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- Molecular Bond
A molecule, Is formed when atoms bond by sharing pairs

of electrons. This sharing can occur from atom to atom, or from

an atom to another molecular bond.
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(1) No bond is formed : The two atoms when form a system, the electron
structures overlap and according to Pauli’s exclusion principle no two
electrons can occupy the same quantum state. Hence, the electrons may be
pushed into higher energy state. With higher energy the system becomes
unstable. Consequently bond is not formed between the atoms and hence
molecule is not formed.

(ii) Covalent bond : If two or more pairs of electrons are shared by the atom.

example, in H,-molecule two electrons, one from each atom, are shared by
both atoms to form stable configuration and thus a stable molecule is formed
as shown in Fig. (2.1(a)). Thus, a bonding is formed between H-atoms in
H,-molecule. Thus, a bond formed by sharing electrons is called covalent

bond.

H H




(ii) fonic bond : If one or more electrons from one atom are transferred
to other atom, then positive and negative ions are formed which strongly
attract each other to form a stable system i.e. molecule. The bonding so
formed is called ionic bond. For example, in NaCl molecule, Na* and CI”
ions are formed by transfer of an electron from Na-atom to Cl-atom to
complete their last orbits with their capacities i.e. octets are completed to
achieve stability. The ions formed attract each other naturally.




In order to understand the electron sharing to form a stable molecular

system, let us consider the simplest molecule H; in which two protons
share an electron.

The electric field around a proton behaves like a potential barrier or

box for an electron. Therefore, in HJ molecule two protons form two boxes
with wall in between them Fig. (2.2). Classically, electron in Hydrogen
atom (one box) cannot transfer to neighbouring atom (another box) on
account of barrier. However, quantum mechanically, there is a certain
probability that the electron can tunnel through the wall (barrier) and enter
the other box. Tunnelling back from other box is also probable. This
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The probability of tunnelling decreases with

increase in distance (R) between the two protons.”

|




The electron shared between two protons is less confined and hence
according to Heisenberg’s uncertainty principle (viz. Ax-Ap ~ ), the
electron possesses less momentum and hence less Kinetic energy. Thus

electron energy in HJ -system is less than that in (H + H") and hence

H73 -system becomes a stable molecule.
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Fig. 2.2 : Potential barrier (or box) of electron in electric field of Protons
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Nature of wave func_tion

2
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Symmetric wave function Bondi ng
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Anti-symmetric wave function
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2.4 : The HJ Molecular Ion
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Fig. 2.3 : Combination of two 1s-wave functions of H-atom to form

(i) symmetric (y,) and (ii) antisymmetric (y,) wave functions of

H~Y - molecule
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, -+ H, Molecular ion
» Where, R be the radius which is very large as compared to
bohr’s radius (a,) of first orbit.
» Y be the wave function.

» ¥, be the wave function around proton a .

» P, be the wave function around proton b.

But when R = 0, the situation is that of He -ion. So, v is Is waye

function of He " having charge +2e. Therefore, amplitude of wave function
is double that of y  or v, as shown in Fig. (2.3 (1)(e)) -




>, Thus, with symmetric wave function y , there is a possibility of
formation of stable molecular system.

(ii) On the other hand if we consider antisymmetric combination of y ,
and v, as shown in Fig. (2.3(i1)), it is clear that there is a node between 4
and h, where v =0 i.e. probability of finding the electron in between protons

becomes neglegibly small.

Thus, deficiency of negative charges results in
repulsive forces between two protons i.e. with the antisymmetric wave

function y ,, stable molecular system cannot be formed. As R -0,




Energy of H, molecule

A Vo = Proton potential energy
Eg = Electron energy (symmetric state)
30 Eg**2! = H3 energy (symmetric state)
E, = Electron energy (antisymmetric state)
20 = HJ energy (antisymmetric state)
Energy <+ E ,total
(eV) ! 10
Nuclear
(0. 0) separation R(A®)
-10
-13.6 _ _
-16.3 ~ 5y Bond energy = 2.65 eV
- 30
- 40
-50 Esg &
-54.4

i . + i ' tion (R
Fig. 2.4 : Energy of H; system with nm ( )}




Energy of H; system with R : Let us estimate the total energy of

H; -system for various separations (R) of protons for both symmetric and
antisymmetric states. [n both the cases the electrostatic potential energy of
protons is given by,

2
¢

V =—
)

' dney R

+.V,—0as R -0 asshowninFig. (2.4).




(i) For symmetric state y : AtR =0, the electron energy is that of
ground state (1) of He -ion, which is 7% times that of H-atom. But ground
state (1s) energy of H-atom is — 13.6 eV. Hence, ground state energy of

P S~ .
He ion 1S 4x (-13.6) ==54.4 eV.Alsoas, R » . E, > -13.6 eV since
Vs 2V, Oryy.

total :
- By =E 4V, ingeneral 2.

TR X

Thus, Effml, evidently shows a minimum at R = 1.06 A°, which

corresponds to stable molecular state ( H ). The bond energy 1.e. energy

required to break the molecule H3 into (H * H7)is 2.65 V. This value is
verified experimentally.




(ii) For antisymmetric state (y ) : At R =0, the electron energy k

is tian '
that of 2p-state of He™ ion i.e. limes ground state (1s) energy of

H-atom. Since Z=2and n=2;E, =— 13.6eVatR=0.Againas R - o,

“‘J\\nﬁ

E, =& - 13.6 ¢V. Thus, electron energy for antisymmetric state shows
small dip between extreme values (viz. — 13.6 eV).

EV=E, +Vp 23

It is evident that there is no minimum in total energy (Ejf:'a' )-curve for

antisymmetric state as shown in Fig. (2.4). Thus, no stable system or
molecular bond is formed with antisymmetric wave function ¥ ,.




2.5: The Hydrogen Molecule (Hy)

The H, molecule contains two protons and two electrons. Now let us

see, what could be the nature of complete wave function ¥ (1, 2) of a,

ectrons. The complete wave function is the product of spatial

system of two el
_ordinate positions of electrons

wave function w (1, 2) which describes the co
function S (1, 2) which describes orientation of their spins..

and spin
- w(1,2)=v(,2)-5(,2) W24
According to Pauli’s exclusion princip]é, two electrons cannot be in
the same state (i.e. cannot have same set of quantum numbers).
ferent

- ¥(1,2) must be antisymmetric, which can result in two di

ways viz.




(i) symmetric co-ordinate function v (1,2) and antisymmetric spln
functionS, | -

ie. W i(wSEA ) 2.5

or (ii) antisymmetric co-ordinate function y, (1, 2) and symmetric
spin function Sq (1, 2). -

ie. W, = %@ . | ‘,l".‘2-6

The antisymmetric spin function S, corresponds to antiparallel SP”15
as it reverses the sign when electrons are exchanged. S_imila‘rlyﬁ-.  5
corresponds to parallel spins. RN

The Schroedinger equation for H, molecule can be solved bj;

approximation methods whose results are plotted in the form of egerﬂ o
(H + H) system against internuclear distance (R) as shown in Fig @2)




2
(H + H), spins antiparallel -
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Fig. 2.5 : Variation of energy of (H + H) system with nuclear separation. |




It is clear thatwhen spins are parallel. the cnergy of the system (111 11)

is alwayvs positive 7.c. a bound system (or molecule) is not formed.

But with antiparallel spins. the energy of the system (H + H) becomes
negative and reaches a minimum, indicating that a stable H2 molecule is

formed with a nuclear separation (R) about 0.74 A°. Therefore, according

to equation (2.5), the spatial wave function for H, molecule must be
symmetric wave function g (1, 2).

Asthere are two electrons in H, molecule,

the bond energy (or dissociation energy) must be expected to be double thaf

in HY ie 2x2.65=33 eV.However, repulsion between two electrons,
reduces this energy by a small amount and hence the observed bond energy

isd.5¢eV.




e o s e Rl o e i <
Thus, the state function of H, molecule is W(1,2) = ys (1,2) s,

ie two electrons with antiparallel spins are shared by two H-atoms,

calBa o PanailonPanalon Raniiloh BanstlolPean:



2.6 : Rotational Energy Levels

The molcular energy states arising due to the rotation of molecule as a
whole are rotational energy levels which are separated by very small intervals
(~ 1073 eV). For simplicity, let us discuss the rotational energy levels of
diatomic molecules which can be considered as rigid rotators. Let m; and
m, be the masses of two atoms with nuclear separation (R) called bond
length. Let this molecular system rotate about an axis through its centre of
mass (C.M.) and perpendicular to the line joining two atoms as shown in
Fig. (2.6). i.e. end-over-end rotation.

m,

A :
' — AXxis of m,
\:.) rotation
: 0
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Fig. 2.6 : Rotation of diatomic molecule
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myniy

H = i
where, my + m, 1s called reduced mass.

The rotational motion of molecule is quantised i.e. the angular
momentum, L = [ is quantised, where o is the angular velocity, such that,

hereJ=0,1,2, ...... is called rotational quantum

number. : . ..
- Rotational kinetic energy is given by,

Ejzzl(o‘ o
N _
& >
217 —
= —
SIRTe ) WS
A=J(J+1)-
\_d 81?1
.

Thus, E; is proportional to J (J + 1).




- Sincerotational energy is of the order of thermal energy (4T ~ 1073eV)
} atroom temperature, the molecules are excited in rotational states. However,
¥ the rotation about the axis of symmetry involves energy about a few eV,
§ which is of the order of bond (or dissociation) energy. Hence, during
# excitation of these energy states, the molecule dissociates and therefore
¥ these states cannot be excited. So only significant rotation is end-over-end
rotation i.c. about an axis passing through centre of mass and perpendicular
10 axis of symmetry i.e. line joining the two atoms.




2.7 : Rotational Spectra

The transitions among rotational levels give rise to rotational spectra.
Only those molecules which possess electric dipole moment can interact
- with the electric field of electromagnetic radiations and hence they can
emit or absorb electromagnetic radiations during these transitions. So non-
polar diatomic molecules like H,, N, etc. as well as symmetric polyatomic
molecules like CO,, CH, etc. do not exhibit rotational spectra. But polar
molecules like CO, HCI etc. can give rise to rotational spectra.

The rotational transitions are governed by the selection rule,

1 .. 2.10

Al

i.e. the quantum number J, changes by only one unit.

Generally, rotational spectra are obtained in absorption. Therefore, if
We represent initial and final states by J and (J + 1) respectively, then change
In energy (AE) during the transiton is,

o e — g —— [ —




AE = [(J+1)(J+2) JU+1)]=E,,, -E,

(JJ+1) 811;21 A s

SN -1

TR ) [ A T
= ,_—f——,_@*‘)

BT 2N

[CT T2 v (34 Q]

= o A)
o O

This difference in energy corresponds to radiation of frequency (v),
which is absorbed,

o)
AE A
.oy= ~(J+1) o F = o 2,11
. h 4‘It21 (E hV)
kl—

_h-Al
411

= Constant

(- Al =+1) . 2.11(a)




Thus, rotational spectrum consists of equispaced lines as shown in
Fig. (2.7). Since energy differences are very small, the pure rotational

spectrum occurs in far-infra-red [i.e. wavelength, ~ (1 0> T 103 “) ; where

i =10"°m =10* A°] or microwave (1 0°n—10* H) region. The measurement
of frequencies or difference in frequency of the rotational spectral lines
provides a method of estimating the moment of inertia (I) using equations

(2.11) or (2.11(a)) and thereby bond length (R) can be camnnted using
equation (2.8). A

J=3
Rotational
energy \

Vi J=1

F=x\ 1 L J=0
l I I Rotational
v > spect:'um

Fig. 2.7 : Rotational energy levels and spectrum .




Vibrational energy levels
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Fig. 2.8 : Potential energy curve Fig. 2.9 : A two body oscillator
of a diatomic molecule |




To understand the nature of vibrational level, let us consider the
variation of potential energy (V) of diatomic molecule with internuclear
distance (R) as shown in Fig. (2.8). In the neighbourhood of equilibrium
separation (Ry), the curve is almost parabolic in nature. Therefore, the
potential energy in this region, may be written as,

V=V, +?12-,&(1?_—-1!@(@)2

. Restoring force responsible for this potential is,

where k is force constant (or spring constant).




. Eq". (2.13) shows that Fisa restoring force in simple harmonic
oscillator with force constant (k). Therefore, the frequency (vy) of oscillation
of mass (m) connected to a spring of force constant & is,

Vo =—,|— - . .. 2.14

But diatomic molecule is a two-body oscillator 7.e. two masses m| ang
m, attached to the ends of a spring with force constant &, and oscillatjp
back and forth relative to the centre of mass as shown in Fig. (2.9),

The frequency (v,) of oscillation of such a two-body oscillatg;i;

n,my;

expressed in terms of their reduced mass, M = as,

ny + m,




1 |k

0 = A 4

215
el 15

According to quantum mechanics, the vibrational energy (E, ) is also
quantised, such that

EV=(V+%Jh% | 216

where, v=0, 1, 2, .... is vibrational quantum number.

1
The lowest energy state with v= 0, also possesses a finite energy Eh"o :

called zero point energy.

2.17 }




Thiseq". (2.17) gives vibrational energy levels. The vibrational energy
is of the order of 0.1 eV which is, generally, larger than the thermal energy

-"/_.

(kT = 2.6 10‘12Ef Hence, molecules are mostly found in the lowest-
energy state with v=0.

2.9 :Vibrational Spectra
From eq". (2.17), it is seen that the vibrational energy levels are

l

equispaced, since E, o ( v+ E) . However, at higher v-values, the harmonic

oscillator approximation is not valid as the shape of potential energy curve
deviates from parabolic nature. Therefore, the spacing between energy levels |




oes on decreasing with increase in vibrational quantum number v, as shown
g

"in Fig. (2.

(0,0)

Potential (V)
energy

A

10) for an harmonic oscillator.

| .

A v=3 . .
\ A = Vibrational energy levels
f V=2 Vibrational transitions
Rotational levels

Vibrational transitions for an harmonic oscillator .
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In vibrotor, Vibrational change must be

accompanied by simultaneous rotational
change

Suppose molecule is in ground state vibrational
level having vibrational quantum number v=0

and

Rotational quantum number J”

Now transition takes place from v=0 to v=1 and
L. ')
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An oscillating electric dipole of f
reque '
electromagnetic radiati f PIeTSY 7o CER €M © of A%erD
g | 1ation of saime frequency. Hence, energy change of Av
can c‘)c:,cur at a time. Therefore, the selection rules for the vibrationa(l)
transitions are,

Av = £ 2.18
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The freely moving molecules in gaseous (0r vapour) state can rofate
along with their vibrational motion. So, spectra of such molecules will not
be a set of isolated lines corresponding to vibrational transitions, but a set of
closely spaced lines corresponding to transitions from rotational levels of one
Vibrational leve to rtational levels of another adjacent vibrational level
The spectra obtained by a low resolving power spectrometer will appear as
4 brvad band called vibration-rotation band, as shown inFig. (2.11)




A J =
J=4
A A .
J=3 V=1
4 4 J=2 }
A A J=1
A .
Energy .
: J=5
: J=4
: J=3 fv=0
: J=2
! y=1
. J=0 _
Ps) P(4)| P(B)I P2 | P): | Rm' R2) |R(3)| R | Rs)
— . ) o [ S
AJd = -1, P-branch Ad = +1, R-branch

Fig. 2.11 : Vibration-rotational transitions (fine structure of)
vibration spectra)
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Spectral lines produced when m has negative values
for AJ=-2 are called 0-branch
N

Spectral lines produced when m has negative values
for AJ=-1 are called P-branch

Spectral lines produced when m has positive values
for AJ=0 are called Q-branch

Spectral lines produced when m has positive values
for AJ=+1 are cailed R-branch N

Spectral lines produced when m has positive values_
f A.l-+2 a,rg calleds- h P

sy
i

3 }.- -">.



To a first approximation, we may consider that a diatomic inolecuje
Ccan rotate and vibrate independently. Thus, neglecting the interaction
between rotational and vibrational motions, the total energy of molecule
may be written as, |

EloLal = Evibrational + Erotational

o\
Ev,JzEV+EJ &k —__\—\

N & & B2 |
E,;=|v+—-]- = [Z 4 J(T+1)
V,J ( 2) 2Tt “ 8n21 sem 2.19
\_H

(from eqn®. 2.9 and 2.17)

Fig. (2.11) shows fine structure of vibrational transitions fromv=0to
v = 1, vibrational states of a diatomic molecule. The selection rules for the
transitions are,

Av=+] and AJ=+]




Thus. the vibration-rotational transitions can be grouped into two

parts ViZ.

(i) Av =+ and AJ = —1.called P-branch.

and (ii) Av =+1 and AJ = +1, called R-branch.

- Frequency of spectral lines in P anc R branches are given by,

(i) For P-branch lines,

v, = Ejjo — EO,J] =AE, ;

(v=0—>1)

AE, + AE;

J—>J-1)

(A ]

(v=0—>1land J5J-1)

<‘—|- Energy change for this transition

Ag, = €y — Ejliy=g " (7)

JEY[(J ~DI-J1I+ D]
81t~

where, J =1, 2, 3, .... .. 2.20




Eq". (2.20) gives frequencies of P-branch lines.

Similarly, the frequency of R-branch lines is given by,

vg =vp + [T+ DU +2) =1 + D]
8n~1
h
=vp +—=(J+1) where, J=0, 1, 2, ... .. 2.21
4n-1

Since, AJ = 0 is forbidden transition, there is no line corresponding to
frequency v = Vo, called band origin.

h
- 47’1
©3". (2.20) and (2.21)] i.e. rotational lines are equispaced in a vibrational
band. [(v=0, v = 1), say]

The spacing between P-branch as well as R-branch lines is [from

Thus, the study of vibration-rotation spectra in infra-red region provides
amethod to estimate moment of inertia (1) of the molecule and thereby the

bond length (R), if reduced mass of molecule is known. |




Electronic Spectra of Diatomic Molecules

The molecules posscss@rotational, vibrational ang
electronic energies\Except translational energy all other are quantised ang
h give Tise to energy levels (or states) for the molecules. The energy
due to certain electron configuration in the molecule is called electronic
energy E,, which is very large as compared to the vibrational energy K
(i.e. E,>E,)and in turn the rotational energy E 1 is very small as compared

to E, (ze E;<E,))orin general
, —

Thus, total energy of a molecule for certain configuration is
approximately given as,

So during an electronic transition, the configuration changes and hence
we get a different energy state.




-. Change in total energy may be obtained as,
AE =AE, +AE, +AE;
. AE = hy , where v is the frequency of radiation emitted or absorbed

during the transition from one electronic state to another electronic state of
amolecule. Since the change in electronic configuration is always associated
with a change in electric dipole moment, all the molecules (polar as well as
non-polar) exhibit electronic spectra. But we know that to observe pure
rotational spectrum, the molecule should possess a dipole moment and to
observe vibrational spectra, there should be a change in dipole moment.

Thus, the study of electronic spectra of molecules provides a technique to
obtain informations like moment of inertia (I), bond length (R) etc. even for )

non-polar molecules like H,, N, etc.




The frequency of radiation involved in the electronic transitions is,

V=Ve+VV+VJ

Since electronic transitions involve large change in energy, the electroni¢
spectra occur in visible and ultraviolet region.

(i) The electronic energy (E,) is the energy of electron plus the pote
energy of nuclei. Hence, for diatomic molecules the electronic energy state
may be represented by an almost parabolic curve.

ntial

(i) The vibrational cnergy statcs arc associated with cach electronic
_stz'lte..They are almost equispaced at lower v-values, but the spacing decreases
‘Wlth increasing v-values at higher v-values.

.(m) Every vibrational level is associated with a set of closely spaced
rotational levels. The spacing between the rotational levels goes on increasing

with J-value. The electronic, vibrational a i
_ > nd rotat
in Fig. (2.10). ational levels are as shown




The transitions from one electronic state to another means from one
rotational level in a vibrational level of an electronic level to another
rotational level in a vibrational level of another electronic level. Hence,
there are several such transitions giving a large number of spectral lines.
When observed through a low resolving power spectroscope, we observe a

System of bands. Each band has an intense band-head which fades away on
the other side as shown in Fig. (2.12).
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Fig. 2.12 : System of bands







Vibratio'nal Coarse Structure |

The vibrational coarse structure is the electronic spectra when the
rotational fine structure is ignored i.e. if the rotational energy changes are
€quated to zero, then the total change in energy (AE) accompanymg an
electronic transition i 1S,

AE = AE, + AE,

Therefore, the frequency of emitted or absorbed radiation is given by,

v=y, + —Y

h
=y AR ey
As the rotational fine structure is neglected, eq". (2.22) gives the'

frequency corresponding to band origin of a system of vibrational bands
which form the electronic spectrum. "




During electronic transitions, there are no selection rules for vibrationg|
quantum number v. Thus, Av can be positive, negative or zero. If a group of
bands correspond to same electronic transition, then they are called a system

of bands. The bands are named by the vibrational quantum numbers of
upper and lower electronic states (v', v") as shown in Fig. (2.13).

There is a convenient way of classification of bands viz

D if Av=(v'-v") isa constant, then a series of such bands is called
a sequence.

1

(i1) A set of bands corresponding to same v' and different values of "
or same value of v" and different values of v' is called a progression.

eg vi=0andv'=0,1,2,3, .. gives a progression,
gV g p -




At room temperature most of the molecules will be found in ground

electronic state with v" = 0, and hence we expect a set of absorption bands
as shown in Fig. (2.13).

x vi=57)
i v =4
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A } electronic
'y v=2 state
T v =1
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electronic
v"' = (0] state

(0,0) (1,0) (2,0) (3,0) (4.0) (5,0)

Fig. 2.13 : Vibrational coarse structure of absorption bands formed
during electronic transitions from ground state to excited states-
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It explains the intensity of vibronic transitions.
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Franck - Condon Principle

“An electronic transition takes place so rapidly

that a vibrating molecule does not change Its
internuclear  distance appreciably during the

transition.” J




The Frank-Condon principle is used to determine the prbibgbmty of
transition between vibrational level of an electronic state to a vibrational
level of another electronic state. Thus, Frank-Condon principle helps in
determining the intensity of bands. /

LWe now, state and discuss Frank-Condon principle as follows in two
viz.

(i) The transitions should be represented by vertical lines : This
statement is according to the fact that electrons being very light and hence
more mobile, they move and arrange themselves much faster than the nuclei
in the molecules. The motion of nuclei correspond to the vibrational and
rotational energy levels whereas electronic energy refers to electronic
configuration in a molecule. When the electronic configuration changes,
the inter- nuclear distance practically remains the same and hence the
electromc (emission as well as absorption) transitions are represented by
vertlcal lines (i.e. same internuclear distance) as shown in Fig. (2.14). |
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A (ii) The observed transitions should start from extreme pOSitlon,
of vibrational levels : This principle means that the transitions are mog
probable when nuclei are in their extreme positions. For example, at ¢ ang
D in vibrational level CD etc, Fig. (2.14). At these extreme positions, the
nuclei come to rest momentarily i e. the kinetic energy of nuclej becomes‘
zero and hence the probability of finding the nuclei at extreme Positiong
maximum. Hence, most probable transitions should start from eXtreme
positions. However, quantum mechanically it is shown that for zer, Poin
energy (i.c. v = 0) vibrational state, the mean position i.e. minimyp, of
parabolic curve is the most probable position of nuclei. Therefore, transitiops
from v =0 state start from the middle or mean position, |

v‘




oY a0 i (R o ol

o g g . ’-O . :
0 @,@3 WA : , : A RGN ST ST TN

| -
Probability of density

distribution

Excited state

%

Wavele”ng'th A—"

~TA

o \ A

7
i v

N

o

R

(e %5

NN AR

B O O O (i (s S (e
Mo a o lan Bt lah P aa Gl lal B arnatlak ot lan P an

o



1 - — e

The intensity of bands directly follow from the Frank-Condop principle,
For example, the absorption transitions at r

Intense progression of absorption bands co
Vi=0tov'=0, [, 2

oom temperature give rise to g
rresponding to transitions frop

0000000

But during emission transitions several vibrational levels wit

vi=0,1,2,...are highly populated and consequently the transitions produce
a large number of progression of emission bands

If the minima of two electronic states A and B lie just one above the
other i.e. when internuclear distance practically remains same, a progression

of absorption bands 0,0), (1, 0), (2,0).... is obtained, otherwise part of |
progression will be observed. —
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