers in sulphuric acid manufaetand many important compounds, alloys

etc.

10.40XIDES OF CARBON AND SILICON

10.4.10xides of carbon:
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Three oxides of carbon are known, e.g. carbon midesx(CO), carbon dioxide (GPpand
carbon suboxide ({O,).

(a) Carbon Suboxide (GO):

This oxide of carbon is formed by heating malorilavith phosphorous pentoxide.

COOH A
CH, —> C30, + 2H,0
\ COOH P205

Thus, this oxide is the anhydride of malonic acndl &xists as a gas. It is stable at room
temperature and polymerises on warming. It explodesn sparked with oxygen.

This oxides has linear structure, i.e. O = C = C = O with each carbon atom undergoing sp
hybridesation and each C = O and C = C double lnoralving onec and oner bond due to

axial and lateral overlapping of orbitals of carl@om oxygen atoms.

(b) Carbon monoxide (CO):
Preparation:

(i) This oxide is obtained when formic acid or oxalkidais dehydrated using,B0;.
H.SO,
HCOOH —>CO+ HO

H,SO,
(COOH) ——>CO +CQ+ H0

(COyis removed by NaOH or KOH solution)

(i) Reduction of carbon dioxide or heavy metal oxidéh warbon, gives CO.
A
CO+C =—=2CO (mpurity of CO is removed by caustic soda solution)
A
Zn0 + C—>2Zn + CO
A

FeOs; + 3C——2Fe + 3CO
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(iv) The action of steam on red hot coke also gives CO.
C (hot) + HO (vapoursy—>CO + H, (water gas)

CO is separated by liquefaction. The mixture isduas water gas. This method is used for
large scale production of CO and.H
Properties:
It is only slightly soluble in water. It is highlgoisonous, to such an extent that one part of
the gas in 500 parts of air produces unconsciogsitesabout an hour and one part in
100parts causes death in a few minutes. It ligeeft€-)191.8C and solidifies at (-)20C.

(1) It is an unsaturated compound and hence formgsiadgiroducts with | O,, Cl,, S etc. to

give various useful products under specific condsi

Zn0-Cr0O3
CO+2H o CHs OH (methanol)
2CO+Q — 2CQG,
1:1 volume
CO +Cp —> COCL (phosgene)
A
CO + S (vap) — COS (carbonyl sulphide)

(i)  COis absorbed in NaOH solution under pressugivio sodium formate.
CO + Na OH——>HCOONa (sod. formate)

(iif) It combines with many metals such as Fe, Co, Net€rto form carbonyls, e.g.
50°C
Ni + 4 CO—>Ni (CO)s

(iv) Itis a good reducing agent and is used in metittat processes to reduce metal oxides to

free metals.

FeOs; + 3CO—>2Fe + 3CQ
ZnO + CO—> Zn +CQ
Uses:
(a) It is used as an essential constituent of fuel ghke water gas, producer gas etc. because on
burning in air it forms C@and evolves a large amount of heat.
(b) It is used in the manufacture of methanol by itien with hydrogen at38G and 300 atm.

pressure in presence of a catalyst (ZnO #g)r
300c
CO +H—>CH;3; OH
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300 atm

(c) It is used in the reduction of metallic oxides ietailurgy.

(d) It is used in Mond’s process for the refining ofkal.

(i)

Structure:

The carbon atom involves sp hybridization, one laylorbital containing a single electron
which formsc bond with O-atom and another hybrid orbital havémgelectron pair remains
unbonded. There is one normabond formed between C and O-atoms. The emptyadrbiit
C-atom overlaps with a paired orbital O-atom forghandative typer bond (G—C). Thus a
triple bond exists in the molecule. The structgreC= O:

(c) Carbon dioxide (COy):

It occurs free in atmosphere up to 0.03 — 0.05 #iaminerals as carbonates like dolomite,
limestone, etc.

Preparation:

Carbon dioxide may be prepared by the complete astidn of coke or by the action of heat
or dilute acids on carbonates and bicarbonates.
cC+Q —>CO;

A

CaCQ —>Ca0O+CQ
NaCO; + 2HCI—>2NaCl + CQ + H,O
NaHCQ + HCl ——NaCl + CQ + H,0

Laboratory preparation:

In the laboratory, C®gas is prepared by the action of cold and dilutel En marble
(CaCQ).

CaCQ@+ 2HCI——CaCL + CO, + H,O
Manufacture of CO5:

From combustion gases:
Large amount of it is produced during the comburstibcoal or coke along with/NCO, Q,

other gases and vapours. This mixture on passirmugh a tower (packed with coke)
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upwards which is being sprayed with a solutionatgsium carbonate downwards, £fets
absorbed in solution.
K.CO; + CQ, + HLO — > 2KHCO;3

The solution is boiled when GG liberated
A
2KH CG——>K,CO3 + H,O + CO

The solution containing ¥CO; can be used again for absorbing more.CO

From Lime-Kilns:
CQO;, is also obtained as a by-product in the calcimatblime stone in the manufacture of
lime (CaO).
CaC@Qq—>Ca0O + CQ
The gas can be purified by absorbing in a solutigpotassium carbonate as above.
From fermentation industries:
Large amount of this gas is also obtained as arbgiyet during the fermentation of starch or

sugar in the manufacture of alcohol.
Properties:

This gas is only slightly soluble in water undedioary pressure but at high pressure the
solubility increases appreciably. It can be ligedfby cooling at XL and 56 atmospheric

pressure.

Acidic Character:
CO,whendissolves in water gives carbonic acid whigimfosalts with alkalies.
CO; + HO =——=H, CO;
H,CO; + 2NaOH—> N&CO; + H,O
With excess of C@) the carbonate is converted to bicarbonate.
NaCOs; + H,0 + CQ@Q—>2NaHCQ
Action on lime water:
It gives a white precipitate of insoluble Caglence turns lime water milky. On passing
more quantity of the gas, the white ppt. dissolves.
Ca (OH) + CO——>CaCQ + H,O
Ca CQ+ H,O + CQ—>Ca (HCQ), (soluble)
Cal. bicarbonate
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Decomposition:
CO; is neither combustible nor a supporter of combnstand thus a burning splinter gets
extinguished when introduced into the gas. But imgrivig, Na or K continues to burn in the
gas decomposing the gas into carbon.
CQ + 2Mg—>2MgO + C
CO+ 4Na—2NaO + C
NaO + CO—>Na,CO;
Reduction:
When heated with red hot charcoal, it is reduced@
Co+C—>2CO
Photosynthesis:
CGO, is converted into starch and other carbohydraygddnts in presence of chlorophyll and

sunlight liberating oxygen.

Chlorophyll
6nCQ + 5nHO ——> (CeH100s)n + 6NQ
Sunlight starch

Uses:

(a) CO,is used as fire extinguisher.
(b) It is used in aerated water due to its increasdaiby under pressure.
(c) Solid carbon dioxide (dry ice) is used in freezimgxture to produce low temperature.

(d) It is used as a germicide and for artificial reapan.

Structure:
CO; has linear structure with C-O double bonds. C-atoraxcited state has four unpaired
electrons and undergoes sp hybridization forming éwbonds with two O-atoms by axial
overlapping. Tworn bonds are formed between C and O atoms by lateelapping. Its
structure can be shownas =« =

0=C=0

G O

Solid carbon dioxide: Dry Ice:

Dry ice is the solid carbon dioxide. It changesdily into the gaseous state at atmospheric

pressure. It can be obtained by cooling the gas@aysat ordinary pressures. If the gas is
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compressed to a pressure of ~70 atmospheres,densas to the liquid state. This liquid is
released through a jet into an evaporator at ~85.a&nd remains in liquid state. This liquid
is introduced through a jet into press chamber kapb.2 atm. pressure. Here the liquid
solidifies giving dry ice. Any gaseous G@@ft in the evaporator or press chamber is drawn
back and passed through the compressor at ~70 ttrobange it into the liquid state. The
process is repeated to get more and more dry igehvih collected as the block and then cut

into small cubes and transferred to a cold storage.

It is used as a refrigerant, as a substitute ofriceold drinks and in the preparation of ice-
cream. Mixed with ether or acetone, it providegfing mixture of very low temperature. It

is extensively used in the transport of parishédnbel-stuffs as it kills undesirable bacteria.
10.4.2Silicon Oxide (Si0y):

Silicon forms two oxides, SiO (monoxide) and Si{@ioxide) SiQ is more important and is

known as silica. Quartz is the most common natuturring form of silica.
Preparation:

Pure silica, in the amorphous form, can be prepasea white powder by the action of water
on SiClor Si F.

-4HCl A
SiCl + 4H,O— Si(OHy—> SO, + 2H,0
Properties:
Silica is an inert substance and gives only a feactions.
Silica is insoluble in water and in all acids excégdrofluoric acid with which it forms
tetrafluoride.
SiQ+ 4HF —> SiFk + 2H,0
It dissolves in hot conc. alkalies forming sodiufitate.
SiG + 2NaOH—> N&SiO; + H,0
On adding HCI to this mixture, hydrated gelatingiliga is reprecipitated which is separated
from NaCl by washing with water.
N&SiO; + 2HCI —>2NaCl + HO + SiQ
It is non-volatile substance hence on heating athl salts it displaces volatile acids from
them.
NaSQO, + SIO—>Na,SiO; + SG
Ca(POy); + 3Si;——3CaSiQ + P,0s
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(v) At very high temp; it reacts with coke to give Saefractory material.
SiGg+ 3C—>SiC + 2CO

Uses:

(a)Transparent quartz is used in making optical imsemts and lenses.

(b) The coloured varieties of quartz are used as gems.

(c) The opaque quartz is used in making acid and al&sistant vessels and apparatus which are
used in place of glass.

(d)silica is used in making refractory bricks for face linings.

(e)Sand is used in the manufacture of glass, mortdr @orcelain and is also an important

construction material when mixed with lime or cemen
Structure:

It does not exist as discrete molecules like;Q@ther it forms giant molecules by linking
together a number of tetrahedra in which each@nds bonded to four oxygen atoms as is

revealed by X-ray study of its crystal structure.

This is due to the fact that carbon has the prgp&rimultiple bond formation but Si does
not. It forms four single bonds with four o-atommsaaged tetrahedrally around it and various
tetrahedra so formed are linked together by shasinthe O-atoms between two adjacent
tetrahedra thereby forming a giant molecule witthie dimensional structur&ig 10.1).
This structure of silica is highly stable and exmsats hardness and high melting point.

—O—S|| O—SI—C:)—
o o

O—|£i—o— Si—||O—
|

(Fig. 10.1Structure of silica)

10.5.HALIDES OF CARBON

Carbon forms a number of halides with various hatsgbut mostly these are the derivatives

or substitution products of hydrocarbons. The taakdes of carbon may be prepared either
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by heating the element with the appropriate haloagely passing dry halogen over a heated

mixture of the dioxide and carbon.

A

C+2% —>CX4

A

CQ+2C+2% —>CX,4+2CO

These tetrahalides are thermally stable and themtadility and volatility of various

tetrahalides decrease fromté I, Thus:
CFK> CCL > CBr, > Cly;—> Thermal stability decreasing.

The fluorides are, therefore, most stable and .in€he tetrahalides of carbon are not
hydrolysed. This is because C, being a member adrgkperiod of the periodic table, does
not have d-orbitals in the valence shell and isblsdao accommodate the lone pair of
electrons donated by the O-atom of water molecaldorm the unstable intermediate
compound as is done by higher members of this farlihus there is no action of water

molecules on these halides.

However, if sufficient energy is provided for theaction to occur, Cglundergoes hydrolysis

when treated with superheated steam.

A

CCl + H,O (steam)—— COCh + 2HCl

The reactions and properties of carbon halidestaidied in organic chemistry hence can be
discarded.

Fluorocarbons:

These are the derivatives of the hydrocarbons médiaas a result of substitution of H-atoms
by F-atoms, i.e. fluorination. Fluorine reacts @gdlely with hydrocarbons and gives rise the
complex mixture of fluorinated hydrocarbons calfesrocarbons, e.g. Giff, CHF,, CHF;,
CF4, CFs etc. Therefore, the formation of fluorocarbonscasried out by using fluorine

diluted with nitrogen. Under controlled conditiahese can be synthesised by:

The replacement of halogen (other than F) in aftlafides by F atom using a metal fluoride.
This can be shown as:
RCI + AQF—>AgCl + RF
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The stepwise replacement of halogen atom by F-atanhydrous HF.

+HF +HF +HF
CCl, + HF > CCLF > CCLF; > CCIR; » CF,; (Mixture of freon3
-HCI

CHCl; + 2HF —> CHCIF, + 2HCI

The Chlorofluorocarbons obtained from G@le called freons. The above reactions can be
activated by using Sbh&as catalyst at high pressure and high temperature.

Electrolytic fluorination of organic compounds.

Organic compounds in liquid HF, if electrolysed steel cells using Ni-anode and steel
cathode, fluorination takes place at anode. Thihatehas been used in laboratory and also
as an industrial method.

(GH5)20 — > (CoF%)2.0
H,O

CHCOOH——> CRCOOF —> CFKCOOH

Direct replacement of by F.
The mixture of reacting compound angli§ subjected to electrolysis in nitrogen atmospher

Cu-gauze or CsF or Cels used as catalyst.

Cu-gauze
GHs + 9F, — > CgFy2 + 6HF
temp.

Properties and uses:

(@) The freons are used as non-toxic and non-corrogiegt refrigerants, aerosol bomb

propellants and heat transfer and fire extinguglaigents. Freons are chemically inert. This
property makes them useful solvents, lubricantsiasalators.
Being non-toxic, Freon-12 (dichlorodifluorometha@LF,) is used in refrigeration and air

conditioning. It is also used as a solvent for D.and other insecticides.

(b) Like ethylene, tetrafluoroethylene, k&, can be polymerized to form poly

tetrafluoroethylene, (§F4),. This polymer is called Teflon and is a plasti@linert material,
insoluble in any solvent and unaffected by strocidss alkalies and oxidising agents. Hence,

it is used in the construction of chemical plamtd as an insulating material in cables.
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10.6.O0RGANOSILICON COMPOUNDS: SILICONES

An important and useful class of organosilicon coomgs is the organosilicon polymers
known as silicones. These are synthetic polymeratenals containing-Si-O-Si-O-Si---

linkages along with C-C linkages present as the sfdins.

When SiCl} is subjected to the Grignard reaction under sldtabnditions, Cl-atoms in Si¢l
are substituted by alkyl or aryl groups (R) andegimono-(RSiG), di (R:SIiCl,) or tri
substituted (ESICl) chlorosilanes.

Ether
SiClL + BRMgX —>R3SiCl + 3 MgCIX (X is mainly Cl or Br and

R = alkyl or aryl)
Ether
SiCly + 2RMg X —> R;SICl, + 2 MgCIX

Ether
SiCl, + RMgX —> RSIiCk + MgCIX
These mono, di or tri, alkyl or aryl substitutedorhsilanes when subjected to hydrolysis
followed by condensation, result in the formatidne@her long-chain (linear) or cyclic or
cross linked three dimensional polymeric matercd#ied silicones. The nature of silicone
depends on the type of substituted chlorosilanecoAtingly, the silicones are of the
following type:
(@) Long chain (linear) silicones
(b) Cyclic silicones
(c) Three dimensional (cross-linked) silicones.
(a) Linear (long chain) silicones:
These silicones are obtained as a result of hysiognd subsequent condensation of dialkyl

or diaryldichlorosilane, FSiCl,. This occurs in the following steps:
Hydrolysis
R:SiCl, + 2H,0 —> R,Si(OH), + 2HCI (R= alkyl or aryl group)

Condensation

R:Si(OH), + R:Si(OH), + R;Si(OH), + ---- —>linear long chain polymer
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R B R
[ f 1
< 0—B8i—0-—Bi+ 0—8i—0...

LR W
Lm_? a&dm@ins&ﬁﬁlizone
Thus the length of the chain can be increasedyeatent.

(b) Cyclic silicones:
These silicones are also obtained from di-substitahlorosilanes, first hydrdysing and then
condensing them.

Hydrolysis
R, SiCl, + 2H0 —— R,Si(OH),

The silicol molecules on condensation give cycbtymers.

R R
D
8i
6-’ i
B, 1 i B
g die
RSN DR
Cyclic silicone

2 (Trimer)

(c) Cross-linked silicones:
The hydrolysis of mono alkyl or aryl trichlorosienRSiC} and subsequent condensation of
silicol molecules gives a complex three dimensiprabss linked polymer involving the

following steps.
Hydrolysis
RSIC} + 3H,0 ——> RSi(OH); + 3HCI
Condensation

RSi(OH) + RSi(OH} + RSi(OH} + ----- —>complex three dimensional cross linked
polymer. Evidently the structure can be extendetivim dimension to any length and in any

manner.
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2
...Ou-Si—O—SIi——O —BJ—R

A | |

0 0

I |
ﬁ—ﬂi—O—Sli—*O—Si-—O...

B a1 o

‘Cross-linked silicone

However it is to be noted that tri substituted cbédlane. BSICl, on hydrolysis and

condensation produces only dimer.

Hydrolysis
RsSiCl + O —> R3SiOH + HCI

RsSIOH + HOSIR—> R3SI-O-SiR; + H,O
Properties:

The peculiar property of silicon to hold three hyxdyl groups in the compound RSi(OH)r
two hydroxyl groups in ESi(OH), in contrary to carbon atom which cannot hold mibin
one OH group, makes the formation of organosilipotymers possible. Depending on the
length of the chain and the nature of groups attddb the silicon atom, they can be obtained

in the form of oils, viscous fluids, resins or eveabber like solids.

Thus the lower silicones are only liquids but thghler members containing long chains or
ring (cross linking) structures are waxy and rulgbsolids. These are thermally stable,
chemically inert, non-toxic and not wetted by watsiticone oils remain unaffected at high
and low temperatures, i.e. their viscosity does ctmnge on increasing or lowering the

temperature.
Uses:

(a) Being non-volatile and highly stable at high tenapare, silicone oils are used for high
temperature oil baths, high vacuum pumps etc.

(b) There is no effect of cooling on the oils, henazythre used for low temperature lubrication.

(c) They are also used in making vaseline like greasash are used as lubricants in aeroplanes.

(d) Being water-repellents, they are used in makingemaroof cloth and paper by exposing the
object to silicone vapours.

(e) They are also used as insulating materials fortrdemotors and other electrical appliances.
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(f) They are mixed in paints and enamels to make thesistant to the effects of high

temperatures, heat, sunlight and chemicals and damp

10.7.ANOMALOUS BEHAVIOUR OF CARBON

(@)

(b)

(©

Carbon, the first element of the group 14 (or IV8)pws some properties which are close to
those of silicon but most of its properties diffesm the rest of the members of its family.
This is attributed, as usual, to its small sizegghhelectronegativity, non-availability of d-
orbitals in the valence shell etc. Some of its prtps in contrast to other members of this

group are summarised here:

Though all the elements have four electrongpfsin the valence or ultimate shell, only
carbon has helium configuration in its penultimsttell. Si has 8 and others have 18 electrons
in their penultimate shells.

Only carbon is distinctly non-metal, Si, though saptal, has electrical conductivity like
semi-metals (Ge). Other elements are distinctlyataet

Carbon, like silicon, shows tetracovalency but does form M ions. Other elements

(except Si) form M" and M type ions.

(d) Carbon has a great tendency of catenation (sdd&dje). Si shows catenation property to

()
(f)

)

(h)

some extent but other elements do not have thjzeptpn
Dioxides of carbon and silicon are acidic but thokether elements are amphoteric.
Carbon forms a large number of hydrides, Si foressInumber of hydrides while other
elements give only a few hydrides.
The tetrahalides of carbon are not hydrolysed byewhut those of higher members get
readily hydrolyse due to the availability of vacanbrbitals in their valence shells and ability
to form unstable intermediate compound with watkicl then eliminates HX molecules and
forms hydroxide.
CX4 + 4AH,O —>no action.

MX4 + 4H,0. — > MX 4 4H,0 —> M (OH), + 4HX
Carbon is not attacked by caustic alkalies whileotlers are attacked and evolve hydrogen

gas.
Si + 2NaOH + B0 —> N&SiO; + 2H:1

Pb + 2NaOH—> N&PbQ + H1

10.8.SUMMARY
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The course material on the elements of Group l4aowh the introduction, the general

characteristics of the elements like electronicfigomation, occurrence, atomic and ionic
radii, melting and boiling points, metallic and Amwetallic character, ionisation energy and
electronegativity, valency and oxidation state,enation, allotropy, formation of oxides,

halides, hydrides, acids and halo complexes etso Ahe oxides of carbon and silicon,
halides of carbon and organo- silicon compound® HBen discussed in detail. At the end,
the anomalous behaviour of carbon in contrastheranembers of this family has been taken

into account.

10.9TERMINAL QUESTIONS

i. Graphite is a form of
(a) Carbon
(b) Silicon
(c) Tin
(d) Lead
ii. The metallic character of the elements of Gradp
(a) Increases down the group
(b) Decreases down the group
(c) Remain the same in the group
(d) First decreases and the increases
iii. The stability of M¥* ions decreases in the order
(a) PB*> Srf'< G&*
(b) PB* < Srf'< G&*
(c) PB*> Sif™> G&*
(d) PB* < SIf*> G&*
iv. The gas used as fire extinguisher is
(@) N + Co mixture

(b) CO
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(c) CO + CQ mixture

(d) CO
v. How are crosslimked three dimensional silicotypers prepared?
vi. White a note on use of G@ photosynthesis
vii. SIO, exists as a giant molecule, explain.

viii. Give the uses of Freon-12.

BSCCH-101

10.10.ANSWERS

i. (a)
i. (a)
ii. (c)
iv. (d)

v. to viii. Please refer to the text of the unit.
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UNIT 11: ELEMENTS OF GROUP -15

111
11.2
11.3

11.4

11.5

11.6

11.7
11.8
11.9
11.10

CONTENTS:

Objective

Introductions

General characteristics

11.3.1 Electronic configuration

11.3.2 Occurrence

11.3.3 Physsical state and elemental structure
11.3.4 Metallic and nonmetallic character
11.3.5 Density, hardness,atomic radii and atomic volume
11.3.6 lonization energy, electronegativity and heat ofazation
11.3.7 Melting and boiling points

11.3.8 Oxidation staes

11.3.9 Electron donor-acceptor properties
11.3.10Allotropy

11.3.11Catenation

11.3.12Electrical and thermal conductivity
11.3.13Combination with active metals
11.3.14Chemical reactivity

Hydrides of elements

11.4.1 Preparation

11.4.2 Properties

Halides of elements

11.5.1 Preparation

11.5.2 Properties

11.5.3 Structure

Oxides and oxo acids of elements

11.6.1 Properties and structures of oxides
11.6.2 Oxyacids

Anomalous behavior of Nitrogen
Summary

Terminal Question

Answers

UTTARAKHAND OPEN UNIVERSITY

Page 253



INORGANIC CHEMISTRY- BSCCH-101

11.1. OBJECTIVES

The objective of the preparation of the study matesf this unit, i.e. on the elements of
Group 15 (group VA) of the periodic table, is tmyide the reader, the subject matter which
they can easily understand and become acquaintidtivéd various aspects of their general
characteristics and uses, the study of their hgdritlalides, properties and structure of oxides
and oxoacids and also the anomalous behavior obgeib in contrast to that of other

members of nitrogen family.

11.2. INTRODUCTION

The group 15 (group VA) of the extended or longnfoof periodic table contains five
elements, namely nitrogen {N phosphorous @B), arsenic (Ag), antimony(Sk;) and
bismuth (Bgs). This group is also known as nitrogen group. th# elements of this group
belong to p- block due to the filling of p- orbit@r subshell) of the valance shell by the last

electron of the atoms of these elements.
The first two elements (N and P) are distinctly mogtals.

The next two elements (As and Sb) are semi- metadisthe last element Bi, is metallic in

nature.

These elements, except phosphorous, do not ocayr alrundantly in nature. Nitrogen
constitutes only about 0.0045%, phosphorous 0.11886,Sb and Bi nearly 10% of the
rocks of earth. The phosphorous ranks tenth in ddoece among all the elements known,

nitrogen constitutes nearly 78 percent by volumthefatmosphere.

11.3. GENERAL CHARACTERISTICS

The inclusion of nitrogen group elements in the sagnoup of modern periodic table is
justified by the following general characterstidstioese elements. These elements furnish
another example in which there is a systematicagranl of properties and there is a change

of character from a true non metal like nitrogem teearly true metal, e.g. bismuth.
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11.3.1. Electronic configuration.

There are five electrons in the valance or ultinsdtell of the atoms of these elements, i.e.
nsp® where n is the principal quantum number of theweé shell. Two of these electrons
are in the s- subshell and the rest three are gawyphe p- subshell according to the Hund’s
rule among the three p- orbitals. Because of exddlf- filled orbitals, the elements are
fairly stable and not so reactive. The penultimsitells have variation in the number of
electrons. The first element, N, has helium confiion €, P has inert gas octetp and
other elements have pseudo inert gg=d%’, configurations, respectively in the penultimate
shells of their atoms. This variation in the configtion is responsible for gradation of

properties in the group.
11.3.2 Occurrence:

Nitrogen occurs in the free State as the diatonais m nature while all the remaining
elements occur in the combined state. In the coetbstate it occurs mainly as nitrates.
Being very reactive, phosphorous does not occuthén native state, rather it occurs as

phosphates in its ores. As, Sb and Bi are lessdantirand occur chiefly as sulphide ores.
11.3.3hysical state and elemental structure:

Nitrogen is a gas, phosphorous is a soft, lustsesedid, others are hard solids, Sb and Bi
having characteristic metallic lustre. Nitrogen gassts as a diatomic molecule; While P,

As and Sb exist as tetratomic molecules,A&, and Sh. These are not capable of forming
diatomic molecules like Nbecause they do not fornt p pr bonds as their larger atoms
cannot come closer to each other to form such ba@sdsvell as due to the increased
repulsions from the non bonding electrons of pemaite shell. The repulsion from the
electrons of penultimate shell,>L& nitrogen atoms is not appreciable. Furthemnttion of

7 bonds in the B molecule satisfies the valency requirements ofakbms while non
formation of such bonds in other elements comgemtto join with more atoms hence, M
molecules are formed. These elements thus fornt G#tices in which the bonding changes

from covalent to metallic from P to Bi.
11.3.4Metallic and non-metallic character:

The change from non- metallic to metallic charagtéh increasing atomic number in the

same group, exhibited by group 14, is observed Iggueell in this group also, the only
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metallic element being Bi, the last element of tamily which has the lowest value of
ionization energy. This is revealed by the varmtio the properties both physical and

chemical.
11.3.5 Density, hardness, atomic radius, and atomiolume:

On going from P to Bi (N- being a gas excluded)sth@roperties increase regularly and
markedly. The atomic radius and atomic volume atswease down the group with the

exception of atomic volume of As which has low \&alu
11.3.6lonization energy, electro negativity and heat ohtomization:

With increasing size from N to Bi, the values ofsfiionization energies decrease on
descending the group. Similar is the trend in tleeteo negativity and heat of atomization.

This gradation confirms the gradual increasing theteharacter of the elements.
11.3.7Melting and boiling points:

The melting points (expect for Sb and Bi ) and th@ling points both increase with
increasing atomic number. The melting point of 8unusually low perhaps because of non-
availability of ng electron pair for bonding in the metallic crystiihe elements of this group

are more volatile than their immediate neighbodrgroup14.
11.3.8 Oxidation states:

(i) Formation of M>* and M** cations

M®>* cations are formed when all the valance electramsp®, are used by the elements for
bonding. N and P cannot lose all the five valaetectrons due to prohibited energy
considerations, i.e. because they have high idoizagnergies and electronegativities and
hence do not form R ions. These elements also do not formi" ibns as such but these
oxidation states, i.e.+3 and +5 can be assigndbetm arbitrarily in their compounds with
more electronegative elementdsz. O and F if formed. Nf cations are formed by the
elements if they lose only p- electrons fromdpisonfiguration of the valence shell and ns
electron pair remains inert (inert pair effectyn& this effect increases down the group, the
heavier elementsjiz. Sb and Bi are expected to fornt Mons by losing three p- electrons
only and retaining the Aglectron pair, though they can forn?Mons as well. Thus only As

and Sb will give salt with +5 and +3 oxidation s&and Bi gives only B ions.
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(ii) Formation of M > anions

In order to achieve noble gas configuration, thekaments accept three electrons from
electropositive elements and fornNbns, e.g. N in Nk has -3 oxidation state. As the size
of the atoms increases on moving down the growpiathization energy and electronegativity
values decrease and hence the attraction of théeusudor the newly added electrons
decreases. Thus the tendency of the elementsed\@ivions also decreases. In fact, N-atom,
being smallest in size, has strongest tendencprtm N\N*" ion, P forms P ions less readily

and Bi, the last member of the group, hardly exkibegative oxidation state.
(iif) Covalency of 3 and 5

Each of these elements has two paired s- elecaadsthree unpaired p- electrons in the
valence shell. If these elements form three covdlends using only the p- electrons, they
attain the noble gas configuration {of. This gives the covalency of 3 to these elements.
Except nitrogen, these elements also have vacawtrhitals in the valence shell. Under
suitable conditions of energy, one of the electroins level may be promoted to the vacant
d—orbital, thus possessing five unpaired electrdhese five unpaired electrons may be used
to form five covalent bonds, thereby giving the alewcy of 5 to these elements. This
covalency is common among P, As and Sh. That is MHgrms only trihalide and other

elements form tri as well as pentahalides.
11.3.9 Electron donor — acceptor properties:

All the elements in the trivalent state have a &gy to act as electron pair donors. Nitrogen
having this tendency to the maximum extent. Fomgda NH; and PH molecules act as
Lewis bases towards'Ho form NH,", PH," etc. due to presence of lone pair of electrons on
N and P- atoms, thereby N showing a maximum coeglesf 4, P, As and Sb show a
covalency of 6 in [ PG, [ Asks]” and [SbE]" complex ions in which their salts act as

electron pair acceptors.
PCk+CI — [PG
11.3.10 Allotropy:

All the elements, except Bi, show allotropy. Niteogin solid state exists in two allotropic

formsviz. a-nitrogen and3 — nitrogen. Phosphorous exists in various forochsas white,
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red, scarletp—black,p—black and violet. Arsenic exists in grey, yellomdablack allotropic

forms while antimony in the forms as yellow, blagkand explosive.
11.3.11 Catenation (Self linkage):

Although the catenation is considered to be a ptgpgeeculiar to carbon, yet it is shown to
some extent, by the elements lying close to carbdhe periodic table. The elements of this
group have been found to show this property bat nauch smaller extent than carbon. Thus,
unstable compounds containing chains of upto é\ghdtoms have been prepared but stable
azide ion has a chain of three N- atoms, i.e. (NBNskeleton and pN-NH, has two N-
atoms. In case of phosphorous, P-P links are ldrtitewo atoms (e.gzPl4 ). Other elements
of the group have no tendency of self linkage. Ttarglency for catenation decreases on

moving down the group because of gradual decreaserid energies of M-M bonds.
11.3.12 Electrical and thermal conductivity:

Both these properties increase as we move down giieeip because of increased
delocalization of electron from nitrogen to bism(ith a metallic crystal lattice). Thus N
and P are non conductors, As is a poor conducterisSa good conductor and Bi is an

excellent conductor.
11.3.13 Combination with active metals:

All these elements form compounds with metals, Blgorms nitrides: LiN, Mg\, etc;
phosphorous forms phosphide ;2a etc., Arsenic gives arsenidesNa etc. , Sb gives
antimonides MgSh, and Bi forms bismuthides  MBi, etc. The nitrides among these
compounds are most stable. The last two types mipoonds are rare and Sb and Bi, infact,

form alloys on combining with metals.
11.3.14 Chemical reactivity:

These elements differ from one another apprecisbtheir chemical reactivity. Nitrogen is
chemically non-reactive. It does not combine unateiinary conditions. It combines with
elements such as Li, Al, Ca, Mg etc to form nitsdg high temperature only and combines
with oxygen only when heated in an electric ara temperature of the order of 25G0and
above forming nitric oxide. On the other hand wigkt®sphorous, an allotropic form of P, is

extremely reactive. It burns readily in oxygen farghoxides of phosphorous. The heavier
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elementsyiz. As, Sb, Bi burn only when heated in air or oxygenform oxides. This can be

attributed largely to difference in the electro adgties of the five elements.

Uses:

(i) Nitrogen is an essential element for the growtlplahts. It is generally added to the soil in
the form of the fertilizers (compounds of Nitrogem)atmospheric nitrogen is fixed by nature
and this is absorbed by soil. From the solil it goethe plants and then to the animals.

(i) Red variety of P being non-poisonous is mostly usedatch industry.

(iif)Phosphorous is also used as rat poison artiémmanufacture of tracer bullets as well as in
producing smoke screens.

(iv) As-Pb alloy is used in making lead shots.

(v) Antimony is mainly used in the manufacture of lestakage batteries as it is harder and acid
resistant.

(vi) Bi-alloys have low melting points and are calledilile alloys. These are used in making

automatic electrical fuses, fire alarms, sprinklsefety plugs on boilers etc.

11.4 HYDRIDES OF ELEMENTS

All the elements of this group form hydrides of tgpe MH; : ammonia (NH), phosphine
(PHs), arsine (AsH), stibine (SbH) and bismuthine (Bik). N and P also form dihydrides of
the type MH, : hydrazine (MH4) and phosphorous dihydride,fR). In addition to these, N
also forms a third hydride of M type : hydrazoic acid, .

11.4.1 Preparation:

The MH; type hydrides of these elements are preparetidwadtion of water or dilute acid
on the binary metallic compounds such asNig CaP. , ZrnsAsz, MgsBi; etc.

MgN, +6HO —» 3Mg(OH) + 2NHs!
CaP, +6HO —» 3Ca(Ohl)+ 2PH1
ZnzAs; + 6HCl——» 3Zngl+ 2AsHs?

MgBi, + 6HCI—> 3MgGl + 2BiHst

Hydrazine, NH, , is prepared by the oxidation of excess ammamiaNaOH solution by

sodium hypochlorite at 80 -80. The reaction take place in two stages.
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NH3 + OCI — 5 NHCI+OH
NH4CI + NHz + OH —» HoN-NH+ CI'+ H,O

The reaction is catalysed and side reaction betwde&4Cl and NH, formed is inhibited by

adding glue or gelatin.

P,H. is formed together with phosphine in the hydraysi impure calcium phosphide which
contains CgP,

CaP,+HO —» 2Ca(OH)+ PH,

Hydrazoic acid, BH, is obtained by the distillation of an acidifiedlution of sodium azide
which is formed during the oxidation of molten soude with powdered sodium nitrate at
175°C.

3NaN; + NaNG; — 5 NalNs + 3NaOH + NH
2NaN+ H;SO;, ——»  2MH + NaSQ,
11.4.2 Properties:

All the trihydrides of these elements are colowlgases with specific odour. Ammonia has
characterstic odour, phosphine has rotting fishuo@md arsine and stibine both have garlic-
like odours. The gradation in the electrochemitaracter of these elements is evidenced by

the properties of their gaseous hydrides.
(i) Basic character:

The basic character, i.e. the ability to act astede pair donor, decreases from Nid BiHs.
Ammonia (NH) is distinctly a base and readily coordinates withions to give a stable
cation, NH". It also readily forms salts with acids both weadd strongyiz. (NHz)2COs,
NH.CI etc. PH is also a base but much weaker than ammonia anusftess stable PH
ions. Still it is strong enough to form halidesledl phosphonium halides, & which are
readily decomposed by water. The MHons for As, Sb and Bi elements do not exist
meaning thereby that these have no basic charaatber the last hydride, Bgihas feebly
acidic character and dissolves in strong alkalteBas been noticed that the electron donor
ability of the hydrides is increased by the repmaest of H-atoms by alkyl groups. Thus

P(CHg)s shows stronger basic character, than.PH
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NH; is the strongest electron pair donor because Nom das the smallest size and the
electron density of the lone pair of electrons enesn one of the four $fhybrid orbitals of
this atom is concentrated over a small region. A&smove down the group, the increasing
atomic size of the central atom causes the electensity of the lone pair to diffuse over the
large region and thus the ability to donate thetede pair and hence the basic character

decreases.

N2H, is a colourless liquid, less volatile than phosghilue to H — bonding. It is a weak base

and gives weakly alkaline solution with water.
NHs+ H,O —»  MHs" + OH

Perhaps the hydrogen bonding between titdsN + OH ions decreases the alkalinity of the
agueous solution. ;A does not show basic propertiessHNis a colourless liquid having

melting point of 236K. It is freely soluble in wat®rming an acidic solution.
NsH + H,O —> H30+ + N3
(i) Thermal Stability:

The thermal stability of the MHhydrides decreases gradually from Nté BiH; with
increasing size of the central atom. This is evidesm the decreasing temperature of their
decomposition into their elements, i.e. NBOFPC) > PH; (44FC) > AsH; (280°C) > SbH;
(27FC) > BiH3 (very unstable). The least stable nature of Bithlf life period = 20
minutes under normal conditions) confirms the thet only trace quantities of this hydride
have been prepared and identified. Thus we infat the strength of M-H bond goes on
decreasing as the thermal stability decreases fbimto BiH; NoH, and NH both are fairly

stable towards mild heating butHR, is highly unstable and is spontaneously inflammabl
(iif) Reducing properties:

All the MH3 type hydrides are reducing agents and with thgrpssive fall in stability, the
reducing character of these hydrides goes on isgrgalue to the weakening of M —H
bonds and increasing ease of their decompositibns NH; is a mild reducing agent and is
not oxidized readily, if oxidized, the product isually nitrogen, e.g. when NHourns in
oxygen, it gives Band water but if heated with oxygen in the presesfca Pt — catalyst, NO

is formed.
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4NH; + 30, 2N  + 6HO
4NH; +50, , A" 4NO+6HO

Phosphine, Pkl is stronger reducing agent than N&hd is much more easily oxidized, i.e.

when ignited in air, it gives phosphorous pentoxide
4PR+ 8O, i» BO10 (or 2R0s) + 6H,0
SbH; and BiH; are powerful reducing agents and are oxidized gasjly.
Anhydrous NH,4burns readily in oxygen or air forming:N
NoHs + O, —» N+ 2H0
Aqueous hydrazine can act both as reducing andzoxidagent.
As reducing agent  Alkaline solution: NH4 + 40H — N + 4H,0 + 4¢
Acidic solution: NHs" _— N+ 5H + 46
As oxidising agent:  Alkaline solution:  .Nj + 2H,0 + 26 ——»  2NH + 20H
Acidic solution: NHs" + 3H + 26 —»  2NH'
P,H, is a powerful reducing agent and is instantangowsdised in air or @
PHs + 702 —» B0+ 4H0
Aqueous hydrazoic acid can act either as a redwgegt or as an oxidizing agent.
As a reducing agent: Alkaline solution: ZN—» 3N+ 2€
Acidic solution:  2HNs —» 3N+ 2H +2¢
As oxidizing agent: Alkaline solution: sNE 7TH,0O + 66—, NH4 + NHz+ 70H
Acidic solution:  HNz+3H +26 —_, NH" +N,
(iv) Covalent character:

The NH; molecule has more ionic character thanzRNH3; > PH;) due to more

electronegativity difference between N and H thatween P and H. Similarly, it can be
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shown that the ionic character of MiFholecules decreases and covalent character imesreas
down the group from Ngito BiHs.

(v) Shape of hydride molecules and H-M-H bond angles:

The shape of MEltype of hydrides is trigonal pyramidal. This shapay be regarded as
tetrahedral shape having one lone pair of electamwipying one of the four tetrahedral
positions (involving sp hybridisation of the central atom). The HMH bormke in all the
four MH; hydrides (M = N, P, As, Sb) is never equal to ideaahedral angle of 109.5ut
less than this value due to low electronegativinéghe central atoms. N is the linear
molecule:

H — N «— NeN. Actually it is a resonance hybrid or two canahiorms.

(vi) Hydrogen bonding:

Ammonia is least volatile among the MHydrides because in ammonia, intermolecular
hydrogen bonding occurs resulting in the formatbeluster of molecules. This happens due
to the development of strong polarity in the boonéishe NH; molecules and association of

molecules (dipole — dipole type interaction).
11.5 HALIDES OF NITROGEN GROUP ELEMENTS

The elements of nitrogen group form two typeshafides namely trihalides, MXand
pentahalides, MX. All these halides have been given in table 11.1.

Table 11.1: Simple Trihalides and Pentahalides of Group 15 Elements.

N P As Sb Bi
NF3 PF}, PF5 AsF;, AsF, SbF,, SbF; BiF,, BiF;
NCl, PCl,, PCI; AsCl,, AsClS SbCIS, Sb(‘lj BiCI_=
NBr,. 6NH, i’Br:‘, PBr, AsBr, SbBr3 BiBr,
NI,.xNH, PI, Asl, Sbl, Bi]3

11.5.1 Preparation:
The trihalides are formed by all the elements @eghared by the two methods:
(a) By the reaction of excess element with halogendpkaitrogen)

2M + 3%, —» 2MX3(M = As, Sb, Biand X =Cl, Br, 1)
(b) By the reaction of hydrogen halide with the tricxidf the element.
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M20O; + 6HX — 3H0 + 2MX3

The pentahalides of nitrogen are not known dueh¢éorton availability of d- orbitals in its

atom but all other elements, except Bi, form pealides which are prepared as follows:
(a) By the reaction of excess halogen with the element.

2M +5X; ———»  2MX
(b) By the reaction of halogen on the trihalide.

MX3+ X —» MX

In Bi, the né electron pair is inert (inert pair effect) and sloeot participate in bond
formation, Therefore, BiX compounds if formed, immediately converted to Biby

decomposition and these are said to be non- exkisten
11.5.2 Properties:

The trihalides of nitrogen are least stable ext#ptwhich has strong N — F bond due to the
small size of both N and F atoms. With the exceptd BiF;, all other trihalides have
covalent character which decreases as we descergtdbp. Except Nf-and BiF;, all other

trinalides are readily hydrolysed by water.

NCl; is an explosive compound and NBas well as N exist only as ammoniates. The
explosive nature of these compounds is due to rfaweér stability or bond energy of N - Cl,
N - Br, and N — | bonds.

(i) NX3 (X= Ci, Br, I) trihalides are completely hydrogd by water giving Nsland HOX
(hypohalous acid)

NGH 3HO —» NH + 3HOCI

For PX;, AsX3 and Sb, the ease and extent of hydrolysis generally aszevith decreasing
eletronegativity of halogen atom (I to F) and daseewith increasing metallic character of

the central atom ( P to Bi). Different chloridesloydrolysis give different products.
PCk + 3HO —_— KPO; + 3HCI

2AsCk +3HO ——» AL + 6HCI
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Sb and Bi trichlorides are only partly and reveyshydrolysed.
SbCk + H,O — SbOCI + 2HCI
BiCls+ O «——%  BIiOCI +2HCI
(iAll trinalides except NX% and PE, can act as Lewis acid.
SbR + F —» Sbk Sbg = [SbR—F]
But PF; acts as Lewis base, e.g.
Ni(CO); + PR —* (CONi—PR

NX3, except NE molecules are strong Lewis bases.

(iif) N- trihalides are not oxidized at all butetlrihalides of other elements are oxidized and

the ease of oxidation decreases down the grouf*.é\s> Sbh> Bi.
Properties of pentahalides:

(a) Pentahalides dissociate into MXnd X%, the tendency of dissociation decreases in the
order of M and X: P- Sb> As> Bi and F> Cl > Br
(b) These halides are hydrolised to give the acid efNhelement or hydrated oxides along

with HX mineral acid.

PX% +HO —» POX+ 2HX
POX + 3HO—» HPQ, + 3HX
PX + 4HO —» BPQ, + 5HX

2SbX+7THO —» SbOs.2H,0 + 10 HX
Except Bik all are Lewis acids.

PR+F —— PR

[PFs—FJ
11.5.3 Structure:

The structure of MX trihalides is similar to that of NHn gas phase, i.e. central atom i3 sp

hybridised, one of the &jybrid orbitals contains a lone pair of electrons (bonded pairs=
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3, lone pair = 1) and molecules attain a trigonglamidal shape, i.e. distorted form of

tetrahedral geometry.

X—-Ray studies of MX halides in the liquid and gaseous phases havelexyghat these
molecules possess trigonal bipyramidal shape @irgufrom spd hybridization of the
central M-atoms (postulated by VBT). In solid stéitese are ionic and exist as [FCI
[PCls]’, [PBr]" Br etc. The shape of [RPX ion is tetrahedral and that of [E]Xion is

octahedral. But different solid pentahalides hawkent structures. Bl does not exist due

to large size of iodine atom.

11.6 OXIDES AND OXO ACIDS OF ELEMENTS

Almost all the elements of this group form oxidesl axo (oxygen containing) acids. More
important oxides are trioxides (Xas), tetraoxides (M@or M,O,4) and pentoxides (MDs). In
addition to these, nitrogen also gives nitrous exi,O) and nitric oxide (NO). Bismuth also

forms bismuth monoxide (BiO). All these oxides ah®wn in Table 11.2

Table 11.2 ; Oxides of the Group 15 Elements.

Oxidation State N f i As Sh
41 N,0

- 2 NO

+3 N,0, P,0, As,O Sb,0
+4 NO,, N,O, (PO,), As,0, Sb,0,
g8 N,0O5 POy AsyQyg 56,0,

11.6.1 Properties and structures of oxides:

All the oxides of nitrogen are thermodynamicallystable because compounds containing
single N—O bonds tend to be dissociated becausevwfN-O bond enthalpy. Thermal
stability and acidic character of Xa; type oxides (trioxides) decreases fropOjlto Bi,Os.
Thus NOsz and BO; are completely acidic and give nitrous and Phospi®or phosphoric

acids with water.
N,O3 + H,O —> 2HNG
P,Os; + 3H,0 (cold) —» 2HPO;

2P,03 + 6 O (hot)——>» 3HPO, + PH;
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As,03 and SbO3; are amphoteric and form salts with acids as wedlkalies.
As,O3 + 6HCI —  2AsCI3 + 3H20

As,03 + 6NaOH —> 2N#AsO; + 3HO
Sod.arsenite

(Similar reactions are given by B also.)
Bi»Os is predominantly basic and forms salts with acidalso shows feebly acidic character
since it dissolves in conc. alkalies due to thenfation of bismuthites.

Bi,O3 + 6HCI — 2BiCp+ 3H0

Bi,O3 + 2NaOH —» 2NaBi@+ H,O

sod. bismuthite

The decreasing acidic character frorsOdlto Bi,Os is due to larger extent of interaction
between smaller X ion and HO thereby giving acidic pDs as compared to that between
larger Bf* ion and water giving basic £Ds.
The reason of an oxide in lower oxidation staten@éess acidic than that in higher oxidation
state can also be explained on the same groundsitigter ion with higher oxidation state
interacts more strongly with water to give strongeid. For example, D (oxidation state of
N= +1) is neutral while BD, (oxidation State of N= +4) is acidic. The decragsacidic
character from BDs to BipOs is also consistent with the increasing metalliarelster of the
elements on passing from nitrogen to bismuth.
P,O; is readily oxidised to s (P,O3+O, —» PB0Os) while the trioxides of other
elements are rather stable towards oxidation tdop@tes. B}O; shows maximum stability
towards oxidation.
All the Pentoxides (MDs) are acidic but the acidic character decreases gOs to Bi,Os
with increasing atomic mass of the element M. TRuOSs is the strongest acidic oxide and
Bi»Os is the weakest. )05, P,Os and AsOs are exclusively acidic and react with water or
alkalies to form oxo acids or their salts.

N2Os + H,O —> 2HNQ

P.Os + H,O(cold) —»  2HPQ

P,Os + 3HO (hot) _—»  2HPO,

ShOs is less acidic but forms salts called antimonaBegOs is only feebly acidic and forms
salts when fused with alkalie& called bismuthates.
Bi,Os + 6NaOH ——» 2NgBiO4 + 3H,0
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Sod. bisluthate
The decreasing acidic character frogOblto Bi,Os is due to increasing size of’Mion from
N°* to B* and also due to increasing metallic charactehefelements from N to Bi. The
first three pentoxidesjiz. N,Os, P,Os and AsOs are readily soluble in water and form acids
while SkkOs and BpOs are relatively insoluble. Thus the solubility bese oxides decreases
from N,Os to BiyOs.
N2Os is thermally least stable and gets dissociatemnittogen dioxide (Ng and Q even at
room temperature.,Bs is stable but sublimes on heating..@s decomposes into trioxide
(As203) and Q at red heat.
ShOs is less stable and decomposes intgOsland Q above 456C.
N2Os is the strongest oxidising agent among the pedésxiwhich, except ;@s, show
oxidising property.
The properties of some other oxides of nitrogenehbgen given below along with,®%
(=2P0y).
0] Nitrous oxide9N,O):
(@) It is slightly soluble in water, has faint sweet edmand is inert at 2% but
decomposes at higher temperature toaNd Q. Therefore, it is better oxidising agent than
oxygen itself.

2N,0 2N+ Oy

(b) It does not react with water, acids and alkalies.

(i) Nitric oxide(NO):
(@) It is sparingly soluble in water. It quickly reaatsth oxygen to form the brown
coloured gas N®

2NO + QO — 2NO

(b) It reacts vigorously with burning phosphorous aonding sulphur.
S + 2NO —> SO+N;

(c) On heating nitric oxide decomposes tpadd Q
2NO — N+

(d) Reducing Nature:
It reduces @ Cl and acidified potassium permanganate as follows:

2NO + G — 2NG,
2NO + Cb —> 2NOCb
2MnO4 + 4H" + 5NO —» 3Mn?* + 5NQy + 2H0
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(e) Oxidising nature:
It acts as oxidising agent and is reduced to némognd ammonia.
2NO + 2K sparking____, N2 +2H,0
2NO +5H  pt-back ____, 2NH; + 2H,0
® It forms dark brown nitrosyl complex with Fe$&blution, [Fe(NO)(HO)s|*".
(iii) Nitrogen dioxide (N;O4=2NO):

(@) It is soluble in water, highly poisonous, has pemtgsmell and corrodes the skin.

(b) It changes its colour and physical state with teraijpee.

140C 26°C 57°C
2NO, = 2NOG = NO4 = N2O4
reddish pale coloured  yellow locwless
brown gas gas liquid doli

(c) Acidic nature:

NO. is acidic towards litmus and neutralises alkaigeform nitrates and nitrites.
2NGO; + H,O —» HNG + HNG;
20H + 2NG, — 3 NO>+ NO3+ HO

(d) Oxidising nature
Some oxidising reactions of N@re as follows:
2FeSQ + H, SOy + NO, ——» Fe(S04) + NO + HO
21"+ H,O + NG, — |, +20H + NO
2MnOy; + 2H,0 + I0NG —»  2MA" + 4H" + 10NO;
(iv) P,Og = 2P0,
It reacts with water to producePlO, and HPO;
P04 + 3H,0 — > HPO + HPO;

(ic) (ous)
Structure of oxides:
N2O
It is isoelectronic with C@and is almost lineaFig 11.1 (a)
NO
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It is an odd electron molecule with a total of 1lkecérons. The unpaired electron
delocalised (paramagnetic). Has linear struciFig 11.1 (b)

NO,

It has two normal bonds @dand 1z ) anc one coordinate bond and also an unpaired ele
(paramagnetic). Has bent structure. The diner fampstructureFig 11.1 (c)

N2Os. In vapour phase it has a symmetrical structFig 11.1 (d)
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PsOs = 2P,03

It has a tetrahedral structure with fol-atoms lying at the corners of a tetrahedron an®-
atoms along the edges,@Pbond length being between a single and a doutnel lue tc
considerable double bond character formed —P: p-d, dative bond.Fig 11.2 (a

PsOs +=2P,04

It has two additional oxygen atoms as compared;Os which are attached to two -
atoms. Structure is similar to that 4Os. Fig 11.2 (b)

P4O10 =2P,0s Each P atom of this molecule forms a double boritl terminal  (-atom
(p-dz) and three single bonds with three bridge-atoms. The structure is similar to those
P4Os and ROg. Fig 11.2 (c)
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Fi. 12 (@ Shucluwe § % ®) Shuclure Ay (€) gtruclive 5P PO .

The structure of A®s, ShOs and B,Os are not known.
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11.6.2 Oxoacids:
Nitrogen forms four oxo acidsjz. Hyponitrous acid (BN2O;), nitrous acid (HN@), nitric
acid (HNQ) and pernitric acid (HNg). Phosphorous forms a number of oxo acids which ca
be classified according to formal charge of thespi@rous atom. The oxo acids of other
elements (HAsO:& H3AsO,, HoShO; (unstable), HBIi@ etc.) are, perhaps, not so important
and their details do not appear in the literature.
Properties:
(i)  HNO;
(@) On exposing to air, the acid decomposes slowlyngiHNO, and HNQ but aqueous
solution of the acid decomposes on heating to yp@.
2H,N,O, + 30, —* 2HNO; + 2HNG;
HoN2Ox(ag.) — NO +HO0
(b) It is a weak dibasic acid, soluble in water andaaig solvents. It acts as a reducing agent and
is oxidised by acidified KMn®to nitrate.
5H;N20; + 8KMNnO, +12H,SO;  — 8MnSQ + 10HNG + 4K,SOy + 12H,0
(i) HNO., (the readers have studied this acid in detail @afience only a short account is being
given here)
(@) Itis also a weak acid, unstable and even in coldewgoes auto decomposition. At higher
temperature, it decomposes into NO andbtNO
3HNO, — HNG; + 2NO + HO
2HNO, — H,0 + O3 =, NO + NG
(b) It is a good oxidising agent due to liberation eatom.
2 HNG, ——» 2NO+HO+O0O
It oxidises HS = S, KI =& }, SnC} » SnCl, SQ —» HSO,
FeSQ —» Fe(SQy)s, AsQ> —»AsQ etc.
(c) It also acts as a reducing agent due to its eashatian to HNQ
HNO, + O HNQ@Q ——
It reduces X = X (X=Br, 1), H;0, — HO, MnO; — Mn** (acid),
Cr,0/ —» CF* (acid) etc.
(i)  HNO3 (The details of this acid have been studied byréaelers in previous classes, hence
only a short description will be given here.)
(a) Nitric acid is a strong oxidising agent becausdt®feasy decomposition to give nascent

oxygen.

UTTARAKHAND OPEN UNIVERSITY Page 271



(€)

(d)

(e)

(iv)

(v)

INORGANIC CHEMISTRY- BSCCH-101

2HNO; —*» 2NG;+H0+O0
Thus non-metals, e.g. S, IC, P etc, metalloid (As etc.) are converted tiolsgamost of the
metals except Au, Pt etc, are attacked by HN&me of them like Sn and Sb give oxides
and others form nitrates. During the reaction, délpeg on the concentration of the acid,
temperature and nature of the metal, various byymts such as NO, NON,O, NH,OH or
even NH are obtained.
(b) Mg and Mn are the only metals which liberatefidm dilute HNQ.
Mg + 2HNG; (dilute) —» Mg (NQ)2 + Ha?

1 part of conc. HN@and 3 part of conc. HCI is known as aqua regiaaiv®s even the
noble metalsyiz. Au, Pt etc due to the action of nascent chloon¢he metals.

HNOs + 3HCI — NOCI + 2HO + 2ClI (nascent chlorine)
It produces N@ ions (nitronium) in presence of concp,$®, which cause nitration of
organic compounds by replacing hydrogen.

HNO; + 2H,SOy — NQ" + 2HSQ + H;O"

CeHe +NO;" + HSQ) — CeHsNO, + H.SO,

HSQOy + H30" — H,SO, + H,O

CeHg + HNO; —» GsHsNO, + H,O
HNO3 shows strong acidic property: H¥® NOs + H'.
Thus it reacts with metal salts forming metal nédsa
Hypophosphorous acid(HsPQ,), a mono basic acid gRO,= H' + H,PQ,) and ortho
phosphorous acid @RQy), a dibasic acid (#POs= 2H" + HPQ®) show similar properties,
i.e. on heating give P+Hand are reducing agents:
2HsPO, —— >  PH+ HPOy
4HPO; a0,  2HPO + ZH;
HsPO, + 2HO —»  HPQ, +4H
HPOs + HHO —»  HPOy +2H
(liberation of H makes them strong reducing agents
Hypophosphoric acid (#.0¢) is a tetra basic acid (R,0s= 4H" + P.Og")
and decomposes to;PIO; and HPQ on heating above its melting point.
HsP,.Og —» HPO; + HPG
But when heated at 180 gives PH along with acids.
4H,P,0g —» 2HPO; + 4HPQ + PH;
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On hydrolysing it gives kPO, and HPG;,
(vi)  Ortho phosphoric acid (HsPO,) is a tri basic acid (POQ,= 3H" + PQ*) and is an
important member of acid series of P.

(&)  Action of heat. When heated strongly it gives a series of prodastgiven below:

2H3PO,  250C H4P20; 320C 2H P% 600-706C P,Os5
-H,0 -H,0 red heat, -HO

(b) Reaction with alkalies.It forms three series of salts with alkalies.

H3PO;  +NaoH NaHPO, +NaoH NaHPO, +NaOH NgPOy
_— > — > —_
-H,0 primary -H,0 secondary -Hzo tertiary sod.
phosphate

(b) Reaction with magnesia mixture. It reacts with magnesia mixture (Mg& NH,OH) to

produce a white ppt. of \fiMgP O, (ammonium magnesium phosphate).
HsPO, + MgCl, + NH,OH — NHMg PO, + 2HCI + HO.

(c) Reaction with ammonium molybdate. When phosphoric acid and phosphates are treated
with conc. HNQ and ammonium molybdate, a canary yellow ppt. ofmamum
phosphomolybdate is obtained on wafing to abo 57
HsPO, + 12(NH,),M0O; + 21HNG  —» (NHp)sPO,12M0o0O;  + 2INHNO; +
12H,0 yellow ppt.

(vii) Pyrophosphoric acid (:0;) is a tetra basic acid gR.O; = 4H" +P,0;%)
but forms only two types of salts, i.e.sMO; and MP,O; type. On heating it gives
metaphosphoric acid (HRD
H4P,0O7 217c 2HPG; + HO
(viii) Meta phosphoric acid (HRDis also known as glacial phosphoric acid. Itsesms solution
is gradually converted intogRO, on standing.
HsPO, + H,O — H3PO, (ortho acid)
(ix) Peroxy phosphoric acids are the derivatives MHi.e. HPQ; and HP,Os.
Structures of oxo acids:
H,N,O3. This acid is said to contain an azo group, -N=hd assigned the structure, HO —
N=N-OH. Because of the double bomis-transisomerism may be there. But experimental
evidences support theans-structure of the acidzig 11.3 (a)
HNO.. The infra- red study of the acid vapour has progdbketrans structure for the acid.
Raman and X-ray study of crystalline salts of tloéd have shown that N@ion has an

angular structure as shown beldvig 11.3 (b)
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HNOs. It is a mono basic acid, i.e. has replaceable tgatrcattached to -atom through
oxygen. The electron diffraction studies have iathd a planner structure to the acic
vapour state as shown here. 5 ion has trigonal planner geometry {dmybridisaion)

postulated by VBTFig 11.3 (c)
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Oxo acids of phosphorous :
The structure of various oxo acids of phosphoraugeheen shown in Fig. 11.4. In gen

various atoms or groups are arranged tetrahedaediynd P atom (s) of the acids, i.e. thel

no direct link between adjacer-atoms.

Pyrophosphoric acid
10

HO_ Ao

HO—P — F—OH
P 0
HPO,
hypophasphoric acid
o o 0\ ’//0
1 H—P—O0—P—H

u—lPl <__’[°| P

| H /\\

OH HO on H
H,PO, H,PO,

2molecules  /
o OH
HP0,

Pyrophosphorus acid

acid acid

Fig. 11.4 of

11.7 ANOMALOUS BEHAVIOLR OF NITROGEN

Nitrogen,the first element of the group VA, differs considaya like other first elements «

the respective earlier groups, from other elemehits group. This is, as stated earlier a
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because of the inherent properties of nitrogen,itsesmall size, high electro-negativity and
non-availability of d-orbitals in the valence shell

The main points of difference are:

Nitrogen is a gas while other dements are solids.

Nitrogen molecule is diatomic gNwhile other molecules are to tetra-atomig, (Rs4, Sh
etc). This is due to the formation gfp, bond in nitrogen.

All the elements except N and Bi show allotropy.

Nitrogen occurs in free state in nature but ottements occur as ores.

Nitrogen behaves as an inert (non-reactive) elerbahtother elements are fairly reactive.
This is because®N bond is present in Nand other elements have low M-M bond energy.
Nitrogen shows a large number of oxidation stageg, -3(NH), -2(MHy), -
1(NH.OH), +1(NO), +2(NO), +3(NOs), +4(NO,) and +5(NOs). Other elements do not
show such a variety of oxidation states.

Its trihydride, NH, is highly stable and non-poisonous while theyttiides of the other
elements are progressively less stable and poisordsio, hydrogen bonding occurs only in
NH3 and not in other Mklcompounds.

(viii) NClI; is explosive, highly reactive and unstable whiie trichlorides of the remaining
elements are more stable and less reactive. N muteform pentahalides but other elements
except Bi form such halides because N cannot exparattet due to the non-availability of
d-orbitals in the valence shell.

Maximum coordination number of nitrogen is 4 andgt ior other elements is 6, e.g. [MF

11.8. SUMMARY

The text of the study material of this unit congathe introductory part along with a detailed

account of the general characteristics of the g&nogroup elements such as their electronic
configuration, occurrence, physical state, elemestaicture, metallic and non-metallic
character, hardness, atomic radius and atomic \@luomisation energy, electronegativity,
heat of atomisation, melting and boiling pointsjdation states, electron donor- acceptor
properties, allotropy, catenation, electrical anertal conductivity, chemical reactivity etc.
The preparation and properties of hydrides andlbalof these elements have been given in
detail along with their structural aspects. Theperties and structure of oxides and oxo acids
have been discussed elaborately with examples.hAt dnd, the points of anomalous

behaviour of nitrogen in contrast to other elemefits family have been mentioned.
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11.9 TERMINAL QUESTIONS

i. The penultimate shell of phosphorous has
(a) 1$ configuration
(b) 2$p° configuration
(c) 3€p°d™® configuration
(d) 2¢p°d™® configuration
ii. The elements that do not form pentahalides are:
(@ Nand P
(b) N and As
(c) Pand As
(d) N and Bi
iii. Hydrazoic acid is a hydride of
@ N
(b) P
(c) As
(d) Sb
iv. Among the pentoxides, the strongest oxidisiggrd is
(@) NeOs
(b) P.Os
(c) As0s
(d) SkOs
v. The only metals which liberate; ldn reacting with dilute HN@are
(@) Zn and Sn
(b) Mn and Sn
(c) Cuand Zn
(d) Mg and Mn

11.10 ANSWERS

i. (0)
i, (d)
i (a)
iv. ()
v. (d)
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12.6 Halides of sulphur and their properties
12.6.1 Preparation, properties and structure of sulphlidés
12.6.1.1 Dihalides
12.6.1.2 Tetrahalides
12.6.1.3 Dimeric monohalides
12.6.1.4Hexahalides
12.6.1.5 Dimeric pentafluoride
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12.7 Anomalous behaviour of oxygen
12.8 Summary
12.9 Terminal questions
12.10 Answers

12.10BJECTIVES

This unit will help readers to answer the followiggestions:

(@) What are Chalcogens?

(b) How elements of 16-group are useful?

(c) What is di-pr bonding?

(d) What are the structures of oxides and oxoacidd§afroup elements?

(e) How oxygen is different from other elements in ¢gneup?

12.2 INTRODUCTION

In continuation of group-15 elements, within thigtwou will learn about general properties,
structure and uses of 16-group elements. Theréivereelements in this group, of which the
first four are non-metals. All the elements of thi®up are solid except oxygen. Oxygen,
sulphur and selenium are non-metals, tellurium Hoétawhile polonium is metallic in
nature. These are also called as chalcogens. @eaisaneans ore-forming elements, as a

large number of metal ores are oxides or sulphides.

Several reagents of this group element are comaigramportant. Sulphuric acid @$0,),

sodium sulphite (N&80s) and hydrogen peroxide £B.) are some of them. The elements can
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be divided into metal (polonium, Po) and non-met@sygen, sulphur, selenium and
tellurium; O, S, Se and Te).

Oxygen shows different properties from the otheminers of this family because oxygen has
strong tendency to form bond while sulfur has greater tendency to formirchand rings.
Selenium, tellurium and polonium form toxic compdarwhich should be handled with great

care.

12.3 GENERAL CHARACTERISTICS AND USES

Atomic radius, density and metallic character iasee from oxygen to polonium while
ionization potential decreases from oxygen to polon Oxygen is a diatomic gas while
sulphur, selenium and tellurium are octa-atomicS® and Te. Electronic configurations of
each element of this group are given below. Allvedats except oxygen exhibit -2, +2, +4
and +6 oxidation states. All the elements of 1group exhibits allotropy. Se, S, Te, Po and
oxygen have 6, 4, 2, 2 and 2 allotropes, respdygti@ut of 6 allotropes of Se, three are red
non metallic, one amorphous red and two grey metgims. Allotropes of sulphur ame-
(rhombic or octahedral sulphuf};(monoclinic or prismatic sulphury;(monoclinic sulphur)
andA— (plastic) sulphur. Te has one metallic and one-metallic allotrope while Po has 2
allotropes; onex—cubic and the othgs—rhombohedral. The two allotropes of oxygen ase O
(oxygen) and © (ozone). Elements of group 16 form a number ofalyinand ternary
compounds. Among binary compounds; hydrides, halided oxides are the main

compounds.

Sixteenth group elements (VIA group) formMtitype hydrides. All hydrides are covalent in
nature.. All hydrides are poisonous gases with esgant and foul smell. Group 16 elements
form monohalides (MX, type), dihalides (MX type), tetrahalides (MX type) and
hexahalides (MX type) where M is an element of 1§roup and X may be F, Cl, Br or I.
The oxides formed by group 16 elements are diox{i¥3, type) and trioxides (M@type).
Other important ternary complexes formed by elemehtL8" group are oxoacids (-ous and -
ic acids) such as sulphurous,80;) and sulphuric (K50,) acids, sodium thiosulphate
(N&S03, 5H,0) etc.

Electronic configuration of 16 group elements

Oxygen (O) - Ts2¢2p
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Sulphur (S) - 1528 2p° 3¢ 3p°

Selenium (Se) - 19 2p 3¢ 3p 3d° 4¢ 4p"

Tellurium (Te) - 182¢ 2p° 3¢ 3p° 3d'° 4¢ 4p° 4d'° 5¢ 5p°

Polonium (Po) - 152 2p° 3¢ 3p° 3d'? 4¢ 4p° 4d'° 4f'* 5¢ 5p° 5d'° 65 6p*

We know that dioxygen () is used in respiration by both plants and animals
Besides this, it is also used in steel plants. glaith air, dioxygen is used in blast furnaces
for the reduction of iron-oxides to impure pig irbg coke. Dioxygen is also used in oxy-
acetylene welding, metal cutting, manufacture of@JNMrom NH; and ethylene oxide from
ethane. Titanium dioxide is used as a white pigmenpaint and paper and as filler in
plastics. Dioxygen is also used as oxidant in reek8ulphur is the minor constituent of
certain amino acids such as cystine, cysteine attiiomine. Sulphuric acid @g3Qy) is used
for making fertilizers while sulphite (S6), hydrogen sulphites (HSQ and sulphur dioxide
(SQ,) are used in bleaching. Sulphur is also used éenntlanufacture of carbon disulphide
(CS), rubber, fungicides, insecticides and an exp®wspunpowder. Both sulphur and
selenium dehydrogenate saturated hydrocarbonsniSelemetal (Se) is used to decolorize
glass. Photoreceptors of photocopiers are madé sglenium. Selenium is an essential trace
element and a component of many enzymes such &dhgbne and peroxidase. When taken
in larger quantity, it becomes toxic to the humaeings. Tellurium (Te) is used in the
manufacture of steel and non-ferrous alloys. Setarand tellurium when absorbed in human
body, excreted as foul smelling organic compourdagawith breath and sweat. Polonium

(Po) is a radioactive element.

12.4 OXIDES OF SULPHUR

Sulphur mainly forms dioxides (SR trioxide (SQ) and sesquioxide £83).
12.4.1 Sulphur dioxide (SQ).
12.4.1.1Preparation:

Sulphur dioxide can be prepared by

Burning sulphur (S) or sulphide ores in excessinfTdis is thecommercial processof SQ

production.
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S +Q — SO

2ZnS + 3Q — 2Zn0 + 2SQ
Reaction of concentrated,8l0, with Cu turnings, S, charcoal, Ag and Hgaloratory
method)
Cu + 2HSO, —» CuSQ + SQ 2H,0

(i) Large amount of S@is produced as a waste product during coal aratfer fossil fuel

burning. This S@is harmful for environment.
12.4.1.2 Properties:
Physical properties

Sulphur dioxide is a colourless gas with suffoaasmell. It solidified at —76°C and liquefied

to a colorless liquid at —10°C.
Chemical properties
The different chemical properties of S&re given below:

At 1200°C, it decomposes into $e&nd S.

35 + Q — 2SQ + S (at120T)
SO, is anacidic oxide In aqueous solution, it shows acidic properties.
SO, + HLO ——= HSO; (Sulphurous acid)

Due to its acidic nature, it also reacts with basiides to form sulphides.

SQ+2MNaOH—>  BEQ+HO
SQ+C0—> Ca§o
(iif) Formation of addition compounds

As maximum covalency of sulphur atom is six,»§@ith four covalency), can form

addition compound with £ Cl,, PbG and BaQ to attain maximum covalency of six.
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Ptor \Q,
SQ+GQ 250

Sunlight
SC%+OQG S0,

A
SC%+P@ f— Pb$
(iv) Oxidizing properties

SO (S = +4) acts as a good oxidizing agent with girmeducing agents and reduces
itself to S (S = 0).

SO, + 2H,S — » 2K0 +3S
SO, +2CO—> 2CO+S

SO, + 4HCl + 2SnC} —» 2SnGl+ 2H,0 + S

(v) Reducing properties

In presence of moisture, $@an act as reducing agent as it liberates nascent

hydrogen on reaction with moisture (The nascentdgyeh acts as a reducing agent).

SQ+HO—> SE2H

(nmoisture)

During reduction process, 2@et oxidized to S@or H,SQ,.

Halogens (X,) ‘SO2 + 2H,0 + X,— H,SO, + 2HX ‘

Acidified KMnO,, K,Cr,0,"
and Fe, (SO,), solutions

\_. H.0, SO, + H,0,—» SO, + H,0

HNO, | SO, + 2HNO,— SO, + H,0 + 2NO,

SO, Reduces

5SGQ + 2KMnQ, + 2H0 — KSO; +2MnSQ + 2HSOy

3SQ + K, CrO; + HbSOr — KySOs + Cp(S04) + HO
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SQ + 2H0 + Fe(SQy); — 2FeSQ 2H:SO,
12.4.1.3 Uses:

(i) SO, is used for the production of other chemicals sackNaHSQ@, NaCOz;and NaS,03

280, + Na,CO, + H,0 — 2NaHSO, + CO,

Sodium bisulphite
(sodium hydrogen sulphite)

2NaHSO, + Na,CO, —— 2Na,S50, + H,O0 + CO,
Sodium sulphite

heat
Na,SO, +S —— Na,S,0,
Sodium thiosulphate

(i) SO, is also used as a non-aqueous solvent. Liquigi$@ useful solvent as a number of

inorganic and organic compounds are soluble ingbigent.
12.4.1.4 Structure:

In the first excited state, sulphur attainé3p83d" valence shell configuration. Then it
undergoes gthybridization. Sulphur forms two bonds twobonds (p/ —p , p —d 1) with
oxygen atoms. The bond angle is 119°30’. Due tqgtksence of one lone pair of electyrons

on S atom, its geometry became V-shaped.

®
Y
12.4.2 Sulphur trioxide (SQ):

12.4.2.1 Preparation
Sulphur trioxide can be prepared by the followingtinods:

(i) Oxidation of SQ

H
25Q
A0CP-450P

2SQ+Q

UTTARAKHAND OPEN UNIVERSITY Page 284



INORGANIC CHEMISTRY-I BSCCH-101
SO, + H0,—» SQ@+ H,0

(i) By the reaction of HN@with SO,
SQ + 2HNO; — 2N+ SQ+HO

(iiif) By the reaction of NQwith SG,
SO, + NO, —= S@+ NO

(iv) By heating pyrosulphuric acid

HSO,+HO -£» BBQ+SQ

12.4.2.2 Properties
(i) Physical properties
SG; exists in three following allotropic forms:

(a) a-form : chemically active form, ice-like transpatrenystals with m.p. 17°C

(b) B-form: Needle-like white crystals, above 50°C. Ttiem changes tai-form. The m. p. is
32.5°C.

(c) y—form: like B-form and obtained by complete drying[&form. Its m.p. is 62.2°C at 2 atm.

pressure.
(i) Acidic nature
In aqueous solution, it shows acidic propertiesckeacidic in nature.

SQ + Hzo —_— HSO4

SG; also reacts with basic oxides to form correspamguiphates

(iii) Dissociation

SG; dissociates into SCand Q at 1000°C.
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2SO0, —» 259,0,

(iv) Reaction with H,SO,
With conc. HSOy, SG; forms pyrosulphuric acid (fuming sulphuric acioléum)

SO; + conc. HSO, —= HBS,0,

Pyrosulphuric acid
(v) Oxidizing property
Sulphur trioxide is a good oxidizing agent. Durimgdation, SQ reduces to SO

55Q+2P — 58Q+RBQy
SQ+2HBr— SQ+Br+H
SQ+PO,—» SQ+O,+POG

(vi) Reaction with H,O,

SG; reacts with HO; to form per-oxy monosulphuric acid £610s)

SQ +HO, (anhydreresy—=  H,SQ
Peroxy nmonosulphuric acid

12.4.2.3 Uses:
SG; is used in manufacture 080, and BS,0; and also as drying agent of gases.
12.4.2.4 Structure of SQ

SO; molecule in gaseous state exists as monomer wganal planar geometry. In solid
state,a-form exists as a trimer (S§2 having ring structuref andy-forms are dimeric,

(SOs), with linear layer structure. In S@nolecule, sulphur is $ybridized.

o

30 (2prt—cttbond)
&\ @rpond

Hybridization on sulphur is$p
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Trigonal planar geometry of gaseous;&lecule
o (@] o
[ | |

—S-0-5—0-S-0

| |
@) (©) ©) e .
Hybridization on sulphur is$p

Structure of3 & y-forms of SQ (Linear layer structure)

0\\ / 0
s
/ \ (Hybridization on sulphur is SP
Structure of o - form of SO,
0 O {eyelie trimer)

O

0/ M o S\U

The other oxides formed by sulphur ar®OSS0;, SO to §00. The oxides from & to
S100 can be prepared by dissolving the cyclo formSsp;, S, S and §pin CS or CHCI,
and oxidizing with trifluoroperoxoacetic acid (FOOOH) at —10°C to —30°C.

0

These compounds are orange-yellow in colour ance hanginal rings of S-atoms. One

oxygen atom attached via a double bond to oneeofitly S-atom.

12.5 OXOACIDS OF SULPHUR.

Sulphur forms a number of oxoacids. The acids esitbler in free State or in the form of
their solutions or salts. Sulphur forms mainly fageries of oxoacids as shown in the

following flow chart (Flow chart 12.1)
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Classification
of
Oxoacids of Sulphur
Sulphoxylic acid Sulphurous Sulphuric
Series acid series acid series

(MH.SO, (Sulphorylic acid) (i) H.SO, (Sulphurous acid) (i) H.SO, (Sulphuric acid)
(i) H.S,0, (Thiosulphurous acid)  (if) H.S,0, (Thiosulphuric acid

dithionous acid) disulphuric acid)
(iti) HS0; (Pyrosulphurous /|~ (iii) H.8.,0, (Funing Sulphuric acid /
disulphurous acid) Oleum/Pyrosulphuric acid)

Peroxy-sulphuric acid Series
(1) H.SO, (Peroxy-monosulphuric
acid) / Caro’s acid)
(i) HS,0, (Peroxy-disulphuric acid/
Marshall's acid)

Thionic acid Series
(i) H,5.0, (Dithionic acid)
(i1) HSnO, (n=3 10 6)

Flow chart 12.1 Classification of oxoacids of suiph
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Polythionic acids include #$:0¢ (trithionic acid), HS4Os (Tetrathionic acid), bBsOs
(Pentathionic acid) andA3:0s (hexathionic acid).

12.5.1 Sulphurous acid series:

This series includes sulphurous acig$8), thiosulphurous acid (#$,0,), pyrosulphurous

acid or disulphurous acid $8,0s) and hyposulphuric acid ¢S,0,).

12.5.1.1 Sulphurous acid (K50;)

This acid is unstable and is known only in solution

(a) Preparation:

(i) SOG; on dissolution in water, forms sulphurous acid.
SO, + H,O —  HSO,

(if) Reaction of thionyl chloride (SOgIwith water generates,;80;.
SOG,+2HO ——  pBQ+2HA

(b) Properties:

(i) Acidic nature:

H,SG; is dibasic in nature. It ionizes in two stages :-

H,SO5 H + HSO; (Bisulphite ion)

HSO5™ H + HSOZ™ (Sulphite ion)

Thus, sulphurous acid forms two types of salts, elgrisulphites and sulphites.
(i) Decomposition:
The solution of HSO; decomposes at 150°C to forraS,.

3H,S0; AN 2HSO, + H,0 + S

(iif) Oxidising properties:

During oxidation of other substances, it reducgslfiinto sulphur.
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H,SO; + 2H,S

HSQ+2SN1G+4Ha—> S+30+25Q

3S + 3}

H,SO; + 2HQ,Cl, + 4HCl—> S + 3D + 4HgC),
H,SO; + 2CO—> S +40 + CO,
HSQ +3Vg—> 2MgO+MgS+B
H,SO; + 3Fe—> 2FeO + FeS 40
H,SO; + 4HI—> S+ 3D + 2,

(iv) Reducing properties:

H,SG; also acts as reducing agent and during reducfioprtain substances, it is oxidized to
H,SO;.

H,SO; + H,O—> HSO, + 2H

H,S0; + H0 + X, ——»  HSO, + 2HX
5HSQ + 2KMhOQr—  K;SQ + 2vhSQ + 2HSQ + 3HO
3HSQ + KOO, +HSQ — KSQ +2Cr (SQ3 +4H0
HySO; + H,0+Fe, (SOp)3 — 2H,SO, + 2FeSQ

5H,S0, + 2KI0; —» 4H,S0, + K,SO, + H,0 +

(v) Bleaching properties:

Nascent hydrogen liberated during oxidation of aertsubstances by ,80;, changes

coloured matter to colourless matter. Henc£S® can acts as a bleaching agent.
H,SO; + H,O—— H,SO, + 2H

Coloured matter + H— Colourless matter
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The bleaching action of 430; is temporary, as colourless matter can again meges colour

when exposed to air.

Colourless matter + O—— Coloured matter

(air)
(c) Uses:

H,SGO; is used as an oxidizing agent and reducing agemiany reduction and oxidation

reaction.
(d) Structure of H,SOs:
Two structures have been proposed for sulphuroids a

0= s—— OH Or £ 0 +—S—o0H
ol inH

I Structure
o N 6
‘0 +~— § —OH

= g——0OH or

Il Structure

Support for structure |

(i) H2SGs is prepared by the hydrolysis of SQ@ihich is symmetrical.

. .OH
<l H oW e
_/,.;I Rl - i 5 FZECT
O = S
- ~ o

|““- (s} H [0

(i) H2SG; is a dibasic acid and this indicates symmetritrakcsure for HSO:s.
Support for structure Il

Reaction of NaHS®with KOH forms NaKSQ@ while of KHSG;, with NaOH form KNaS@
Both NaKSQ and KNaSQ@ have different structures. If,80; has symmetrical structure,
NaKSQ; and KNaS@ should have the same structures. ThuS® is unsymmetrical in

shape.
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You can see that the above reactions support lyotimetrical and asymmetrical structures.

Hence, the actual structure of$0; is the tautomeric mixture of these two structures.

a'/‘\"l
‘I Ip ;" i
.S'-
& 1N\
(H 0o
{I}H H

Trigomatramidal Tetrahedral

12.5.1.2 Thiosulphurous acid (K5,0,):

When one oxygen is replaced by sulphur 88, it is known as thiosulphuric acid. It is a

dibasic acid

H,S,0, is trigonal pyramidal in shape and hybridizationswilphur is sp

pr — dr bond

Structure of $,0," ion (thiosulphite ion)

12.5.1.3 Hyposulphurous acid (K5,0,):
It is also called as dithionous acid.

(a) Preparation:

Zinc hyposulphite on reaction with Ca(QH)nd oxalic acid (KC;0,) forms hyposulphurous

acid.

ZnSQy, (a0) + Ca (OH)—»  Casy, (solution) + Zn(OHppt
Cas0, +HGO, —» CaGQ, + HSO, (Hypostiphurous acid)
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(b) Properties:
(i) Acidic nature:
It is a dibasic acid and gives only one type ofssaith $SO,> ions.
(i) Decomposition:
Hyposulphurous acid decomposes on heating to stdpkacid.
2H,5,0, 2> 245,04
HyS,03—= HSO;+ S
(iif) Reducing properties:

This acid is strong reducing agent. During redurctié the other substances, they themselves
oxidize to sulphite or bisulphite.

H,S,0, + 2H, O —>  2HSO; + 2H

H,S,04 + 2H, O —> 2HS@+ 2H" +2¢

(iv) Oxidation:

H.S,0, solution easily oxidized in presence of air tg5§Ds.
2H;5,04 + O —> 2HS,05

(c) Uses:The acid is used as reducing agent.

(d) Structure of H,S,0,.

Each sulphur atom in hyposulphurous acid fshsridised.
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12.5.1.4 Pyrosulphurous acid (b5,0s):

This acid is also called as disulphrous acid. lalso a dibasic acid. Each sulphur atom s sp
hybridised and consists of two $@olecules joined together through oxygen atomwFlo
chart 12.2).
0 TI’
HO— ,SJ_— 0—3—0n
HO \ T07 \ om
:Q-_," T,

+S

(Oxidation H.SO, —_— :
: 5 § H,S,0,
state 1s Sulphurous acid 0O 3E T ¢
+4) T'hiosulphurous acid
H.O 1 H,S0, (Oxidation state of S is 1)

H.S.0,
Pyrosulphurous acid or disulphurous acid
(Oxidation state of sulphur is +4)
0

H.8.0,
Hyposulphurous acid (oxidation state of S is +3)

Flow chart 12.2 Flow chart to learn sulphurous acidseries
12.5.2 Sulphuric acid series:

12.5.2.1 Sulphuric acid

It is also known as oil of vitriol and formula iS&0,.

(a) Preparation:

(i) Lead chamber process:

Mixture of SQ, air and NO is treated with steam to forsSi,. Nitric oxide (NO) acts as a

catalyst in this process.
2SO0, + O, + 2H,0 + [NO] —> 2HSO, + [NO]

(ii) Contact process:
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This is a four step process. In the first step, 8Oprepared, in the second step,33©

formed, in third step, 5,07 and in the last step,,80, is formed.

S()s + H2804 —_— H28207 ....... Step 3

Oleum/Fuming
Sulphuric acid

H2$207 + Hzo —> 2H2804
Sulphuric
acid

(b) Properties:

(i) Pure HSOy is a colourless liquid and forms a constant bgilimixture with water. Its
boiling point is very high (340°C) and this is doghe hydrogen bond between its molecules.

e L
e

o»
S -
et S
o .......H "
@D e
1 s
Ugen

b

1
;r' i\

I Xy edr:

(i) H2SOy is soluble in water and this is an exothermic tieac Heat is produced during
dilution and may be due to the formation of hydsdiee H,SO;, H,O, H,SO;. 2H,0.

H.SO,H.O

HO 0...H-0H
N

S
7
HO \()_._., H-OH

H.S0,.2H.0

2HSQ + Cy(PQ), + 5HO —— [Ca (PQ). HO+2 (Ca SePHO)

Superphosphate of lime
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(c) Uses

H,SO, is used in manufacturing of fertilizer, explosivesany chemicals like NE&O;, alums,
metal sulphates etc., in storage batteries, asrdédry regent and an oxidizing and

dehydrating agents.
(d) Structure of H,SOy:

Actual structure of bBOy is the resonance hybrid of the following two stunes:

0
0 t

o =
HO—S§—OH === HO— 5 —OH

|

‘|¥I‘ 0
In these structures, S is’dpybridized and the geometry is tetrahedral.
12.5.2.2 Thiosulphuric acid (HS;05):
(a) Preparation:

Thiosulphuric acid is stable at —78°C but unstaltlerdinary temperature. It is prepared by
the reaction of S©with H,S.

SO;+H,S — >  BS,0;

(b) Properties:
The acid is unstable, hence, decomposes easilygdSg)» and sulphur.

H,S03 —— S + SO+ H,0

or

S + HSO;
(i) Acidic nature:

It is a dibasic acid and forms bisulphate ion (H3@nd sulphate ion (S@)‘) when dissolved
in water. It reacts with alkali to form salt andtesa
Oxidising properties:

Hot concentrated sulphuric acid is a powerful aity agent and reduces itself to Shen

reacts with reducing agents.
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2HSQ +C — 2D+ 2S00+ CQ
SHSQ +2P— 28PQ +550Q
2HSQ + Q—> QUSE-SQ+2HO
2HSQ +Zr— ZnS3>SQ+2HO0
HSQ + 2HBr— SEP+2HO+Bp

HSQ +H, — 2D+SQ

SHSQ + 8K —— 5 +4KSQ . 4H0., 41,

Besides these properties;3O: can react with Ba (+2) and Pb (+2) salts to fonsoluble

sulphates, with SOto form oleum and also used in the manufacturirigrént types of

fertilizers like superphosphate of lime and ammtdahosphate sulphate.

HSQ +3NH + HPQ —— (ND(HPQ).
(NHY-SQ
Anmonated phosphate sulphate

(d) Structure of H,S,03:

It is a dibasic acid and the actual structure isomance hybrid of the following two

structures.

In both the structures, central sulphur atom is tepbridized and hence, the geometry is

tetrahedral.

HSQ —S2» HSO
+S

Sulphuric acid Thiosulphuric acid
(Oidation state of (oxidation state of
Sis+6) Sis+2)

l-bSQl —+0
HSO,
Pyrosulphuric acid

(oxidation state of
Sis+6)

Flow chart 12.3 Flow chart to learn sulphuric asgdies

12.5.2.3 Pyrosulphuric acid, HS,07:
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It is also known as disulphuric acid or oleum.
(a) Preparation:
(i) It can be prepared by the reaction ofsS@h conc. HSOu.
SO; + Conc. HSO, —» HS,0;
(b) Properties:
(i) Oleum is a brown oily liquid.
(i) It is called as fuming sulphuric acid becaitsgives fumes in air.

(iii) It is dibasic and on warming, changes intgSiax.

H S0, MM s, + S0

(iv) Pyrosulphuric acid solidifies on cooling beld®C. It is used in the preparation of dyes

and explosives.

(c) Uses:

Oleum is used in the manufacture of explosivesysland dyes.
(d) Structure:

The acid is dibasic and each sulphur atomigpridised.

Structure of oleum

12.5.3 Peroxysulphuric acid series:
12.5.3.1 Peroxymonosulphuric acid ) k80s):
This acid is also called &aro’s acid.

(a) Preparation:
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(i) By Caro’s method (Reaction of potassium perasyfbhate; KS,0Og with conc. H SQy)

K,S,0g + HyO Conc. BS0O,

K,SO, + H,SOs
(if) Ahrle’s method (Reaction of S@r Conc. HSO, on very concentrated,B,).

SO; + H,O, —  HSG;
Conc. BSO, + HHO, — HSG; +H,0

(i) d’Ans and Friedrich method (Reaction of anhyds HO, with chlorosulphuric acid,
SO, (OH) CI.

©OHSQA+HO T2+ 18q+H

(b) Properties:
(i) It is a white crystalline hydroscopic solid aitsl melting point is 45°C.

(i) It reacts with HO, and release £
H,SQs + Hy0,—L s HSO, + H,0 + O,

(iif) With dil. H,SO4, H20- is obtained.

H,S0; + H0 252 150, + 1,0,

(iv) Oxidizing properties

During oxidation of other substances, it reducesuiphate. Nascent oxygen is responsible

for its oxidizing action.

H,SO; + 2FeSQ——» F§SOy)3 + H,0
H2$O5 + KX—> 6804 + Hzo + X2
H,SQs + Zn ——»  ZnSp+ H,0

(c) Uses:

Caro’s acid is used for preparation of dyes, oxahabf olefins to glycols, oxidation of

ketones to lactones or esters and in bleaching ositigns.

(d) Structure:
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H,SOs is a mono basic acid. Sulphur atom i3 Isgbridised. The twaebonds (S = O) arerp
— drtbonds.

OH

|
0=S—0—0—H

O
Structure of HSG;
12.5.3.2 Peroxydisulphuric acid (HS,Og):
It is also called as Marshall’s acid.
(a) Preparation
(i) Berthelot’'s method:
Reaction of S@ O,, and HSO, give peroxydisulphuric acid.
SO, + O, + H,SO; —» HS,0g
(i) Electrolysis of (NH4).SO4 aqueous solution containing HSO.,.

Aqueous solution of (NB,SQO;, in presence of 80, forms peroxydisulphuric acid. Platinun

is used as anode and graphite as cathode.

(NH4)2804 + H2804 —_— 2NHHSO4

NH4HSO, H + [(NH,) SOy~

2 [(NHy) SO~ —> (NH), S,0g + 2€ (anode)
2H+26 —» H{g)(cathode)
(NHz)2 S0g quickly distilled with HSO, to obtain HS,Og.
(NHy), S,05 + H,SOy —» (NH,)5 SO, + H,S,04

(iii) Eletrolysis of H,SO, solution
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Electrolysis of 50-60 % k50O, solution forms HS,Og at anode. The anode is made up of

platinum wire while cathode of copper wire.

H,SO, === 2H"+ 2HSQ

2HSQ, —— H,S,05 + 2€ (anode)
2H"+ 26— Hg) (cathode)

(iv) d’Ans and Friedrich method
Pure HS,Og is formed by the reaction of,B, with chlorosulphuric acid.

—2HCI

2(OH)SQCI + H,0,— = (HO) SG,— O - O - SQ(OH)
Chlorosulphuric Peroxydisulphuric
acid acid

(b) Properties:
(i) Peroxydisulphuric acid is a colourless, cryatal solid with melting point = 65°C.

(ii) On heating, it releases,@nd SQ.

2H,S,04 L, 2H,S0, + 2SG, + O,
(iii) It is used to prepare 30%.8,. When HS,Og is distilled with dil HSOy, H,O- yielded.

HSQs + HOL A, s +HO,

(iv)On standing the aqueous solution afS0g for some time, it gets hydrolysed inte$Ou
and HSGs.

HSQ +HO s +HSQ)
Peroxyosniphuric
acd

(v) Oxidizing properties

During oxidation of certain species, perdisulphadid reduces itself to SO/THSO,™.
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HSO +FeSQ— Fe(SQ)s+HSQ
HS0; + M(OH), — MO, +2HS0,

Salt of perdisulphuric acid ¢6,0s) oxidizes AgNQ to AgO, Cr to Cr@™, I, to 105™ and KI

to Io.

Ky S Oy + AGNQ —> 2Ag0+ 2KHSQ+ 2HNQ ++ 25O

2K28208 + Cr + 4"&0 — H2CfO4 + 3K2804
+ 3H,S0,

BRSOy + lp++6HO ——  2H@5KSQ +5H Q)

KoSOs+ 2K —» 2K:SQ + 1

(c) Uses:

Peroxydisulphuric acid is used as oxidizing andabiéng agent as it oxidizes aniline to
aniline black and bleaches in indigo. It is alseedisn the preparation of &, and

photography.

(d) Structure:

Peroxydisulphuric acid is dibasic in nature andtthe sulphur atoms are $Rybridized. All
the (S — O)tbonds are m— ditbonds. The structure is

OH O|H
R )
'_6: S_ 9_ 9_ ||S= O;
:él): HOH

12.5.4 Thionic acid series:

12.5.4.1. Dithionic acid
This acid is present in solution. Its formula is30e.

(a) Preparation:
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Reaction of barium dithionate with weighed amaooint,SO, produce dithionic acid.

BaSQ; (ag) +HSQ (ag) —— HSQYaq) +Basp
Bariumdithionate Dithionic acid

(b) Properties:

The acid is stable only in solution and when weoceortrate the solution; it decomposes to
SO, and BSO..

HSOQs— SQ+HSQ
On hydrolysis, the acid gives,80, and HSO:s.
HSQ+HO — HSQ+HSQ

(c) Uses:

Dithionates are good reducing agents

(d) Structure:

Dithionic acid is a dibasic acid. The two sulphtoras are si)hybridised and each of tre-
bonds (S = O) isp— drtbond. The two S@units are joined via S — S bond to giveShDs.

il
Mo B
O :0:
12.5.4.2 Polythionic acids (K5,06; n = 3 to 6):

(a) Preparation:

(i) Direct hydrolysis of sulphur monochloride (SCl,): By this method, small quantities of
H2S306, H2S4Os and HSs0¢ are obtained.

S,Cly + 3H,0 - H,SO; + HpS + 2HCI
Sulphur monochloride

6H,SO; + 2HS - H2S306 + HoSsO6 + 6H0
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3H, SG; + H, S —» HaS406 + 3H,0

(ii) Electrolytic oxidation of thiosulphate by 8@, SO, |, FeCk or electricity yields

individual polythionates.
NaS,03 + 3SQ - 2N&S,06 + S
NaOH
2NgSO; +4HO— NS +4H0+Na SQ
Cold solution)
2N&aS03 + ;- NapS406 + 2Nal

2NaS;03+ 2FeCt - NaS4Os + 2FeCh + 2NaCl

Hectroiytic o
oddation . Xt 2€
(b) Properties:

(i) Solutions of different polythionates get decargpd on heating to S@nd S.

$06 L > 5023 SO+ S
S105—L» 502+ SO, + 25

S$0§—L» S0+ SO, + 35

(i) With sodium amalgam, ®s* form SOs*" and SG* SO0s> yields only $O5>~ while

with potassium amalgamsSs>~ gives $Os*" and $-.

Na/Hg
a—

S;05%7+ 2N S,07 + 2Nd + SO

a VMY o 624 ong

S,06°7+ 2N
S0 + 4K = 2505 + § + 4K*

(iii) On reaction with & (sulphide), 06~ gives only $0¢>~ while S0%, S$06> and $O0¢”~

give a mixture of 835>~ and sulphur.
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$06" + S 2505
Si05 + $ - 2505+ S
S06° + § - 25055 + 2S
S0 + - 2S05% + 3S

(iv) On reaction with S~ (sulphite), $0¢>~ gives no reaction while;8s>, $0¢> and $0s°

give SOs*~ and lower polythionates
SO 52 | Noreaction
SQF+SQT___» R +SO7
ST+ S soP+sQP
ST+ S soPsQ*

(v) Reducing properties

S:06°” and SO* get easily oxidized to SO and HSQ, in the presence of an oxidizing

agent.
40 + 2H0 + SO¢” - SO + 2H,SOy
S406> + 3H0 + 70 - SO + H,SO,
Trithionic acid (H 3S30¢)
(a) Preparation:
() Trithionic acid is prepared by the action ofhwur monochloride with water.
S,Cl + 3H,0 - HySO; + HpS + 2HCI
6H,SO; + 2H,S - HpS306 + HaSs06 + 6H,O
(i) Reaction of potassium trithionate {80Og) with hydrofluosilic acid acid, bSiFe.

K2S306 + HoSiFs —» H>S306 + KoSiFs
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(b) Properties:
(i) Trithionic acid decomposes on standing.
H,$:05—» S + SQ+ H,SOy
(i) Trithionic acid does not react with Ba{dolution.
(iiif) H2S306 0N reaction with AgN@forms yellow precipitate of A®sOs
H2S306 + 2AgNG; — AQg2S:06 + 2HNG;
(c) Structure:

In trithionic acid two sulphonic acid group (HgQoined together via —S— link. The each

sulphur atom of sulphonic acid is*dpybridised and it is a dibasic acid. All the daibbnds

are pt— drtype.

Structure of trithionic acid

Tetrathionic acid (H2S40O¢)

(a) Preparation:

(i) Tetrathionic acid is also prepared by hydradyst SCl,.
S,Cl + 3H0 - HySO; + HpS + 2HCI

(ii) Tetrathionic acid is also prepared by the teac of barium or lead tetrathinonate with

measured quantity of dil 130..
MS,06 + H,SOy (dil) — HoS4O0 + MSOyl where M = Ba or Pb
(c) Structure:

Tetrathionic acid is also a dibasic acid and héee tivo sulphonic acid units (HgDare
joined via— S — S — bond. The two sulphur atomsufiphonic acid are &fybridised and all
themtbonds are p— drtbonds.
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O O

| |
HO— ﬁ_ S— S—S—OH
o

e}

Properties:

H>S4O6 solution (aqueous solution) is stable, but it aeposes on heating.
H2S,06 - HoSOy + SGy + 2S

Pentathionic acid (H:SsOg)

(a) Preparation:

Pentathionic acid is prepared by the reaction 48 ttith HSOs in solution.
5H,S + 10HSO; - 3H,Ss06 + 12H,0

(b) Properties:

Pentathionic acid is stable in solution but decosgsoon heating.
H2S06 - HSO + SG + 3S

(c) Structure:

Pentathionic acid is a dibasic acid. Two sulph@dd (HSQ) units are joined via —-S-S-S—
linkage. Each sulphur atom in sulphonic acid usisi hybridised and all double bonds are

prt— drtbonds.

Hexathionic acid (H,S:O¢)

This acid is also stable in solution. Its salt gstam haxathionate @&0Og) is an important

salt which is stable in the solid state.

Structure:
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Hexathionic acid is a dibasic acid and two sulpbagid units (HSg) are joined together by
—S—-S—-S-S- unit to form hexathionic acid. The twiplsur atoms of sulphonic acid are units

are sp hybridized and all the—bonds are p— dr types.

O O

Structure of hexathionic acid

12.6 HALIDES OF SULPHUR

Halides of Sulphur

Sulphur forms the following type of halides witlfdrent molecular formula.

MXe MX4 MX> M2X5 (MXs)2
Sk Sk Sk Sk (SFK):2
S,Cl,
SCly SCh SBr,

12.6.1 Preparation, Properties and structure of sphur halides:
12.6.1.1 Dibalide (MX)
Sulphur form dihalides like Sgand SE.
(a) Preparation:
Dihalides of sulphur can be prepared from sulphanochloride
S,Cl, + CL - 2SCh
(b) Properties:

(i) Hydrolysis
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SCh is readily hydrolysed by #D.

2SCh + 2H0 - S + SQ + 4HCI
Or

2SCh + 3HO - S + HSO; + 4HCI
(i) Action of NaF

SF; is obtained when Sgis treated with NaF.

3sCh + 4 NaF2°G.  SF,+NaCl+$Cl
(c) Stability
It is very unstable and decomposes easily.

(d) Structure

SCh has angular structure (V—shaped) likgOHwith two lone pairs of electrons where the

central atom, S is having $pybridization.

38 3p
S — L] 1 [ x[1x
[ Ke
Hybridication - Sp’
Structure @ 5 @
s e A5 g

103°
12.6.1.2 Tetrahalide (MX):
Sulphur forms tetrahalides like SFSCl, but does not form SBrSl..
(a) Preparation:
S +2Ch- SCl
S,Cl; + Ch— 2SC},

(b) Properties:
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SF, is gaseous in nature. S8 used as fluorinating agent.

C=0, COOH, P=0 P(0) (OH) ——» PpF,
SF, '
SF{ SFJ\ sRl
CF, CF, PF,

SCl, forms addition compounds with metal chlorides 8@k, AlCl3, SCl,.
(c) Structure:

All the tetrahadides (MY possess see saw geometry.The central atom Srgoedespd
hybridization.

3S 3p 3d
s= [1] [‘I‘]& I1?l‘li(| |1‘|*| | [ [ |
cocaa d

12.6.1.3 MX, Dimeric monohalide:
Sulphur can form X, type halides e.g..6,, SCl,, SBr».
(a) Preparation:

2AgF + 3S (Molten)- AQ.S + Sk

2S (fused) + G- SCls

3S + 2S0G- 2SCl, + SG

2S + SQCl, - SCly + SG

CS + 3ChL- CCly + SClI, (Liquid mixture)

2S + Bp— SBr;

(b) Properties:
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SF; is a gas while all other monahalides are liquidis.hydrolysis, $X, reduced to sulphur.
25X, + 3H,0 - 3S + BSO; + 4HX
25X, + 2H,0 - 3S + SQ + 4HX

With chlorine, $ClI, forms SCij.

s,Cl,+ cl, 225 2sc),

(e) Structure:
These halides are like;B, in geometry having non-linear and non-plannercstme.

Cl

1083 F 104
/—% 63A° P 2.01A°
- 63/ 1.93A°
Qo e <.
* 5 1Svar. Se S T 8
-

WL 'b
AS 2.01A°
108.3° 104°

Cl

Hybridisation of § = SP’
12.6.1.4 Hexahalide (ME):
Sulphur also forms SF
(a) Preparation:
Sulphur hexafluoride can be prepared by the folhgieaction:
S+ 3k~ Sk
(b) Properties:
Sk is extremely stable and chemically inert.
Covalent character

These fluorides have low boiling points and highHatiity which indicates that these are

highly covalent compounds.
Action of boiling sodium

Sk gets decomposed, when it is passed through babtdgum.
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Sk + 8Na- Na&S + 6NaF
(c) Structure:

SK has regular octahedron geometry

3S 3P 3d
x| [IXTIXTIX |1>i€|1>i4| [ | |
|

Cl Cl Cl1 Cl Cl Cl

D A
/

L /S

12.6.1.5 Dimeric sulphur pentafluoride (SE), on SFiq

Only sulphur petafluroride is known and it is dince®F;o.

(a) Preparation:

It is obtained in traces along with Skhen sulphur is directly fluorinated.
(b) Properties:

It is dimeric liquid and is stable compound.

(c) Structure:

F

/

S

a
N

N
7
F e \\F
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Structure of halides of sulphur at a glance

Type of | Name Shape Hybridization
(Formula)

M2X, Dimeric monohalide Non-planner 3sp

MX 5 Dihalide V-Shaped S)

MX 4 Tetrahalide See-Saw %b

MX ¢ Hexahalide Octahedral 5

(MXs),  or | Dimeric sulphur| Dimer spd?

M2X10 petafluoride

12.7ANOMALOUS BEHAVIOUR OF OXYGEN

Oxygen shows anomalous behaviour means, it isrdiftefrom its other family members
such as S, Te, Se and Po due to its small sizk,diggrtronegativity and ionization potential
and absence of d-subshell in its valence shelle@dly all the first members of the p-block

elements show anomalous behaviour due to the semsens.
It is different from other family members in thdléaing ways:

(a) Physical state©xygen is a diatomic gas while its other group merstare polyatomic

solids at room temperature.

(b) Oxidation state-The most stable oxidation state is -2, sometime$~Q) and -1 (HO,
or other peroxides) but not more than 2. The otherily member elements show oxidation

state beyond 2 (+4 or +6) due to the presenceadntad-orbitals.

(c) Maximum covalencyMaximum covalency of oxygen is 2 while other eletselmave 6

covalency due to the presence of vacant d-orbitals.

(d) Magnetic behaviorExcept oxygen, all the other member of this fanaitg diamagnetic
in nature. Oxygen is paramagnetic due to the poessest unpaired electrons in its

antibonding molecular orbitals.
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(e) Nature of compounds formeddxygen forms more ionic and polar covalent compasund
as compared to the other members due to its higbtrehegativity. R—O—-H, R—COOH,

RCOR are polar in nature.

(f) Hydrogen bonding-Due to high electronegativity, it can form hydrodesnds while the
other elements cannot form hydrogen bond due to thege size. Hence, compounds of
oxygen like HO, R-OH etc. have hydrogen bonding while compodik@sH,S and HSe are

liquid and solid, respectively due to absence afrbgen bond.

(g) Nature of bond-Oxygen has a tendency to formmprt multiple bonding while other

members have tendency to formHoirt bond.

12.8 SUMMARY

Sixteenth group has five elements naming, oxygen gaiphur (O), selenium (Se), tellurium
(Te) and polonium (Po). These are p-block elemefitese are also called as chalcogens
(ore-forming). The periodic properties such as atoradius, density and metallic character
increases as we go from oxygen to polonium while teverse was true for ionization
potential. Sulphur, selenium and tellurium are adtamic (3, Sg and Tg) while oxygen is a
diatomic gas (@). Except oxygen, all the elements exhibit -2, #2 and +6 oxidation states.
All the elements of f%group show allotropy. The Tﬁgroup elements form hydrides ),
halides (MX,, MX,, MX4 and MX;). They have a tendency to form oxides of Mdd MQ
type. These are the binary compounds formed bSV @foup elements. The ternary
compounds such as;80;, H,SO, and NaS,0s, 5H,O are also formed by these elements.

The 16" group elements are very useful to various biolalgsystems as;

O is used in respiration by both plants and animals.

. Commercially, it is also used in steel plants, blagnaces, welding, metal cutting,

manufacture of HN@and ethylene oxide, as oxidant in rockets.

Sulphur is a minor constituent of certain aminodacisuch as cystine, cysteine and
methionine. It is also used in manufacturing carbaisulphide, rubber, fungicides,

insecticides and explosives.

. Selenium is also an essential trace element butrbes toxic to the human beings when

taken in large quantities. It is an active partnedny enzymes such as glutathione and

peroxidase.
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Selenium is useful for making red and pink colourgidss and photoreceptors for
photocopiers.

Tellurium is useful in the manufacturing of steetianon-ferrous alloys.

Polonium is a radioactive in nature.

12.9 TERMINAL QUESTIONS.

A) State True (T) or False (F)

i. Chalcogens means ore-forming elements.
ii. Oxygen has strong tendency to fomrbond while sulfur has greater tendency to form
chains and rings.

iii. Oxygen is an octa-atomic gas.

iv. The two allotropes of oxygen are (dxygen) and @(ozone).

V. Electronic configuration of tellurium (Te) is 18 2p° 3¢ 3p° 3d™° 4¢ 4p° 4d™° 5¢
5p",

Vi. Oxygen is the minor constituent of certain amin@asuch as cystine, cysteine and
methionine.

vii. Sulphur is a radioactive element.

viii. ~ Sulphur has a tendency to form addition compounds.

iX. During oxidation process, S@educes itself into sulphur.

X. SQO; is trigonal planar in shape as sulphur atom fshgpridized.

Xi. SG;sis prepared by thermolysis of pyrosulphuric acid.

Xii. SO; is used as drying agent of gases.

xiii.  SOsa-form exists as linear layer structure.

xiv.  Polythionic acids include 5305 (trithionic acid), HS;Og (Tetrathionic acid), b5sOs
(Pentathionic acid) andJ3:0¢ (hexathionic acid).

XV. Sulphuric and sulphurous acids are dibasic acids.

xvi.  H2SO; oxidizes to HSO, during reduction of other substances.

xvii.  H2SGOs has a strong bleaching action.

xviii. Thiosulphuric acid is trigonal pyramidal in shapel daybridization on sulphur is $p

xix.  Hyposulphurous acid is43,0..

xx.  Oleum is fuming sulphuric acid.
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xxi.  Marshall's acid is also called as peroxydisulphaca.
xxii.  Oxidation state of sulphur in peroxysulphuric aisi®.
xxiii. ~ Trithionic acid is HS3Oy.

xxiv.  Sulphur pentafluoride is trimeric in nature.

B) Fill in the blanks

I.  Allotropes of sulphur are ..o

. ....ccoeeen....... IS also used in oxy-acetylene welding, ahetutting manufacture of HNO
from NHsz and ethylene oxide from ethane.

iii. .................. is used in the manufacture of steel and fesrsus alloys.

iv. SGO;reacts with HO, to form per-oxy ..
3HSQ + KOO, +HSQ — KSQ +20r (SQ3 +4HO

V. reaction shows
.. property of sulphurous acid.

Vi. .icoiveiiiiiiiineen....... is also called as dithionous acid.

vii. Very high boiling point (340°C) of sulphuric aciés due to the ..................ccooeinnies
between its molecules.

viii. ...................... acid is also called as Caro’s acid.

ix. Salt of perdisulphuric acid @,0s) oxidizes AgNQ to ......... , Crto ......... , 3 1o
............. and Kl to .............

x. Dihalides of sulphur can be prepared from ....................occe.

Xi. Sulphur tetrafluoride possess ..................... geometry.

xii. Oxygen shows anomalous behaviour is due to its..........,..high ....................
................. and absence of ................... Inits valence shell

C) Long answer questions

i. Write a note on general characteristics and us@g'dgroup elements.
ii. How sulphur dioxide prepared? Give reactions.

iii. Describe in detail the structure of sulphur triexid

iv. Discuss oxoacids of sulphur in detail.

v. What are thionic acids. Write down it detail.

vi. Classify halides of Bgroup elements with examples.

Vii.

Give in detail, preparation, properties and strreetaf sulphur halides.

viii. Oxygen is different from other members of the grdexplain.
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12.10 ANSWERS

A) State True or False

i.
ii.
iii.
iv.
V.
Vi.
vii.

viii.

Xi.
Xil.
Xiii.
Xiv.
XV.
XVi.
XVii.
XViii.
XiX.
XX.
XXi.

XXii.

4~ 4 4 4 4 m A4 4447447 A4A4 7T A4 7n A+

XXiii.
xxiv. F

B) Fill in the blanks

o—(rhombic or octahedral sulphur-(monoclinic or prismatic sulphur)y-(monoclinic
sulphur) and\— (plastic) sulphur

Dioxygen

iii. Tellurium (Te)

iv. monosulphuric acid (}$Gs)
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viii.

Xi.

Xii.

f)

9)
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reducing
Hyposulphurous acid/ 45,0,
hydrogen bond

Peroxymonosulphuric

ix. AgO, CrQ*, 105 and b

sulphur monochloride
see saw
small size, electronegativity, ionization potentiad d-sub shell
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13.1 OBJECTIVES

You will be able to answer the following questi@iter reading this unit.
(a) What are halogens?

(b) What are the characteristics and uses of halogens?

(c) Acidic behaviour of oxides and oxoacids.

(d) How fluorine is different from other halogens?

(e) What are the basic properties of halogens?

13.2 INTRODUCTION

Halogens belong to VIIA/T group of the periodic table. It consists of fiieraentsviz.

flourine (F), Chlorine (Cl), bromine (Br), iodiné @nd astatine (At). These are non metallic
elements and also called halogens. The term halisgderived from the Greek halo (=salt)
and gens (=born) meaning salt producers becausé ohdse elements exist in sea water,
such as chlorides. Halogens contain 7 (seven)relestin their valence shell. Astatine is
radioactive. Flourine is the most electronegatilighly reactive and is called as super
halogen. Halogens are not found in free state Isecaloey are highly reactive. They are

found in sea water in the form of halides.

Astatine is a radioactive element and formed aitifiy. General electronic configuration of
VI group elements is A:IP. They are very reactive and found in diatomic fdike F»,
Cl,, By, I2(Table 13])

Table 13.1Electronic configuration of halogen family

Elements Atomic | Electronic Configuration Noble gas with
no. configuration

Fluorine (F) | 9 15257 2p° (He) 28 2p°

Chlorine 17 1§ 2 2p° 38’ 3p° (Ne) 38 3p°

(C)

Bromine 35 1$ 25 2p° 35 3p° 3d'¥ 45 4p° (Ar) 3d' 4< 4p°

(Br)
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58 5p° 65 6p°

lodine (1) 53 18 25 2p° 35 3p° 3d™ 45 4p° 4dV | (Kr) 4d™ 55 5p°
58 5p°
Astatine (At)| 85 152< 2p° 35 3p° 3dV 45 4p° 4d'° | (Xe) 4f° 5d° 65

5

6p

13.3 GENERAL CHARACTERISTICS AND USES

13.3.1 Physical properties of halogens (Table 13a2d Table 13.3)

Table 13.2Atomic halogens

11%

Properties F Cl Br I At
Atomic number 9 17 35 53 85
Atomic mass 19 35.45 79.90 126.90 210
Covalent radii (A) 0.64 0.99 1.14 1.33 -
lonic radii (A) 1.33 | 1.84 1.96 2.20 -
lonic enthalpy (KJmole) 1680 1256 1142 1008 -
Electronegativity 4 3.2 3 2.7 2.2
Electron affinity (KJmol&) -333 | =349 -325 —296 =270
Table 13.3Molecular halogens
Properties F gas Chgas Br, liquid |, solid
Colour Yellow Green Yellow | Red Brown  Deep Viole
Density g/cmi (Liquid form) | 1.51 1.66 3.19 4,94
Melting point {C) -219 -101 —7 114
Boiling Point {C) -188 -35 60 185
Bond length(A) 1.43 1.99 2.28 2.66
Bond Dissociation Enthalpy158.5 242.6 192.8 151.1
(KImole?)

13.3.1.1 Physical state:

All halogen are non polar solvent and diatomic rmoles and their physical state are

Fz CI2 Brz

P}

Gas Gas

Liquid

Solid
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Difference in the physical state depends upon tkaim der Waals force which further
depends on their atomic size and molecular weigize and atomic weight of chlorine and
fluorine are less and thus, the van der Waals $oace weak. Hence, £and k are in gases

phase. Size of Biis more than Gland k which is liquid anddis much higher in size and it

forms in solid phase.
13.3.1.2 Melting and boiling points:

As size of the elements in group increases, vatals force also increases and thus, m.p.
and b.p. of molecules also increases. The orden.pf and b.p. of the halogens follow the

order:
Fo< Ch< Bro< |,
13.3.1.3 lonization enthalpy or ionization potentia

Due to the small atomic size, halogens have higbeization energy and less power to
remove electron to form Xion. lonization enthalpy increases down words imgraup

because their size increase.
F>CI>Br>1(l.P)
13.3.1.4 Electronegativity:

Group 16 elements have higher electronegativityabse of small size of the atoms and

fluorine is most electronegative element in thaqaic table.
F>ClI>Br>1 (seetable 13.2)

13.3.1.5 Electron affinity:
Electron affinity of halogens upto chlorine increasand after chlorine decreases. Flourine
has lower electron affinity because of the smale sof fluorine. The outer most shell has

higher electron density and due to electron-electepulsion, it cannot gain electron easily.

13.3.1.6 Odour:
All the halogens have very pungent odours. If iedaleven in very small quantities, they
cause inflammation of the mucous membrane of theathand nose. Thus, responsible for

irritation of respiratory duct. Large quantitiesyrteave fatal effect.

13.3.1.7 Non metallic character:
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All halogens are non metallic. Downward in a grotigir non metallic character decreases

and metallic character increases and iodine shom snetallic properties such as:
(i) lodine is solid (ii) lodine has metallic lust@ii) lodine can form cation.

13.3.1.8 Bond energy and reactivity

Halogens are diatomic molecules and iodine hadaast bond energy because as the size
increases, nucleus will be far apart from outernsb&tl. Thus, the subshell has weaker over
lapping tendency. Bond energy of fluorine is ldsmtchlorine and bromine due to the size of

fluorine and non bonding electron-electron repulsiofluorine molecule.

Cl;> Bry;> > I, (Order of bond energy)

13.3.1.9 Oxidation state:
Electronic configuration of halogen family isng’. It can gain 1eto attain noble gas
configuration. Except fluorine, other elements foé group have d orbitals. Hence, fluorine

shows (-1) oxidation state only. Other elementsvshb, +1, +3, +5, +7 oxidation states.

13.3.1.10 Solubility of halogens

Halogens are nonpolar in nature, hence, are sfightluble in water. Their solubility
decreases from CI to I. Flourine is not solublet akecomposes with water librating, @nd
Os.

2F, + 2H,0 - 4HF + Q
3R+ 3H,0 - 6HF + Q

The halogens are more soluble in organic solvekes@ClL, CHCk, CS and hydrocarbons.
In organic solvents like CHgland CCl, Cl, gives yellow, Bs gives brown colour and |
gives violet colour. In the presence of sun lighey are decomposed.,Gt more reactive

than Be.

Sun light
Cl, + H,O - HCI + HCIO
Brs + H,O — HBr + HBrO

13.3.2 Chemical properties of halogens:
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Halogens are chemically more reactive due to higltenegativity, high electron affinity
and low dissociation energy. Among halogens, Fésrhost reactive element and reactivity

decreasesas:F>CIl>Br>1I.

13.4 HALIDES AND HALOGEN OXIDES

13.4.1. Characteristics of hydrogen halides:

Halides are mainly of three types: (i) lonic haidike LiF, Cak, Srk, Bak (ii) Molecular
or covalent halides (Os&10sBu, BCls, PCE, PCE, CCl etc.) and (iii) Bridging halides
(AICl 3, Bek, BeCb, HbF;, Tak; etc).

Hydrogen halides have general formula HX, where Kadlogen (Cl, Br, I, F). Their aqueous
solutions are called as hydrohalic acids or halogems. All the halogens react with
hydrogen to form hydrides (HX). Reactivity of haéwg toward hydrogen decreases down a
group. Fluorine violently reacts with hydrogen. Hygen reacts with chlorine very slowly in
the dark, faster in day light and explosively imkght. Reaction of hydrogen with iodine is

very slow at room temperature.
The other characteristics of hydrogen halides @eudsed in following section.

(@) Physical state:Except HF which is liquid at room temperature,esthalogen halides
are found in gas state. In liquid state of HF, tlu¢ghe intermolecular hydrogen bonding, the
HF molecules associate with each other to formidighe other halogens do not form

hydrogen bond and hence, they are gases at roopetature.

Hydrogen bonding in HF molecule

(b)  Thermal stability: Stability of halides decrease from HF to HI. HFhighly stable

and Hl is the least. From HF to HI, thermal stapitiecreases.

HF > HCI > HBr > HI
This trend is observed due to the hydrogen bonitirkdf.

(c) Acidic behaviour: Downwards in the group, the acidic nature incredsrause size

increases and release of hydrogen become more easy.

HF < HCIl < HBr < HI
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(d) Reducing properties: Downwards in a group, reducing properties incrdaseause

bond energy decreases.

HF <HCI < H Br <HI
Order of reducing property

13.4.2 Oxides of halogens:

The electronegativity difference between the habsgand oxygen is very small; hence, the
bonds in halogen oxides are covalent. Most of theles of halogens are unstable and
explosive in nature (when exposed to light or shotke oxides of iodine are the more stable
then the chlorine oxides. While the oxides of bmoenare very unstable as they decompose
below room temperature. Oxides with higher oxidatitates are more stable as compared to

lower states.

The different oxides formed by halogens are; GB,F,, F,04, CLO, CIO,, CLO;, ClLOs,
CIOs, Br,O, Br0,, 1,05, 14,09 and bO4. Among these, Clg) ClO, 1,05 and OF are the most
useful. CIQ is used in paper industry, bleaching clothes amifipation of water. OfF and
Cl,O7are strong oxidizing agents. In this section, ydli kead detailed chemistry of some

halogen oxides.

Oxygen difluoride (OF,)

It is a pale yellow gas used as an oxidizing agemnt rocket fuel. It vigorously reacts with
metals, S, P and halogens to give fluorides andesxilt has V-shaped geometry as in case of

H-O molecule.
Dioxygen difluoride (O.F>)

It is an unstable orange yellow solid with oxidigiand fluorinating properties. Structurally,
it is similar to HO,.
Dichlorine monoxide (CLO)

It is a yellow brown gas used in the preparatiofnygbochlorites such as NaOCI, Ca(QO£l)
chlorinated solvents and as bleaching agent. dide V-shaped but the bond angles of the

three oxides (fO, ChO, BrO) increases in following order:

F,O < CLO < BrO

The different bond angles are due to the steriwvdnog of the larger halogen atoms.
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Chlorine dioxide (ClOy)

It is a yellow gas and used for bleaching purpoparifying drinking water and
manufacturing NaClI@ It is paramagnetic due to the presence of anetelttron. It does not

dimerize because, the odd electron is delocalized.

Dichlorine hexaoxide (COg)

It is a dark red liquid and solidifies at —180°Cid a strong oxidizing agent and explodes

when comes in contact with grease. The probahletstre of ClOg is—

O
o o
(;)>CI—CI/é% >C' \C/
N o \O/ o

Dichlorine heptoxide (CLO7)
It is a colourless liquid and shock sensitive aeg$ireactive than lower oxides.

Oxides of bromine are less important as those [ricte. BLO is a dark brown liquid while

BrO, is a pale yellow solid.

Oxides of iodine are more stable as compared therdtalogen oxides. lodine pentaoxide

(1.0s) is useful in analyzing gasesOk is having a three dimensional network.

O
<

o

0
\
O>|—o

The other iodine oxides are moderately or lesdestab

13.5 OXOACIDS OF HALOGENS

The oxoacids formed by halogens are discussedsrséttion.

Halogen Hypohalou acic | Halous aci Halic Acid Pelhalic acic
Oxidation No. +1 | OxidationNo.+3 | Oxidation No. -5 | Oxidation No.-7

Chlorine (CI. | HCIO HCIO, HCIO, HCIO,

Bromine (Br | HBrO - H BrQO; HBro,

lodine (I) HIO - HIQ HIO,
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The above table shows that the oxidation numbénetentral atom is 1, 3, 5, 7 respectively.
F is more electronegative than O atom and doehia orbital to receive the electron pair

by back donation and it does not give any oxoacids.
13.5.1 Oxyacids of chlorine:
Hypochlorons acid (HCIO)
The acid is known only in solution. HCIO is prephisy
(i) Passing Glthrough HO or in to a suspension of CagO
Cl, + H,O - HCI + HCIO
CaCQ + H,O + 2Ch- CaCh + CO, + 2HCIO
(iii) The action of C@with NaOCI
NaOCI + CQ + H,O - NaHCG; + HOCI
Properties:

The concentrated solution of HCIO is yellow, whilee dilute solution is colourless. It is a
weak acid.

Disproportion of the acid- the dilute solutiontbe acid is fairly stable in the dark but when
concentrated solution exposed to light, it becomstable and disproportionate into, @nhd
HCIOs.

5HCIO — 2Chb + HCIG; + 2HO

When aqueous solution of HCIO is heated it undesgisproportionation in to HCI and
HCIOs.

3JHCIO — 2HCI + HCIO,
(+1) (=1) (+5)

On distillation HCIO decomposes inte®land C4O.
2HCIO - CILO + H,0

Action on metals - it dissolves in Mg to give H
Mg + 2HCIO - Mg (OCl), + Hyt

Oxidizing and bleaching properties
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The aqueous solution of HCIO gives nascent oxyg@h which shows oxidizing and

bleaching properties.

Reduction
HCIO —— HCl+ 0O

Acidic nature

HCIO is a monobasic in nature.
HCIO (ag) - Hegy + ClOaq)

NaOH + HCIO- NaOCI + HO
Action of AgNO3
HCIO reacts with AgN@to give AgOCI which is unstable and give AgCl axgiCIOs.

HOCI + AgNG; - AgOCI + HNQ

3AgOCI - AgCl + AgCIG
Structure of HOCI:

It is V-shaped and oxygen is*dpybridized.

/\

H Cl

Chlorous acid (HCIOy)

This acid is obtained in the aqueous solution bgting a suspension of barium chlorite with
dilute H,SOu.

Ba(ClOy), + H.SOs— 2HCIO, + BaSQ!

HCIO; can also be obtained when Gl@acts with HO
2CIO; + H,O - 2HCIO + O,

Properties:

The freshly prepared solution of the acid is cdiess but it soon decomposes into €10
It gives a violet colour with FeSO

HCIO, undergoes disproportionation on heating in anlaié&asolution.
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5HCIO, - 4CIO, + NacCl

(iv)  HCIO; shows oxidizing properties due to nascent oxygen.
HCIO, - HCI + 2[0]
HCIO, liberates 4 from Kl solution.
HCIO; + 2H,0 + 4Kl - 4KOH + HCI + |
(v) In acid solution, HCI@rapidly decomposes as follows:
4HCIO; - 2CIO; + HCIO; + HCI + H,O

NG

Structure of HCIO,
(Chlorine is sp’ hybridized with two lone pair of electrons)

(0]

H

13.5.1.3 Chloric acid (HCIQ):
This acid is the only oxoacid exists in solutiancdn be prepared
0] By the action of dil. HSO,0n Ba(CIQ)-

Ba (CIOy); + H,SO,—~ BaSQ! + 2HCIOs.
(ii) By the action of hydrofluosilicic acid @$iFs) on KCIO;
2KCIO3 + H,SiFs - K3SiFs + 2HCIO;.
Properties:

® Concentrated solution of the acid is colourlessumpent smelling liquid.

(ii) It is stable in dark and in light, it decomposed bacome yellow.

3HCI0, 2% 3HCIO, + C1, + 20, + H,0

(i)  When organic substances like cotton, wool papercetoe in contact with the acid, they
catch fire.

(iv)  The acid is very powerful oxidizing and bleachimggat.

(v) When iodine is evaporated with HGGodic acid (HIQ) is obtained.

2HCIOs; + I, » 2HIOs; + Cb
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This reaction is used for the preparation of EHIO
(vi) HCIO3 is a monobasic acid
HCIO, = H'+ CIO;

Structure of HCIO3:

9

Cl_
//\\ _OH
o O
Hybridization on chlorine is §pwith one lone pair of electron
13.5.1.4. Perchloric acid (HCIQ):
(i) Itis prepared by heating HC}O
3HCIO, A HCIO, + Cl, + 20, + H,0

(i) Anhydrous acid is obtained by distilling a rixe of potassium per chlorate (KG)Qvith
conc. BSO;.

Ba (CIQy); + H,SOs— 2HCIO, + BaSQ!

Properties:

0] Anhydrous HCIQ is a colourless, mobile, hygroscopic and oily itult fumes
strongly in moist air and dissolves in water withiasing sound due to the liberation
of heat.

(ii) It forms hydrates with 1, 2, 2.5, 3 and 3.5 molesulof water as water of
crystallization.

(i) Itis highly dangerous acid and produces woundgherskin.

(iv)  On dehydration with s at —16C, it gives CJOx.

(v) HCIO, is the strongest acid among all the acids.

(vi)  The metals like Zn, Fe etc dissolve in the aquét@BD, solution and form the soluble
per chlorates.

Zn + 2HCIQ, - Zn (CIOy), + Hol

(vii)  The acid is not reduced by nascent hydrogen butegiiced to chlorine by the strong

reducing agent like SngICrCl etc.
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Uses:

The aqueous solution of the acid is used for thienasion of potassium grammatically.

Structure of HCIO4

H
In HCIO,. Chlorine atom 0
is again sp’ hybridized |
with three dr-pm Cl \
7| o
0 5

13.5.2 Oxoacids of bromine:

13.5.2.1. Hypobromous acid (HBrO):

Like HCIO, HBrO is also known only in solution.

Preparation:

(DIt is prepared by shaking Bwater with freshly precipitated HgO or X9

2Br; + 2HgO + HO - HgBr. HgO + 2HBrO
2Br; + AgO + H,O - 2AgBr + 2HBrO

(ilt is also obtained by distilling a mixture 8fr, and concentrated AgN@olution.
Br, + AgNO; + HLO - HBrO + HNQ + AgBr
Properties:

(i) The aqueous solution of the acid is starve-yellawcalour and is always contaminated

with the products which are obtained due to theodgaosition.

SHBrO — 2Br + HBrO, +2H.0
ONI(]) ON(o) ON=5

(i) HBrO is a strong oxidizing and bleaching agent. BBixidizes HO, to O,.
HOBr + H,0,— H,O + O, + HBr

13.5.2.2. Bromic acid (HBrQ):

Like HCIOs, HBrO;s is also known in solution.
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Preparation:
(DBy passing Cin bromine water.

Br, + 5Ch + 6H,0 —» 2HBrO; + 10HCI

(i)By shaking AgBrQ with bromine water
5AgBrOs + 3B, + 3H,O - 5AgBr + 6HBrg

Properties:

0] On evaporating the aqueous solution of the acikédomposes as follows :
4HBrO; - 3Br, + 50, + 2H,0
(i) The aqueous solution of HBgQlecomposes on heating and gives &nd nascent

oxygen (O) that acts as a good oxidizing agent.

|| i1
2HBIO w- Br. + H.O + 5 (O)

Also reduces b5 to sulphur.

2HBrO; + 5H,S — Br, + 6H,0 + 5(S)
Reduces S©to H,SO,

2HBrO; + 5SQ + 4H,0 - Bry + 5SH,SO,

13.5.3 Oxoacids of iodine:
13.5.3.1 Hypoiodous acid (HIO):
It is also known only in solution like as HCIO aR@&rO.

Preparation:

It is prepared by shaking a solution of finally mpewved iodine with freshly precipitated HgO
2l + 2HgO + HO -  Hghk.HgO + 2HIO
Properties:

It is the weakest acid of all the hypohalous agige acid acts as a very weak base, since it

also gives OHions

HIO = I +OH

UTTARAKHAND OPEN UNIVERSITY Page 333



INORGANIC CHEMISTRY- BSCCH-101

Like HOCI and HOBr, HOI also undergo disproportitioa forming b and HIQ.
5HIO - 2b + HIO; + 2H,0

13.5.3.2 lodic acid (HIQ):

It is the most stable oxoacid of iodine.

Preparation:

(i) By oxidation of iodine with boiling conc. HNO
I, + 1I0HNG; - 3HIO; + 10NG + 4H,0
(i) By passing Glinto suspension of iodine in water.
I, + 5Ch + 6H,0 - 2HIO; + 10HCIL.
(iiiy By dissolving $O4 in hot water.
51,04 + 4H,0O - 8HIO; + I,

Properties:

(i) Itis colourless crystalline solid, very solubleviater but in soluble in alcohol.
(ii) Action of heat:
When heated at 24D, it decomposes to giveQs.

2n10,22€, 1.0, + H,0
(iif) Action of metals:
When reacts with Sn, Au, Pb or Zn, it evolvesdds.
Zn +2HIO; - Zn(1Q), + H,

(iv) Oxidizing properties:

Like HBrQsg, it also acts as a good oxidizing agent. Duringlation of other species, it itself

reduced tod
5H,S + 2HIQ - b+ 6H0 +5S
2HIO; + 558G + 4H,0 - b + 5H,SOy

HIO3; +5HI -  3b+ 3H0
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(v) Formation of salt:

HIO3 is a monobasic acid and it gives normal salt (€1@3). On action of conc. $80O,, 1,04

is obtained.
4HIO;3 + 2H,SO, - 2b0y4 + 2(H:0)" HSOy + O,
13.5.3.3. Meta periodic acid (HIQ):
Preparation:
It is obtained by heating para periodic aci@dl(®$).
H.IO, JHOD HIO, + 2H,0
Properties:
i. It is a weak acid and dissociates as —
HIO, = H +10,”
ii. When dissolved in water, it changes back Q4.
HIO4 + 2H,0 H1O6
iii. HIO 4 is a strong oxidizing agent in acidic medium aaduces itself to,l
210, + 16H" +14e —1, + 8H,0
13.5.3.4. Paraperiodic acid (HIQ.2H,O or HsIOy):
(i) It is obtained by decomposing silver mesopeaiedAglOs with Cly.
4Ag3l0s + 6ChL + 10O - 4HsI06 + 12Ag Cl + 3Q
(i)By heating a suspension agfih HCIO,.
2HCIO s+ 1, - 2HIO06 + Ch,

Properties:
I. Itis a colourless crystalline solid and deliquedda nature. It is soluble in water but slightly

soluble in alcohol and ether.

ii. Itis strong monobasic while weak dibasic acid atune.
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iii. When heated at 138°C, it decomposes in@g, IH,O and Q.

21,10, 2¥S, 10,4+ 5H,0 + O,
When heated in vacuum at 80°C4l¥Ds is obtained. On further heating at 100°C, HI®
obtained and on heating at 140°C, it gives {d@d Q.

21,10, 2, 1,10, % 2110, 142, 2110, + 0,

3H.C

iv. The acid is a very good oxidizing agent ancetdies 4 from Kl in neutral and acidic

medium.
HslOg + 7K1 + 7HCI - 4p + 7KCl + 6HO
Structure of HsIO
0
Ho>||| <OH
HO Cl)H OH
Octahedral structure ofsHDg

HslOg has octahedral structure due t3dépybridization of | atom.

13.6 INTERHALOGEN COMPOUNDS

Interhalogen compounds are the compounds of mane ¢ime halogen. General formula is
AB,, where A and B are halogens, A is heavier thannB=(1, 3, 5, 7). Most of the

interhalogen compounds are fluorides. They candssified as:

i. Neutral — They are binary compounds such as BriF.
ii. Cations — They may be homonuclegrdr Ck" or heteronucleasCl,".
iii. Anions — Polyhalide anion such asar IBrCI".

iv. Covalent organic derivatives — ArpfWhere Ar = arene; A=1or Brand n = 2 or 4).
13.6.1. General Properties:

(i) The interhalogen compounds are covalent diamagnetiecules.

(i) They are generally volatile solids or liquids extc€ff- which is a gas at 25°C.
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These are more reactive than parent halogens. fAlhem show halogenation reactions:
(BrFs, IFs, ICI are good halogenating agents)
Interhalogens can be hydrolysed by water or allk@lproduce halide ion of the lighter

halogen.
AB + H,O - HB + HOA (AB type)

Interhalogens can add to alkenes (addition reaction
H,C =CH + ICI - ICH; — CHCI
They are strong oxidants and can be used to haddgenetals and metal oxides.
They act as useful fluorinating agents. There reiagiorder is as follows:
CIF3> BrF > Brs> IF; > CIF > IFs > BrF
Thermal stability order of reactivity [(IF (1.5)BrF (1.2) > CIF (1.0) > ICI (0.5) > IBr (0.3)
> BrCl (0.2)]

(viil) These are used as non aqueous solvents.

(ix)
)

(xi)

(i)

(ii)

They are polar in nature.
Reactions with non-metallic and metallic oxides:ewhreact with oxide, form corresponding
fluorides

4Brk; + 3SiG - 3Sik + 2BrR + 30
Self ionization (halide ion transfer) — Show doreeceptor property (generally liquid
interhalogens have this quality).

ICI, 1Br, BrFs, IFs

13.6.2 Preparation:

(A) (AB type interhalogen) — (CIF, BrF, BrCl, ICI, IBr)
Direct reaction of halogens

cl, +F,22S 20F

Br, + S 3BF

. Room Temp. )
L+F, —L 0 I1F

c, +CIF, 225 cIF

By direct reaction of halogens with interhalogempounds

Br, + BrF, — 3BrF
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(B) AB, type interhalogens (C) AB, and AB, type interhalogens
200- 300'C Excess F2, 350°C or 250" atr.
Cl,+3F, ———— 2CIF, Cl,+5F, ——— 2CIF,
Cu or Ni
— 200-300'C ., - hv, room temp, 1 art
CIE+F; T CIF, CIF,+F, ——— CIF,
Room Temp 5 e
Br, + 3F, ———— 2BrF, >150'C
. . L+5F ——
Room Temp i ' i
BrF + F. > BrF. . 250°-300°C
. CalF ‘ kst —=1
F,+1, — 2IF,

I, + 3XeF, 2IF, + 3Xe

13.6.3 Chemical Properties:
(A) AB type is terhalogen compounds

Halogenations reaction

CIF is a good fluorinating agent and reacts withnynanetals or nonmetals either at room

temperature or above and convert them to fluorédesliberate chlorine.
W + CIF -~ WF; + 3Cb
Se + 4CIF- SeR + 2Cb

It can also act as a chlorofluorinating agent bgiti@h across a multiple bond:

(CE,),co+CIF —ME 4 (CF,), CFOCI
CO+CIF — COFCI
SF,+CIF —<3E, sF, Cl
Reaction with water«—— H.Q + 2CIF —— 2HF+ CLO
HNO, +CIF —— HF+ CIONO,
Donor acceptor property
BrF; + 2CIF - [CLF]" [BrFs]~
As solvent system
Both ICI and IBr partially dissociate into ions whigives rise to an electrical conductivity.

ICI+MCl —  M[ICly)

2ICI +AICl; -  [LCI* [AICI
PCk+ICI - [PCH*[ICIs
SbCk+2ICI - [1.CI]* [SbCk]”

(B) AB3 type interhalogen compounds
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Properties:

CIF; and Brk are volatile liquid whereas §Fand ICk are solids. Clkis the most reactive
chemical compound. It reacts explosively with wated with most organic substances. BrF

is used for preparative work.

Fluorinating agent
2AgCl+CIR; - 2AgF + Ch+CIF
Co04+ 3CIRs -  3CoR + 3/2Ch + 20,
NH3;+2CIF; - 6HF+N+Ch
U +3 CIF, (1) 22<, UF, + 3CIF
2CIFs - (CIR) [CIF]
(i) Donor acceptor property
MFs+CIF; —  [CIR]" [MF¢|™ M = As, Sb or Pt
MF+CIF; - [CIR]"[M]* M =K, Rbor Cs
BF;+CIRs -  (BR) [CIF,]"
(i) Self ionization
2 CIF,==CIF. + CIF, (has high electrical conductivity)
BrF; is decomposed bigorously by water. It is very tewacand displaces oxygen from
oxides such as s, Si0,, As,03, CuO etc.

4Brk; + 3SiQ@ -  3Sik + 2Br + 3%

(C)  ABsand ABy; type interhalogen compoundsClFs, BrFs, IFs and IR)
Properties
All are colourless volatile liquids or gases atnotemperature.

0] Fluorinating agent

IF; is a stronger fluorinating agent than.IF

IF;+HO - IOk + 2HF (Patrtial fluorination)
IF;+4H0 -  HIO + 7HF
2IF;+SIO, - 2I0k + Siky
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(i) Donor acceptor property
ClFs + AsFs - [C|F4]+ [ASFB]_

BrFs + 2Sbk —  [BrFy]" [ShoF1a]”

21F, + XeF, 2254 XcF, 2IF,
IF, + XeF, 222G XcF, +IF,

IF7+AsFs  —  (IFs)" [AsFe]
(i)  As solvent

IF, == IF, +IF,

KF+IFs - KIFs

NOF + IR - [NOJ' [IFe]”

SbR +1Fs - [IF]" [SbR]~

(iv) Reaction with water

Interhalogen compounds of this type react with watefrom HF and corresponding halo
acids.

CIFs+2H,0 - FCIQ + 4HF

BrFs+3H0 -  HBrO;+ 5HF

IFs +3H0 - HIO; + 5HF

IF; +4H0  —  HIO; + THF

13.6.4. Structure of interhalogen compounds:

AB type: Linear geometry due to the presence of three paireof electrons on central atom.

. ABj type: CIF; and BrF; are T-shaped due to the presence of two lonegpatectrons and

the central atom is p hybridized.

F

Q]

Cl—F

]
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Structure of I is entirely different, being comprised of plangCly separated by normal
van der Waals distances between Cl atoms. Thenal€| distances are similar to those in

ICI but bridging I-ClI distances are longer.

NN
ANVAY

ABs type: Square pyramidal geometry due to the presenceneflane pair electron with

central atom. The central atom undergoé*slzslprybridization.

F\Q/F
F/‘ E
F

iv. AB7 type: Example is |7 where iodine undergoes 8P hybridization. The geometry of the

molecule is pentagonal bipyramidal with bond angi#sand 96.

F

v
r'll -t

13.6.5. Applications of interhalogen compounds:

ICI (lodine monochloride) is used in the estimatafniodine humber which is a measure of

the unsaturation in acids and fats.
Liquid BrFs and CIF are used as fluorinating agents.

BrFs is used as oxidizer for propellants.

13.7 POLYHALIDES
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When halide ions associate with halogens or intedean, univalent ions are obtained and are

called as polyhalide ions and the compound of tlaesé&nown as polyhalides.

Examples of polyhalides containing polyhalide asioare K[Cls]~, NH4[Is]", M*[Cl5]~ (M*
= K*, RE, NHs").

Examples of polyhalide cations are 4CICIR", BrF;", IFs", Bris etc.

lodine has maximum tendency to form polyhalide id@is Br and | atoms can form triatomic
anions C4, Brs” and k. Fluorine atom ion not able to forny Hon as it does not contain d

orbitals in the valence shell.
13.7.1 Preparation:
General methods of preparation of polyhalides are:

Polyhalides can be prepared by the action of haloge metallic halides or another

polyhalides.

Chb+KCl - K[Ch]
ChL+Kl - K[Clj]
I, +KI -~ K
2L+ NHJd = [NHg] I4

The value of n has been found to depend on the anudk used in the reaction.

By the action of interhalogen on metals/metalliides or other polyhaladies.
4Bri; + 3K - 3K[Bri]
16Briz + 6Nb  —  [6BrRs]" [NbFs]” + 5B,
2F, + CsCl -  CS[CIF,]~
ICI+KClI -  KTICI]™
ICI+KBr -  KJ[ICBrCI
(i) Polyhalides can be converted in to the othligpe by the action of halogens or
interhalogen on them.
K[IICl;] +Cl, -  KJICl,]
CsBr+1l, o Cs[IBg] + IBr
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13.7.2. General properties:
All the polyhalides are coloured compound. The sty of the compound increase with

increased atomic number. Thus the bromo iodideseat@vhile chloro iodides are yellow.
Polyhalide compounds have low melting point.
Polyhalides dissolved in liquid of high dielectdonstant like water, acetone, alcohols etc.
13.7.3. Chemical properties:
These are ionic in nature. They tend to decompodeeating.

Heal

Csl, =2 CsL, +1,

RbICI, —2» RbCI + ICI

ii. The polyhalides having I¢lanion dissociate in aqueous solution to metalradds and IG.

The latter than hydrolyze to iodine andsTO

M™ICI)~ -  MCI+ICk

51ICl3+ 9H,O - 3HIO; + 15HCI + |

M'ICI] + 9H,O - 5MCI + 3HIQ; + 15HCI + b
Formation of complexes:Some of the polyhalides ions are able to form dewgs with
organic donor molecules. Some examples of such lmare Lik, 4GHsCN, Mis.
3CcHSCN (M = Na and K)

.Replacement (substitution) properties Halogen in the polyhalides may be replaced by a

more electronegative atom but the central metabisreplaceable. Chlorine cannot replace

central iodine atom in IBrbut replace bromine in I1Btto yield ICL™

IBr, +Cbhb = IChL™ + Bn
Action of halogens:A halogen may be directly added to the polyhalidéss behaviour is
not exhibited by interhalogen compounds.
ICl; +ChL - ICl”

Structure and shapes of trihalide anions
ExamplesICl;, I3~ IBry, IBF etc.
Structure of ICl 5

This type of ion has symmetrical linear shape it hybridization on lodine atoms. lodine

atom can be considered as having eight electrastedd of seven electrons in the valence
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shell. In ICL, | atom is surrounded by two bond pair (bp) of electrons and the rest six
electrons remain as three lone pair (Ip) of elewtron lodine atom 2bps + 3lps =2 +3 =5

orbitals are sfil hybridized in ICJ” as shown below.

Ground state in | atom
*% = 5¢ 5p2 5p,° 5p,, 5
lodine atom gains le
5¢ 5p° 5p,° 5p,' 5" (spd hybridization)

Liner shape of IGI ion with three blone pairs on a plane

(i) Structure and shape aof lion is similar to that of IGI ion. 5™ ion is also having liner shape

as shown below.

Q|
a5

13.8 BASIC PROPERTIES OF HALOGENS

In the periodic table, metallic or basic propert@selements increase on descending in a
group and decrease in a period. In the grdlys4, and &'A, the first elements (C, N, O) are
non metals where as the heavier members (Pb, BiPa)dare metals. Similarly, one can

expect the same trend for grodpAz In 7"A group (that is 17 group);

Flourine is the most electronegative element ofghgodic table and hence possessing no

basic or metallic properties.

. Chlorine shows a slight basic character.

iii. Bromine shows comparatively high basic propertieigsicomplexes.

lodine shows the highest basic character i.e. ¢hedncy of iodine atom to form cation is

easier.

Unfortunately, there is no evidence which may prthesbasic character of astatine.

The basic character of is well established and a large number of compswhtain basic

iodine.

13.8.1. Reasons for basic properties of iodine:
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The electronegative character in halogens decreases fluorine to iodine. lodine is the

least electronegative and exhibits electropositivaracter.

F < Cl < Br < | (order of electropositive charagter
Low electronegativity
Decrease in ionization potential. lodine can remeleetron easily to give positive iodine due
to its lowest ionization potential.
Size of the atoms increase from fluorine to ioditgaline has biggest size amongst active
halogens.

F < Cl < Br < | order of size

lonic radii values from fluorine to iodine also irase. Therefore, the electrons loose easily

to form unipositive 1 ion or tripositive ¥*.
13.8.2. Evidence for 1

When the compound like ICI, IBr, ICN, INO andSIlD, in their molten state or as their
aqueous solutions are electrolyzed, iodine is éitest at cathode. The liberation of iodine at

cathode proves the existence of cationic iodintése compounds.

20CI = I"+ICL;

ICN=T+CN

ICI acts as a strong electrophilic iodinating agant converts salicylic acid into 3,5-di
iodosalicylic acid.

When } dissolved in HO, a variety of reactions take place.
l+2H0 - [I(HO)] + 1
[l (H0)]" +HO ~  [I(OH)]’ + H:O"

13.8.3. Evidence for§":

Molten ICk conduct electricity, liberating iodine and chlariat both the electrodes. Thus, its

ionization is probably as:

2ICl3 - |C|2+ + ICly
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If iodine is oxidized by fuming nitric acid in adetanhydride, I((CHCOOQY) is obtained. It
this is electrolyzed using silver electrodes, ogeiealent of Agl is liberated at the cathode

for the passage of 3 Faradays of electricity.
I (acetate), = 1, + 3 (acetate)

When iodine is dissolved in oliumg’lion is formed. If the olium is concentrated,is
formed.

Aubke (1995) spectroscopically confirmed the exists of *ion by the reaction of iodine
with HSGsF.

13.9ANOMALOUS NATURE OF FLUORINE

Fluorine shows different behaviour with other elatseof the group due to the following

reasons.

Small size
Lowest electronegativity
Low bond dissociation energy

Absence of d-orbitals in the valence shell

Low dissociation energy of fluorine is due to namting electron repulsion and due to the
small size (causes high electronegativity), it feriwnic bond easily as compared to the other
elements. Consequently, ionic fluorides have largagative free energies and enthalpies of

formation.
The main differences between fluorine and other bermare:

Fluorine is the most reactive element among all tizdogens because of lower bond
dissociation energy §=158; Ch = 243; Br = 192 anc, = 151 KJ mol*)

Fluorine shows only one oxidation state i.e. —1 wuthe highest electronegativity and due to
the absence of d-orbitals in valence shell, doéshow positive oxidation states. While, the

other halogens can show positive oxidation statés<3, +5 and +7).

iii. Its hydride shows strong hydrogen bonding duestgntallest size and high electronegativity.

iv. Due to the highest strength of H-F bond, HF iswkakest acid among all the halogen acids.

HF is liquid while the other halogen acids are gasteroom temperature.
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vi. Fluorides have the maximum ionic character. Otladidbs are covalent in nature.

vii. HF forms acid salts of the type KkiHue to the presence of H-bonding. On the othedhan
HCI, HBr and HI do not form such salts.

Viii. Fluorine has the highest positive reduction eladrgotential among halogens.

Hence, it is the strongest oxidizing agent.
ix. As HF reacts with silicates to form fluorosilicatéscannot be stored in glass bottles.
Na,SiO; + 6HF - Na&SiF+ 3H,O
The other acids can be stored in glass bottlesuseddey do not react with silicates.

i. Due to its ionic behaviour, AgF is soluble in wavdrile AgCI, AgBr and Agl are insoluble

in water. In contrast, Cakls insoluble while CaG) CaBr and Caj are soluble in water.

ii. Fluorine cannot form polyhalide ions due to theeaiog of d-orbitals in their valence shell

while other halogens can form polyhalide ions.

3.10 SUMMARY

In 17" group of periodic table, five non-metallic elemekhown as halogens are present.
The term ‘halogen’ means ‘salt former’ and thus tteempounds of halogens are called

‘salts’. The halogens are diatomic and exist irttake states of matter at room temperature:

lodine, Astatine are solid; Bromine is liquid; hi@rine and fluorine are gases

There are 7 electrons in the valence shell of albgens which are responsible for an
oxidation number of —1. Except for fluorine, alllbgens also have +1, +3, +5 and +7
oxidation states. Due to the highest electronejptdf fluorine, extensive hydrogen bonding

in HF molecule occurs. Therefore, HF exists asidigand has high melting point and boiling

point. You have also studied that all halogens gwed oxidizing agents and among all

halogens, fluorine is the strongest oxidizing agéit halogens can form hydrogen halides
(HX). Among halides, HI is the most acidic in n&umMHalogens on reaction with other

halogens form interhalogen compounds which areraaative than elemental halogen except
fluorine. Halogen also forms oxides with oxygenditee forms the most stable oxides.

Halogens form oxoacids of type HOX, H@XHOX; (where X is halogen). Fluorine forms

only oxoacid that is HOF.
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Polyhalides is the other class of compound syntleesusing halogens. Among all halogens,
iodine has maximum tendency to form poly halidesiohg halogens, iodine shows the most

basic metallic character due to the lowest eleefgative character.

13.11 TERMINAL QUESTION

13.11.1. State True (T) or False (F)

I Halogens are present in VIIA / fgroup of the periodic table.

ii. Astatine is metallic in nature.

iii.  Atomic number of iodine is 35.

iv. Clyand F, are gases due to weak van der Waals forces.

v. The order of m.p. and b.p. of the halogens folloe/érder: F < Cl, <Br, < I,
vi. Among halogens, iodine shows some metallic characte

vii. Bond energy of fluorine is less than chlorine arzhtine.

viii. Fluorine slowly reacts with hydrogen.

ix. Downwards in the group, the acidic nature of hydropalides increases.

X. OFRis V-shaped.

Xi. In HCIO,, chlorine is sphybridized with one lone pair of electron.

xii. HCIO, is the strongest acid among all oxoacids.

xiii. Chemical formula of para periodic acid iglBs.

xiv. Interhalogen compounds are chlorofluorinating agent

xv. CIF; and Brk are trigonal planar in shape due to the presehtvecolone pair of electrons.
xvi. InICly, iodine is spd hybridized.

xvii. lodine is acidic in nature.

xviii. Fluorine is the strongest oxidizing agent.

xix. Fluorine forms polyhalide ions.

13.11.2. Fill in the blanks.

ii.  Flourine is the most electronegative highly reactwd is called as...................

iii. Astatineisa.................. element and formed artifigyall
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iv.  Electronic configuration of iodine is ...
v. Physical state of Fand Cjis .............. ,Bh oo andd....coooiiiiiiii,
vi. Melting point of halogens increases in order .............cccevviiiiieiieinnnn.

vii. Halides are mainly of three types: @) ........................), b, ©)

viii. Stability of halides decrease from HF to ...............

iX. ClOy is used in iy SR - 14 1|
Xo ereeiriiiieeiiiineeennn. ... IS @ dark red liquid and solidifies-at80°C.

xi.  HCIO disproportionate into ..................and ...................

xii. Anhydrous acid is obtained by distilling a mixtuoé ...............................oe... With
xiii. The aqueous solution of ................. decomposes on hgatnd gives Brand nascent (O)

that acts as a good oxidizing agent.

XiV. ................... @lso undergo disproportionation formingahd HIQ.

XV. ...ecieeeee......... is Obtained by heating para periodic a¢idlOg).

xvi. Paraperiodic acid is ....................

xvii. Interhalogen compounds are the compounds of maredhe ................

xviii. Interhalogens can be hydrolysed by water or alkafiroduce halide ion of the ...............

halogen.
xix. ClFzand Brkare ....................... whereas frand ICkare ...................
xX. ABjtype interhalogen compounds are .............. shaped.
XX, icveiieenne....... is used as oxidizer for propellants.
XXii. ..ovciiiiiiiiiiin e has maximum tendency to form polyhalides.

13.11.3 Long questions

i.  What are halogens? Discuss general characteraittsises of halogens.

ii.  Discuss characteristics of hydrogen halides.

iii. Give in detail preparation, properties, uses antcire of oxoacides of chlorine.
iv. Give in detail preparation, properties, uses anttgire of oxoacides of bromine.
v. Give in detail preparation, properties, uses anggire of oxoacides of iodine.

vi. What are interhalogen compounds?
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vii. Describe, in detail, the polyhalides.
viii. lodine is basic in nature. Why?

ix. How fluorine is different from other elements of@group?

13.12. ANSWERS.

13.12.1. State True (T) or False (F)

i. True(T)
i. False (F)
iii. False (F)
iv. True (T)
v. True (T)
vi. True (T)
vii. True (T)
viii. False (F)
ix. True (T)
X.  True (T)
xi. False (F)
xii. True (T)
xiii. True (T)
xiv. True (T)
xv. False (F)
xvi. True (T)
xvii. False (F)
xviii. True (T)

xix. False (F)

13.12.2. Fill in the blanks:
i. Flourine (F), Chlorine (CI), bromine (Br), ioding and astatine (At)
ii.  Super halogen
iii. Radioactive
iv. 15 2¢ 2p° 3¢ 3p° 3d™° 4¢ 4p° 400 58 5p°

v. Gas, liquid, solid
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vVii Fp<Ch< Br <l

vii. (a) lonic halides (b) Molecular or covalent halidesBridging halides
viii. HI

ix. Paper industry, bleaching clothes and purificatibwater

X.  Dichorine hexaoxide (@De)

Xi. Clp, HCIO;

xii. Potassium per chlorate (KCJPwith conc. HSOy
xiii. HBrOs

xiv. HOI

xv. HIO4

xvi. HslOg

xvii. Halogen

xviii. Lighter

xix. Volatile liquid, solids
Xx. T

xxi. BrFs

xxii. lodine
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UNIT 14: CHEMISTRY OF NOBLE GASES

CONTENTS:
14.1 Objectives
14.2 Introduction

14.3 General characteristics and uses

14.4 Compounds of Noble gases

14.4.1 Compounds formation under excited state conditions
14.4.2 Compounds formation through coordination

14.4.3 Compounds formation through dipole induced dipoteraction
14.4.4 Compounds formation through physical trapping.

14.5 Compounds of xenon

14.5.1 Structure and bonding in xenon compounds

14.5.2 Theories of bonding in xenon compounds

14.6 Summary

14.7 Terminal questions
14.7.1 Fill in the blanks
14.7.2 State True (T) or False (F)
14.7.3 Answer the following questions.

14.8 Answer

14.1 OBJECTIVES

After carefully reading this unit, you will be aldie answer the following questions:

What are noble gases?
What are inert gases?

What are the periodic properties of noble gaseshamdthey vary in a periodic table?
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» Why among noble gases, only xenon can form a numfoesmpounds?
» What are the uses of noble gase compounds?

» What are the structures of different xenon comps@nd

14.2 INTRODUCTION

Noble gases belong to the”l@roup (VIIIA) in the periodic table. The noble gasare also
called as ‘inert gases’ or ‘rare gases’. Becausesd gases are non reactive/unreactive, they
are also called as inert or noble gases. Theilssheld subshells are completely filled and
thus, they have very stable configurations which ba related to their chemical inactivity.
The noble gases are also considered as rare gasasse they represent not more than 1% of

air (<1%). Their electronic configurations are:

Element’s | Atomic Name of element | Electronic configuration
symbol Number

He 2 Helium 1S

Ne 10 Neon [He] Zgp°

Ar 18 Argon [Ne] 383p°

Kr 36 Krypton [Ar] 3d 4s4p®

Xe 54 Xenon [Kr]4d%5s’5p°

RN 86 Radon [Xe] 4f5d'%s6p°

Among these gases, except radon (Rn), all existthénatmosphere. Rn is an element
generated through radioactive process and can dduped by the radioactive decay of

radium and thorium minerals.

226R 222Rn N 4H
88 4 88 2 ¢
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222 . .
Rn is ana ray emitter.
88

Cavendish in 1784, for the first time separatedigure of noble gases. Rayleigh in 1894
discovered argon and it was the first among thdenghses to be discovered. Neon, krypton
and xenon were discovered in 1898 by fractionapexation of argon under varying reduced
pressure conditions. Radon was discovered by DortOD2 as a radioactive disintegration

product of radium. The name of noble gases defiirad Greek words and\their meaning is:
He: Helios; Neon: New; Argon: Lazy or inert; KryptoHidden and Xenon: Stranger

Helium is present in the atmosphere at a condamr@f 5ppm, and can be obtained from
natural gas deposits. The most abundant noblesgagon (Ar) (0.9% by volume in air).

Argon is produced by electron captufpedecay) of potassium.

140 0 140

+ €5
19 K -1 18 Ar

Uses of noble gases/inert elements

As helium has the lowest boiling point (-269°C) agpmoble gases, it is used as cooling gas
in nuclear reactor and also as a carrier gas idigaisl chromatography. It is also used in
cryoscopy. Helium is also preferable over hydrogeairship due to inflammable nature of
hydrogen. Helium is also preferably used to diloteygen in gas cylinders in place of
nitrogen for divers. This is because helium istgligsoluble in blood while nitrogen gas is
more soluble in blood at high pressure and caus@syb condition in patients (nitrogen
narcosis). Noble gases including neon are usetistharge tubes to give different colours
(Ne gives orange colour in discharge tubes). Argam is used in welding stainless steel,
metallurgical processes of aluminum, magnesiumtaaaium. Argon is also used in electric
bulbs, fluorescent lamps etc. Radon is used incdreer treatment due to its radioactive

nature.

14.3 GENERAL CHARACTERISTICS AND USES

At ordinary temperature and pressure, all noble @laments are monoatomic gases except
Radon. They are chemically inert but under certainditions, they can form complexes.
These gases are cololurless, odourless and tastelé®e other general properties are

explained below:

UTTARAKHAND OPEN UNIVERSITY Page 354



INORGANIC CHEMISTRY- BSCCH-101

(a) Atomic Radu:

Their atomic radii are very large because the raddi van der Waal or non-bonded radii.

Atomic radii of elements increase from top to bottm a group.
(b) Melting point (M.P.) and boiling point (B.P.):

Melting and boiling points of noble gases are ery because inter atomic forces are very

weak in these gases.

(c) Electron affinity:

Due to completely filled electronic configuratiadhe electron affinity of these gases is zero.
(d) Enthalpy of vaporization:

Enthalpy of vaporization is very low because thecds between the atoms are very weak

forces i.e. van der Waals forces.
(e) lonisation energy:

Their ionisation energy is very high because thayehvery little tendency to accept or loose

electrons.
Physical Properties:
Adsorption:

All noble gases can be adsorbed on charcoal (wabldw temperature and the order of their

adsorption is:
He < Ne < Ar < Kr < Xe
Diffusion:

All noble gases have a tendency to diffuse throgtgss, plastic and rubber materials.
Therefore, it became difficult to work with them fhe laboratory. The order of diffusion

depends upon their size (gas with small size difiessily) which is as follows:
He > Ne > Ar > Kr > Xe

Electrical conductivity:

UTTARAKHAND OPEN UNIVERSITY Page 355



INORGANIC CHEMISTRY- BSCCH-101

All noble gases have high electrical conductivitylew pressure and thus, can produce

characteristic coloured light during electric diaode at low pressure.
Liquification:

Due to the van der Waal forces (weak forces), tay be easily liquefied. The liquefaction
depends upon their atomic size (larger the sizeeneasily liquefiable gas). The order of

ease of liquefaction of noble gases is
He < Ne < Ar < Kr < Xe
Solubility behavior:

All noble gases are less or sparingly soluble itewal he solubility is due to dipole-induced
dipole interaction and increases from top to botteith increase of the size of the atom.

Therefore, the increasing order of their solubility
He < Ne < Ar < Kr < Xe
Abnormal behaviour of helium:

Among noble gases, helium shows abnormal behavibbias some different properties from
other group members. Helium gas on cooling beld26&°C changes to liquid (He-I). He-l
on further cooling at (-)27C and at 1 atmospheric pressure changes to a ligedll)

which has high thermal conductivity. Helium can bletained in solid form under high
pressure (about 25 atmospheric). While all the rotioble gases solidify on cooling. He-lII

has a tendency to flow upwards. It acts as supéd-fl
Chemical properties:

The atoms of inert gases have completely fillecellshand, therefore, they are chemically

inert. Under certain specified conditions, they bime and form some rare compounds.

14.4 COMPOUNDS OF NOBLE GASES

14.4.1 Compounds formation under excited state corttns (Helides)

These type of compounds are formed by helium.ost pressure, in the presence of
mercury, tungsten etc., helium forms HgHegHe, and WHe. One electron from1s orbital

of He excite and go to 2s orbital. This excitatomrsts about 460 kcal/mole energy.
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14 2
ﬂ 460kcal/mole 4 4

1< excited He
He

These compounds are called helides which can surgiy for a moment and can be

detected spectroscopically.
14.4.2 Compounds formation through coordination:

Noble gases have electron pairs in their valembéads. In the presence of strong
electron deficient groups, noble gas compounds lanprepared through coordination
(electron pairs of noble gases donated to emptiyadstof electron deficient groups). Among
noble gases, argon (Ar) forms a number of unstabhepounds of the type Ar.xBRX = 1,

2, 3,4, 6, 8, 16), which can be easily dissociatettheir M.P. (Figure 14.1).

A B
BR<—A— > BR
B

Bl%<—/1r—> BR;

B

Figure 14.1. Different types of compounds formewtigh coordination

14.4.3 Compounds formation through dipole induced igole interactions

(Formation of hydrates):

The inert gases such as Ar, Kr and Xe can form @ungs with water through dipole
induced dipole interactions at low temperature aigh pressure. These compounds are

known as hydrates.
Ar.6H,0.; Kr.6HO; Xe.6HO

14.4.4 Compounds formation through physical trappig (Clathrate
compound):

UTTARAKHAND OPEN UNIVERSITY Page 357



INORGANIC CHEMISTRY- BSCCH-101

The inert gases such as Ar, Kr and Xe can formdsotimpounds with certain organic
molecules such as phenol and hydroquinone undeessyre of 10-40 atmosphere. In these
compounds, the noble gases (Ar/Kr/Xe) are trapptalthe crystal lattices or cavities formed
by the organic molecules (Figure 14.2). The orgamibstances that form the cavities are
called the host while the atom of noble gases pp#d or enclosed in it, is called the guest.

Thus, it is also called as a guest host interaction

H
|
| D\@
® i
~ H
O\H\ o/ H
/

Figure 14.2. Clathrate compound of 1, 2 dihydrognpzene and argon

In these compounds, the guest components aredgather by van der Waals forces. Hence,
there is no chemical bonding (only weak interacf)anvolved in these compounds. This is a
kind of physical interaction. It is not necessanmattall the cavities in the host lattice are
filled. Thus, the clathrates are also called as-stoichiometric compounds. These weak
interactions can easily be broken and guest irestajom can escape from the host by simple

heating the crystal or by dissolving them in aahi# solvent such as alcohol.

For example, clathrates can be prepared by crigstitin of an aqueous solution of quinol
(1,4-dihydroxybenzene) with Ar, Kr or Xe under segsure of 10-40 atmosphere (quinol

forms cavities with a diameter of about 4A in whible inert gas atoms trapped).

The smaller noble gases like He and Ne do not teweency to form clathrate compounds
because they are too small to fit in the cavitiad aan easily escape from the cavities.
Synthetic zeolites can also form cavities in whitdavier noble gas elements can fit easily.
Clathrates are very useful category of compoundsimee they can store radioactive Kr and

Xe produced in nuclear reactors.

14.5 COMPOUNDS OF XENON
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(a) Preparation:

The first noble gas compound; Xe[Bltlvas prepared in 1962 by the reaction ofgRtiEh Xe

in equal ratio at room temperature.

Pth; + Xe —— Xe[PtRy]
(deep red)

Xe[PtFy] + PtF, —22°C [XeF]* [PtFy

+ _ 60°C —
[XeF] " [PRJ ™+ Ptis —— [XeF]" [PLFui]
Xenon reacts directly only with,Ro form xenon complexes. However, oxygen compounds
can be prepared from the xenon fluorides. Xenawteedirectly with fluorine at 400°C in a

sealed nickel vessel, and the final products depantie Xe/F ratio.

: | mixture—» XeF,
/ 4

Xe + F! e

~

:5mix. —» XeF,

—_ — 2

: 20 mix. —»  XeF,

(b) Properties:

The compounds XeF XeF, and Xek are all white solids. They sublime at room
temperature, and can be stored in nickel contaiimera long time. The higher fluorides can

be prepared from lower fluorides by heating wighuRder pressure.

(i) All the xenon fluorides are strong oxidizing eas. On reaction with hydrogen, they

reduce themselves to Xe.
XekR+H, - 2HF + Xe
XeR+2H, -~ 4HF + Xe
XeFs+3H, - 6HF + Xe

In similar manner, they oxidizé to I,, CI" to Ch and C&" to Cé" and reduce themselves to
Xe.

XeR,+2HCI - 2HF + Xe +
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XeF; + 4 Kl - 4KF + Xe + 2
SO + XeR + Ce" (SQ); -  2Ce’ (SQ)z+ Xe +
(i) All the xenon fluorides are strong fluorinagiragents. They fluorinate the other elements.
XeFR, + 2SR - Xe + 2Sk
Xek, + Pt - Xe + Pth
In the above reactions, Xgls fluorinating sulphur and platinum.
(i) In organic synthesis

XeF, is commercially used in synthetic organic cheryidtrdoes not react with alkyl or aryl
groups of organometallic compounds but attack diagi /fluorinate only the hetero atom in

the organometallic compound.
CHsl + XeR, - CHlF; + Xe
CsHsl + XeFR, - GHsIF, + Xe
(CeHs)eS + Xeh  —  (GHs):Sk + Xe

In the presence of anhydrous HF, its reactivityeased and it may be due to the formation
of XeF".

Pt+3Xeh —H5 piF, + 3Xe

Mo (CO) + 3XeR, —HF MoF, + 3Xe + 6CO

(iv) Reaction with water

All the fluorides have different reactivity with wea. XeF, reacts slowly with water and

reduce itself to Xe.
2XeR+2H0 - 2Xe+4HF+0Q
While XeR, violently reacts with water and form XeO

3XeR +6H,0 - 2Xe + 12HF + Xe@+ 3/2G,
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XeFs also reacts with water violently. On reaction witmospheric moisture, XgForm

highly explosive solid Xe@
XeFs+3H,0 -  XeQ + 6HF

XeFs on partial hydrolysis form colourless liquid Xe©F
XeFs + H,O - XeOR + 2HF

(v) Preparation of other Xenon compounds

Xenon trioxide (Xe@®) is an explosive white hydroscopic solid solulleviater. It reacts with
XeFs and XeOE to form XeOR and XeQF,, respectively.

XeOz + 2Xek - 3XeOk
XeO; + XeOR - 2XeQF;
XeO; forms xenate [HXe§)™ and perxenate ions [Xe[d in alkaline solution (pH > 10.5).

XeQ; + NaOH—— N&' [HXeQ]~
Xenate ion

2 [HXeQ] + 20H—— XeOsl* +Xe + Q+2HO
Perxenate ion

Perxenate ions also act as strong oxidizing agemisoxidize HCI to G| H,O to & and
Mn?* to MnOs". Perxenate ions; [Xeff~ form volatile and explosive compound XeO

(xenon telraoxide) on reaction with concentrate8®.
[XeOg]* + H,SO, -~  XeQ
(vi) Complex formation

XeF,, Xek, and Xel have tendency to form complexes withsBEehR, Snk, PR, Asks;,
SbFks, NbFs, RuFs, Osks, IrFs and Ptk. In these complexes, fluorides act as fluorideadon

The complexes of XelFXeF, and Xels are as follows:
XeF.. MFs -  [XeF)'[MFq]

XeF. 2MFs - [XeF] [MaF1”
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2Xek. MFs - [XeFs" [MFg™
XeFs. PR - [XeR] '[PFs|”

Similar complexes are formed with AsfSbFs, BF; etc.

14.5 COMPOUNDS OF XENON

Xenon forms a large number of compounds as compirdete other noble gas elements
because ionization potential decreases from HentoaRiong these, He, Ne and Ar are inert
(due to high ionization potential) and Kr, Xe and &e noble. The structure and bonding in

different xenon compounds is discussed in thiseect
15.5.1 Structure and bonding in Xenon Compounds.
(A) XeF,

XeR, is linear in shape having three lone pairs ofteters. In the atom of xenon, one pair of
electrons of p orbital gets unpaired and one aacis promoted to d orbital. Then, central
xenon atom undergoes’dphybridization with trigonal bipyramidal orientati of five spd
hybrid orbitals. The hybrid orbitals with lone paif electrons take equatorial position. The
remaining two orbitals with single electron in eaakle axial position and overlap with p
orbitals of fluorine atom. Due to the presenceanfel pairs on a plane, its geometry appears

and is linear. (Figure 14.3).

Xenon atom ai I 1L 1L

L4y

o] B[

SP'd hydridisation

S0

F
P
e el
s s

)

Structure of XeF,

Figure 14.3. Structure of XeF

(B) XeF,
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In XeF,, the central Xe atom is i‘cﬁ hybridized and the six §qi)2 orbitals should be present
on the 6 corners of octahedral geometry. But dugh& presence of two lone pairs of

electrons at axial position, its actual geometrgdmees square planar (Figure 14.4).

(&) [&[wTw]

5P
5d

] W] OO T 1]

5P'd’ hybridisation

/S

F

Square planar XeF,

Figure 14.4. Geometry of XgF
(C) XeF6

The central atom (Xe) in XeHs spd® hybridized and the geometry should be pentagonal
bipyramidal. But due to the presence of one lone phelectrons, its geometry become
distorted pentagonal bipyramidal in which the Igaér of electron pointing through one of
the faces of the octahedron (Figure 14.5).

5d

58 5P
R 78 | Y KT T N

oomJDa [ [l ] ]

Sp'd’ hybridisation

Clistorted purtagonal bipyamidal (Capped octahedron)
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Distorted pentagonal bipyramidal (Capped octahédron

Figure 14.5. Geometry of XeF

(D) Xe0s

In XeOs, the central atom (Xe) is $pybridized and due to the presence of one loneggai
electrons, its geometry becomes pyramidal instéddtmhedral. The thre unpaired electron
promoted to d orbitals, form threesadtbond with three oxygen atoms (Figure 14.6).

58 5p Sd
xe@ (| {wfufn] [ [ | [ | |

Xe* 1LHT’1|,\1 HEEREE

\SP' hyhridisation

LEJ
Xe
0// H \“
(4]
Pyramidal shape

Figure 14.6. Geometry of XeO
(E) XeOq

In XeQy, the Xe atom is §’phybridized and the geometry is regular tetrahedidrere are
only bonded pairs of electrons and no lone paielettrons present in the structure. All the
Xe-O bonds are double bondgtoirt bonds) in Xe@molecule (Figure 14.7).

58 sp sd 9
o T I |
Xe
5d ///H\‘n
(4]
xee (M [A][0) [A[1]1[1] ] 0
Y Tetrahedral
\SI"' hybridisation

Figure 14.7. Geometry of XeO
(F) XeOF4

In XeOFR, Xe atom is sf® hybridized and geometry of the molecule shoulcbbihedral.
But due to the presence of one lone pair of elestrits geometry becomes square pyramidal.
One Xe—O double bond iggpdrttype (Figure 14.8).
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58 5P 5d

(Xe)g 1i|\1l\1l-|1l| L[ [ ]

Xe* 1L|\1\1|1|\|1\1 1] |

SP'd’ hybridisation

Figure 14.8. Geometry of XeQF

(G) XeOqF

BSCCH-101

Square pyramidal

In XeOzF,, the central atom Xe is ¥phybridised and due to the presence of one loitpa

electrons at equatorial position, its geometry bexzéutterfly shaped. The two Xe—O double

bonds are p-drttype (Figure 14.9).

(xem[1lTP1I.]1t| [ ] ISdl [ ]

sP
xee (w][AT0[0] [T T ]

Sp'd hybridisation

¥
|
/ Xe - o
7 |
F
XeOF,

4]

Vi

Figure 14.9. Geometry of Xeb;

(H) [XeOg]* Perxenate ion

In perxenate ion, the central atom (Xe) is3d§phybridized. Hence, the geometry is
octahedral. The two Xe—O double bonds aredm type (Figure 14.10).
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(
g L -
t/ >
l§]
Dctahedral
58 5P 5d
coe [w][nfwfe] [ [ [ ]
58 5P Sp'd’ hybridisation
e HJTT1] [T ]
wyy [

L8] (8] Q (¥] 8] 8]

Figure 14.10. Geometry §KeOg|*
14.5.2 Theories of bonding in xenon compounds:

There are four theories for defining bonding inxe@ompounds.

(i) lonisation potential (IP) based theory (lonic ad covalent bond between Xe and F)

Element IP (eV)
F 17.4
Xe 12.1

Hence, due to lower ionisation potential of F,ahattract an electron of Xe toward itself and

form Xe'F . Thus first bond is ionic in XeF

' . T e
® X ...t * Xe

o ey + Fg— »

ae L) ®

Now, it become very difficult to attract secondatten of X& because second IP of Xe is

very high. Hence, the second bond will be covalemid.

o0 et g0

e ©® . .o
®Fq Xeeo oef
e e ® o4

Hence, Xek can show the two resonating structures.
F-Xe'-F o F-Xe'-F
(if) Valence Band Theory (VBT)

According to VBT theory, there are two covalent ®nn XeF. The structures of oxygen

containing xenon compounds can be correctly definedBT.
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(iif) Molecular Orbital Theory (MOT)
There are some limitations of VB structure for XeFhese are:

Due to the large size of 5d orbitals, overlappmygery weak.

According to valence bond theory, atomic orbitdlsame energy can overlap. While in case
of 5p and 5d orbitals of Xe, the energy differeie860 KJ mot’. Hence, overlapping cannot

occur easily.

However, MOT can easily explain polyatomic bondimgXeF, molecule. Three atomic
orbitals (one of Xe and two of F (2p) orbitals)darly combine to form three molecular
orbitals (MOs).

One Bonding MO; One Antibonding MO; One NonbomrdMO

58 5P B
W (111
28 2p

W[

P,

Bonding involves the 2Porbital of two F atoms and the S8rbitals of Xe atom because of

bonding to occur, only orbitals with the same syrmgneust overlap.

Out of the four electrons, the two electrons occhpgding molecular orbitals (BMOs), and

this pair of electrons is responsible for bindirigtlae three atoms (Xe and 2F). The rest of
the two electrons occupy the non-bonding MO (Figi4ell). Because the non-bonding
orbitals have more F character as compound to Xeacker, these electrons are situated

mainly on the F atoms. This type of bonding is Btoe, 4-electrow bonding (3c-4e).

The following linear arrangement of the atoms gitles best agreement with its observed

structure.
F Xe F Antibonding MO
- . W, nonbondi
GO ©d ©9O  Nonbonding MO (:)CD C}‘-J % nenbonding
F Xe F
0 ©© O©9 Bonding MO
F Xe F

CROOCD| H- v o

Possible combinations of atomic orbitals in XeF,
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5P,

Xe

Non bonding MO

Mo"

Molecular orbitals in XeF,

Figure 14.11. Molecular Orbital Diagram of XeF

The structure of Xefcan be understood in similar way to that of XéFhe 5p orbital of Xe
forms a three-centre MO with 2prbitals of two F atoms just as in XeHhe 4p orbital of
Xe forms another three-centre MO involving the otheatoms. Thus, the two perpendicular
three-centre MOs are formed, which give rise to asguplanar geometry to XeF
molecule.The MO theory cannot explain the structofeXek; because, three-centre MO
system that are perpendicular to each other wowiel g regular octahedral geometry. But,

the shape of Xefis capped octahedron.

14. 6 SUMMARY

Now we can summarize that there are six noble ¢mments found in group 18 of the

periodic table.

These include helium (He), neon (Ne), argon (Arypkon (Kr), xenon (Xe) and radon (Rn)
in order of increasing atomic weight.

These elements are also called as inert gasasabave full filled electronic configuration.
All the noble gas elements are found in minute ¢jtias in the atmosphere except Rn which
is radioactive in nature, All the gases are mon&oithe boiling point of He is the lowest
4.2K (-269C).

. The T'ionization energy decreases on descending thevgrod the first ionization energy of

xenon is comparable with that of bromine. Hencenoxe can relatively easily forms
compounds with oxygen and fluorine. The differentnpounds formed are XgFXeF,,
XeFs, XeOs, XeOR, XeOR, etc. Xenon forms compounds with +2, +4, +6 andxi@lation

states.
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v. The Noble Gases have important industrial functidgtedium is used cryoscopy, airship and
as carrier gas in Gas Chromatography. Helium-lI kasy high thermal conductivity
(approximately 800 times of copper).

vi. Argon and neon are used in discharge tubes. Agosed in metallurgical processes as well
as welding of stainless steel. Radon is a radiea@iement hence, is useful in the treatment
of cancer.

vii. The compounds of xenon are also very useful iredsffit areas. Xenon trioxide is about 22
times more powerful explosive as compared to totaiuene.

viii. Clathrates of argon, krypton and xenon are useftitansporting and handling noble

gases.

Compounds of Xenon at a glance

Compound Total electron| Lone Hybridisation | Geometry of
pairs pairs on xenon complexes
XeR 5 3 spd Linear

Xenon difluoride

XeF, 6 2 spd’ Square planar

Xenon tetrafluoride

XeFs 7 1 spd® Capped octahedron or

distorted pentagona

Xenon hexafluoride

bipyramidal
XeO; 4 1 sp Pyramidal
Xenon trioxide
XeO, 4 NIL sp’ Tetrahedral
Xenon tetraoxide
XeOF, 6 1 spd” Square pyramidal

Xenon
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Vi.
Vil.

viii.

Xi.

Xii.

Xiii.

Xiv.

XV.
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oxytetrafluoride

XeO,F, 5 1 spd Butterfly
Xenon

dioxydifluoride

[XeO6]" 6 NIL sp'd” Octahedral

Perxenate ion

14.7 TERMINAL QUESTIONS

14.7.1. Fill in the blanks:

. Noble gases belongstothe .............. group in the pigitable.
. The noble gases are alsocalledas .................. OF ....ccooiiiinnnnn.
Their shells and subshells are .................... filled a&hds, they have very ................

configurations which can be related to their chaigactivity.
The electronic configuration of Xe is [Kr]......................
The atomic number of Aris .........
The noble gas ............... is radioactive in nature.
Rn is produced by radioactive decay of ............. and .......... Minerals.

viveen.... iN 1894 discovered argon.
Radon was discovered by ............ in 1902 as a radieactlisintegration product of
radium.
Krypton was derived from Greek word ................
Argon is produced by electron capturedecay) of .....................

. is used as cooling gas in nuclear reacta @so as a carrier gas in gas-liquid

chromatography.
................. are used in discharge tubes to give difiemmlours.
................. is used in welding stainless steel, metagiltal processes of aluminum,
magnesium and titanium.

.......... Isused in the cancer treatment due toaitaactive nature.

UTTARAKHAND OPEN UNIVERSITY Page 370



XVi.

XVii.

XViil.

XiX.

XX.

XXi.

XXii.

XXiii.

XXiV.

XXV.

XXVi.

XXVil.

XXViil.

XXiX.

XXX.

XXXI.

XXXii.

XXXiil.

XXXIV.

XXXV.
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Their atomic radii are very large because the madii................or .............. radii.

Melting and boiling points of noble gases are very... because inter atomic forces are very
weak in these gases.

The electron affinity of inert gases is .............

Enthalpy of vaporization is very ............ because tbecés between the atoms are very
weak forces.

The ionization energy of inert gases is very ...... because they have very little tendency to
accept or donate electrons.

The order of adsorption of noble gases in wood adar is

All noble gases have .............. electrical conductiatjow pressure.
The order of ease of liquefaction of noble gasesis...........cccooviii i,
The solubility of noble gases isS due to ............coviiiiii i e e

Compounds formation by noble gases under exciteate stconditions are called

Helides can be formed by .............

In the presence of strong electron deficient grouqoble gas compounds can be prepared
through ....................

The inert gases such as Ar, Kr and Xe can form aamgs with water through dipole
induced dipole interactions at low temperature aigh pressure. These compounds are
knownas .................

Compounds formation by noble gases through physitabping are called as

Interaction in clathrate compounds is also called.a....................... interaction.
The smaller noble gases like ......... and ............... do reotentendency to form clathrate

compounds because they are too small to fit inctinaties and can easily escape from the

cavities.
Clathrates store radioactive ............. and .............. pretliin nuclear reactors.
The first noble gas compound; .................... was prepaneti962 by the reaction of RtF

with Xe in equal ratio at room temperature.

The compounds XeFXeF,; and Xek sublime at room temperature, and can be stored in
.......... CONntainers for a long time.

SOF + XeR + Ce" (S35 vovvvvvviicieene F XE + R
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XXXVI.
XXXVii.
XXXViil.
XXXiX.

xl.

xli.

xlii.

xliii.

xliv.

xIv.

xIvi.

xIVii.

xIviii.

xlix.
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XeFs+3H,—» 6HF + ................

XeR, + 2HCI - 2HF + Xe + ..............
.. + Pt Xe + Pth

(CeH5)2S + XER o v, + Xe

On reaction with atmospheric moisture, XeFform highly explosive solid

XeFs on partial hydrolysis form colourless liquid ...........ccc........
XeO3+ XeOR - coviiiiiiii e,
Perxenate ionis .............covevennne.
Xenate ionis ..........ccoveenns
Perxenate ions; [Xedf~ form volatile and explosive compound ................ccuuvuceeeeeen.

on reaction with concentrated$Oy.

XeRis ................ in shape having ............. lone pairs of e¢tens.

In XeF,, the central Xe atom is .................... hybridized.

The central atom (Xe) in XgFis .................. hybridized and the geometry is
In XeG;, the central atom (Xe) is ............... hybridized and dae¢he presence of one lone
pair of €, its geometry became ................ There are .................T&=@it bonds in

XeOz molecule.

In XeQy, the Xe atomiis .......... hybridized and the geometry.i........................

In XeOR, Xe atomis ................ hybridized.

In XeO,F», the central atom Xe is ................. hybridized and doghe presence of one
lone pair of € at equatorial position, its geometry became .................shaped.

In perxenate ion, the central atom (Xe) is .............ybtdized. Hence, the geometry is

14.7.2 State True (T) or False (F):

Noble gases belong to the group 18 (VIlla) in teequic table.

The noble gases are reactive, hence, they areallgadl as inert or noble gases.

The electronic configuration of Rn is [Kr] 48d'%s6p°.

Neon, krypton and xenon were discovered in 189&#&gtional evaporation of argon under

varying reduced pressure conditions.
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v. Hydrogen is also preferable over helium in airghile to inflammable nature of helium.
vi.  Xenon is used in the cancer treatment due to di®aative nature.
vii.  Atomic radii of noble gas elements increase fromttmbottom in a group.
viii.  Electron affinity of noble gases is one.
ix. Due to the van der Waal forces (weak forces), nghkes can be easily liquefiable.
X.  The solubility of noble gases increases from tofppdttom with increase of the size of the
atom.
xi.  He-ll acts as super-fluid.
Xii. HgHe,, HgHe , and WHe are helides.
xiil. In Ar — BFs, BFsis an electron deficient compound.
xiv.  Formation of Kr.6HO compound takes place through dipole induced dipaéraction.
xv. 1,2 Dihydroxy benzene form complex with argon tlglowoordination.
xvi.  Synthetic zeolites can also form cavities in wHiglavier noble gas elements can fit easily.
xvii. ~ XeFyis prepared by reaction of two part of Xe and pa#g of k.
xviii. ~ Xenon fluorides act as fluorinating agents.
Xix.  XeF4 violently reacts with water to form XeO
xx. Formula of perxenate ion is [Xe[¥.
xxi.  XeF.. MFs and [XeF)'[MF¢] are the same.
xxii.  In XeF,. 2MFs, XeR,; acts as fluoride donor.
xxiii.  Hybridization on Xe in Xekis sp type
xxiv.  XeFy is tetrahedral in shape.
xxv.  The shape of Xe@s trigonal planar.
xxvi.  There are threemadr bonds in XeGF,.

14.7.3 Answer the following questions:

i.  Why the noble gases also called as inert and @ses?
ii.  Write down the electronic configuration of each ieofpas.
iii.  Show the reaction through which Rn prepared.
iv. In brief, note the uses of noble gases.
v.  Write a note on the general characteristics of egllses.
vi.  How diffusion vary among noble gases?
vii.  Define solubility behaviour of noble gases.
viii.  How helium shows abnormal behaviour among noblesfas

ix.  What are the different types of compounds prephyedoble gases?
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X.  Write short notes on

Host guest interactions

Structure of Xekon the basis of VBT
Preparation of Xe©®

Reaction of xenon fluorides with hydrogen

Use of xenon compounds in organic synthesis

~ 0o a o T w

Structure of xenate ion
xi.  Explain the structure of XaFXeQ,F, and XeOF on the basis of VBT.
xii. ~ Describe ionization potential base theory for defilbonding in xenon compounds.

xiil. Use MOT to explain the structure of XeF
14.8 ANSWERS

14.8.1 Fill in the blanks:

i. Group 18 (VIIIA)
ii. inertorrare gases
iii. completely, stable
iv. 4d%5<5p°

v. 18

vi. Rn

vii. Radium and thorium minerals

viii. Rayleigh
ix. Dorn
X. Hidden
Xi. 1§<

xii. He

xiii. Ne

Xiv. Ar

xv. Rn

xvi. van der Waal or non bonded radii.

xvii. low
XViil. Zero
XiX. low
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XX.

XXI.

XXii.

XXiii.
XXIV.
XXV.
XXVi.
XXVil.

XXViil.

XXIX.
XXX.

XXXI.

XXXiI.

XXXiii.

XXXIV.

XXXV.
XXXVI.
XXXVil.

XXXViil.

XXXIiX.

xl.
xli.
xlii.

xliii.

xliv.
xIv.
XIvi.

XIVii.

xIviii.

xlix.
l.
li.
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high
He < Ne < Ar < Kr < Xe
high
He < Ne < Ar < Kr < Xe
dipole induced dipole interaction
helides
argon
coordination
hydrates
clathrates
guest host interaction.
He and Ne
Kr and Xe
Xe[PtRy]
nickel
2cé’ (sQy);
Xe
Cl,
XeFy
(CeHs)2Sh
XeOs
XeOFR,
2XeOF,
[XeOg]*
[HXeOq4]
XeO,.
linear, three
spid?
spid®
sp’, pyramidal, 3
sp’, tetrahedral
spid?
sp'd, butterfly
sp’d?, octahedral
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14.8.2 State True (T) or False (F):

Vi.
Vil.

viii.

Xi.
Xii.
Xiii.
Xiv.
XV.
XVi.
XVii.
Xviii.
XiX.
XX.
XXi.
XXii.
XXiil.
XXIV.

XXV.

mm"mTAm M A A AT AT AT AAAAAA T AT T AT T A

XXVi.
XXVii.
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