Name of the Teacher: DR. SUBHANKAR SARDAR
Class: Semester-6

Paper: C14T (Physical Chemistry)

Topic: Molecular Spectroscopy

Origin of Molecular Spectroscopy:

Spectroscopy is the study of the interaction between matter and
electromagnetic radiation.



Rotational spectroscopy

- Involve transitions between rotational states of the
molecules (gaseous state!)

- Energy difference between rotational levels of molecules has the same
order of magnitude with microwave energy

- Rotational spectroscopy is called pure rotational spectroscopy, to
distinguish it from roto-vibrational spectroscopy (the molecule changes its
state of vibration and rotation simultaneously) and vibronic spectroscopy (the
molecule changes its electronic state and vibrational state simultaneously)

Molecules do not rotate around an arbitrary axis!
Generally, the rotation is around the mass center of the molecule.

The rotational axis must allow the conservation of

o M=>R xp =const
kinetic angular momentum. Z o XPa

o



Molecular \ —

Energy Levels
ie., typically AE, >> AE ;, >> AE_,
AE,
Different electronic states AE,
(electronic arrangements) N
Electronic Vibrational Rotational
AE ~ 2x10°-105cm? 102-5x103cmt| 37300 GHZ
N (0.1-10cm?)
Transitions at A = 500 - 100 nm lcm—2um
. 10cm—=1mm
Vis — UV infrared

microwave



Rotational spectroscopy

>130 molecules / ions have been identified in interstellar space by their rotational
emission spectra (rf-astronomy)
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Rotation of diatomic molecule - Classical description

Diatomic molecule = a system formed by 2 different masses linked together
with a rigid connector (rigid rotor = the bond length is assumed to be fixed!).

The system rotation around the mass e ! |
center is equivalent with the rotation of a R ~ R .
particle with the mass u (reduced mass) 0 :

around the center of mass.

m, +m,

. . 2 2 2 2
The moment of inertia: 1 =D_mr> =mr? + m,r} = 4R* =
i

Moment of inertia (1) is the rotational equivalent of mass (m).
Angular velocity (o) is the equivalent of linear velocity (v).

E, — rotational kinetic energy

L = lo — angular momentum




Quantum rotation: The diatomic rigid rotor

The rigid rotor represents the quantum mechanical “particle on a sphere”

problem:
; Rotational energy is purely kinetic energy (no potential):
7 y
- ~ D7 e N 0 0 0
! Hy =—+ V(X =—inv  V=(—,—, nabla
/ i X) P ( X'y 62)
B ; h?
e\ Schrodinger equation: Hy=-—V*¥Y=E¥
A 20
VZ — 62 + 82 + 62 . . . .
T oyt ot Laplacian operator in cartesian coordinate
, 10(,0 1 o(. .0 1 0 :
v —r—zg(f g}rzsine%(“”@%}maﬁ& spherical coordonate
] : : o
For r = constant (5 = (), Schrodinger equation simplifies to:

— - + -
21| sin® 00 00 ) sin’0 o’

hz{ 1 9 (Sin 0 aj 1 & }y(e,q)): EY(6,9)



The solutions resemble those of the "particle on a ring":
Y|m, (O9) = ®|m. (Q)Tm, (#) — separation of variable

Y(+2m) = Y(¢) — cyclic boundary conditions

eimJ¢§ _ .
¥ (g)= — wavefunctions (rotational)
2
@ E..(J.m;)=JJ+1) % — eigenvalues (energy)

J=0,1, 2, 3....(rotational quantum number)
m; =0, £1, +2, ... £J (projection of J)

E_,=hcBJ(J+1)| — the rotational energy of a molecule

-

H
h h _ ) H, 60.85cm?
== ~| — rotational constant (incm?) |3 a3
87°c-1 8x°c-uR HCl  10.59 e




Obs:

— Rotational energy levels get more widely space with increasing J!

E,., =hcBI(J+1)

ErotO =0

E.; =hc-30B
E...=hc-20B

E,;=hc-12B
E.,=hc-6B
E..=hc-2B
E.o=0

30B

Pt
=
m

12B

Wavenumber [/ em?

6B
2B

— There iIs no zero point energy associated with rotation!

L




Obs: h
B= 2 2
8n°c-uR

— For large molecules (p): - the moment of inertia (l) is high,
- the rotational constant (B) is small
For large molecules the rotational levels are closer than for small
molecules.

— From rotational spectra we can obtain some information about
geometrical structure of molecule (r):
For diatomic molecule we can calculate the length of bond!

— Diatomic molecules rotations can partial apply to linear polyatomic
molecules.

— An isotopic effect could be observed: B ~ 1/(uR?)

.'H‘.I..r.'r_?- _ 37u.u 36U
i .. 38y 35u.u

oy W

HEg

=1.0015




Rotational wavefunctions

General solution:

m, =0, £1, £2, £3 .. when imposing
cyclic boundary conditions:

P(o+2m) = ¥(¢)

Rotational wavefunctions are imaginary
functions!

It is useful to plot the real part to see
their symmetries: odd and even J levels
have opposite parity.

Rotational wave functions parity = (-1)”




Degeneracy of Rotational Levels

In the absence of external fields energy of rotational levels only
determined by J (all m; = -J, ...+J) share the same energy. Therefore, rotational

levels exhibits (2J+1) fold degeneracy (arising from the projection quantum
number m;).

Both the magnitude and direction (projection) of rotational angular
momentum is quantized. This is reflected in the two quantum numbers:

J (magnitude)
m (direction/projection).
Taking the surface normal as the
quantization axis, m; = 0 corresponds to out

of-plane rotation and m; = J corresponds to
in-plane rotation.

| m,=J,J-1,...,-J

Rotation in the . Rotation out of the
plane of the paper = plane of the paper.
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308 | oooo: Populations of rotational levels
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Rotational spectroscopy (Microwave spectroscopy)

Molecules can absorb energy from microwave range in order to
change theirs rotational state (hv = AE,; = E,yqup) = Erotinn)-

Gross Selection Rule:

For a molecule to exhibit a pure rotational spectrum it must
posses a permanent dipole moment. (otherwise the photon has no
means of interacting “nothing to grab hold of”)

— a molecule must be polar to be
able to interact with microwave. 5—

— a polar rotor appears to have an
oscillating electric dipole.

Homonuclear diatomic molecules
such as O,, H,, do not have a dipole b)
moment and, hence, no pure rotational
spectrum!




Specific Selection Rule: AJ =1 Am;=0,%1

Only for diatomic molecules (linear molecules)!

The specific selection rule derive from conservation of angular momentum.

But need to change parity (see rotational wavefunctions)!

Schrodinger equation explains the specific selection rule (AJ=%1):

U, = I \Ilf lu\}li f - final state, i initial state

I, - transition dipol moment

The molecule absorbed microwave radiation (change its rotational state)
only if integral is non-zero (AJ =1 ): the rotational transition is allowed!

If the integral is zero, the transition is forbidden!



Rotational transitions

— AE t ErotJ _ErotJ E h J
Vv = ot — 2 L — CB\] (vJ +1)
(0,-3) he he rotJ 30Bf———%—>
Vigogy) = BJz(Jz +1)_ B‘]l(‘]l +1)
_ 2 2 '
Via,53,) :B'(‘Jz +J, - _‘]1) E 208 A
J,=J,+1 E
_ =
Vg oy = B+ 20, +3,2 4143, -3 -3, ) 5
¥
_ s 12B 3
Vg, 53,4 = 2B- (‘]1 +1) =
6B 2
v, rotational transition wavenumber 2B 1
0 0

J, rotational quantum number of inferior state

J, rotational quantum number of superior state

Vr(J2-1—>J2) =2B-J,



Rotational spectra have a lot of peaks (v,) spaced by 2B (Av,).

Vr(0—>1) =2B;

- AV, =2B

vr(1—>2) =4B|

- AV, =2B

Vieos = 0B]

- AV, =2B

ViGa) = 8B/
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Energy

The rotational transitions are separated by 2B in the observed spectrum!
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Tramsmission

Rotational Spectrum of CO

Rotational spectrum

of CO (300K)
EZF..HI_FI
=B(J+1)(J+2)-BJ(J+1)
=2B(J+1)

Transitions in the microwave region:

1-100 cmt (A =1 cm — 100 pum)

Lines spaced by 28

f Flem™' 8D

J’I

— F, = E, /hc rotational spectral terms

Spectral Profile governed by population of lower
levels and J dependence of the transition strength.



Beyond the Rigid Rotor: Centrifugal Distortion
The rigid rotor model holds for rigid rotors.

Molecules are not rigid rotors — their bonds stretch during rotation

As a result, the moment of inertia | change with J.

For real molecule, the rotational constant B depend on rotational
guantum number J!

It is more convenient to treat
centrifugal distortion as a perturbation
to the rigid rotor terms.

In real rotational spectra the F()=BJ(J+D)=D[J(J +D]
peaks are not perfectly equidistant: Centritugal 1, _ 4B,
Cent”fugal d IStO I’thﬂ (D) . « The effect of rotation on a molecule. Th:gcentrifugal force arising from

rotation distorts the molecule, opening out bond an?les and stretching
bonds slightly. The effect is to increase the moment of inertia of the
molecule and hence to decrease its rotational constant.



Centrifugal Distortion in diatomic molecules

When J increase (molecule rotates faster) the bond length increase —
the moment of inertia increase — the rotational constant B decrease.

B'=B - D-J(J+1)

The rotational energy becomes:

D: the centrifugal distortion constant (in cm) D=

V, . the wavenumber of harmonic oscillator!

E..(J)=hc-[J(0+1)-B-D-J*(J+1)°]

(cm™)

In this case, the wavenumber of rotational transition (J—>J+1) is:

v, :ﬁ—E:ZB(J+1)—4D(J+1)3
C - -
im cm® B D
HZCl 1044 0.0005282
The centrifugal distortion constant 2¢0 1923 0.0000061
D is much smaller than B! HCN 1478 0.0000029




The rotational energy levels of real molecule shrink together.

The peaks (rotational transitions) from rotational spectra of real
molecule are not equidistant!

V. =2B(J+1)-4D(J +1)’

Rigid Rotor J Centrifugal

30B 5> distortion
3 . .
£ 20B , viJ) =8
E Jr1)| T~ T4
z . ) \t)'\
= 12B 3 .

6B 2 , \2

2B | L \/+1)

vV,

= f(J+1)

(J+1)

B and D constants can be calculated from the graph function:

(J‘::l) =2B-4D(+1)f — slope = -4D; y intercept = 2B




E o (9)=hc- [0 +1)-B-D,J*(I+1)]

1 Rigid rovator MNon-rigid rotater
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Independent activity

a) The molecule 23Na'H (rigid rotor) is found to undergo a rotational transition
from J = 0 to J = 1 when it absorbs a photon of frequency 2.94-10' Hz.

b) What is the equilibrium bond length of the molecule?

c) Calculate the wavenumber of the most intense rotational transition at room
temperature.

d) Calculate the difference (in cm1) between energy of the fifth rotational level of
NaH considering rigid rotor and non-rigid rotor (D = 0.0003 cm-1) approximations.

- h kT 1
- =2B(J+1)-4D(J +1)’ B= _ | k1
Y (+2)-4D3+1) 8n°C-uR Y =\ 2heB 2
E . (3)=hc-[3(J+1)-B-D,*(J+1)]

1u=1.67-102"kg k=1.38-1022J/K ¢=3-108m/s, h=6.626-1034J-s



Rotation of polyatomic molecules

The moment of inertia | of a system about an axis passing through
the center of mass is given by:
1=> m;r?
i

The polyatomic molecules can be classified on the basis of their
moments of inertia about three mutually perpendicular axes through the center of
mass (principal axes).

a, b, c: three axes

I, 1, Ic: three moments of inertia

(Iczlmax) "C>"b>"a

+  An asymmetric rotor
has three different
moments of inertia;
all three rotation
axes coincide at the
centre of mass of the
molecule.




General Classification of Molecules

l. Spherical tops: Lozl =,

Zero dipole moment
. ho rotational spectrum

Il. Symmetric tops:  (two identical /)

a) Prolate tops: ]a < ]b :[C

b) Oblate tops: ]a — ]b < ]C

ll. Asymmetrictops: |/, <[, </,




Rotational terms

For diatomics we defined a rotational constant E o

In general we require three such rotational constants:

as wavenumbers:

1 1
I uR?
i i: 5o i*.r G i?
8t°cl, 8t-cl, 8Tl
A > B = C

H,O molecule

A=279cm™
B=14.5cm®
C=9.3cm™

But, we can no longer relate

these constants explicitly to
individual bond lengths
within the molecule.



Prolate tops — —
F,=BJ(J+1)+(4—-B)K"

J=0.1.2.3. ..

Levels labelled JKa K=0.+t1.+2... tJ

Jis the total angular momentum
or rotational guantum number and
K the projection quantum number
(for projection on the unique, a axis).

—

J|=JJ(T+1)n| [J,=Kh

J

2

=12

£=0

E=+1 E=+2

n.b., Each level has 2J+1 degeneracy (arising from M)
In addition, each level K > 0 has extra two-fold degeneracy (£X)



Oblate tops

F, . =BJ(J+1)+(C - B)X?
J=0.1.2.3...
K=0.+1+2.. . .+J

Levels labelled JK-:

J is the total angular momentum
or rotational guantum number and
K_the projection quantum number
(for projection on the unique, c axis).

Oblate tops are typically flat F,
“discus” — like molecules (e.g., benzene)

n.b., Each level has 2J+1 degeneracy (arising from A{))
In addition, each level K > 0 has extra two-fold degeneracy (£K)



Don’t confuse various projections

J

= JJ(T+1)H

() K=0

K refers to a projection on
a body-fixed axis ic) :
(in this case, for a prolate top, the a axis)

M, refers to a projection on
a space-fixed axis



Energy levels for Symmetric tops

Prolate top terms

"~

F,x=BJ(J+1j+(4-B)K>)

N >()
&

Fotlbd

By

0
K=0 K=1 E=2

K - stacks

For a given J, energy increases with K

Oblate top terms

Frk ZEJF’J+];§_;E _B ,JKE,

3

-_—_— -1 2T
= ')
1 s

0 1

=) K:l K=2

K - stacks

For a given J, energy decreases with K



Linear Meolecules (C_, D,,)

Special, limiting case of prolate top:

]a — 0, hence A==

Only K = 0 exists, so

F;=BJ(J+1) J=0123,. .

Spherical Tops (T, O, I,)

F,=BJ(J+1) J=0,1.2,3,...

Degeneracy = (2J+1)2



Asymmetric tops

Alas for the vast majority of molecules there is no simple general analytical form for
the rotational levels. Some molecules are described as “near prolate” and “near
oblate” tops. In general, terms can be derived by matrix diagonalisation.

H,O
A=27.88 cont
i B=14.52 cm!
300 - (=9.28 cm 331 339
- i
E .
u =
e
= i 522 321
.E 260 |-
= X 312
- N
% | 3pz 313 221 228
g 188 |~ 211
i o@7 212
i 11 118
[ 181
oL 908

Ka



Rotational Spectroscopy

I. Gross Selection rule: To exhibit a pure rotational spectrum a molecule must
possess a permanent dipole moment.

Homonuclear diatomic molecules such as O,, H,, etc. do not have a
dipole moment and, hence, no pure rotational spectrum!

Il. Specific Selection Rule: During a transition the allowed changes in the J, K
quantum numbers are:

AJ =+1 AK =0

(arises from quantum theory, but you ca think of this as a combination of
conservation of angular momentum and parity)



‘Spectra of Symmetric tops

prolate

Terms: F; :EJ(J+1}+(.ﬂa‘g—J_r“j?E)Jr"{2

oblate

F;x =BJ(J+1)+(C-B)K’

Allowed ~
v=F —F
transitions: J+LK J.K

ie, v=2B(J+])

Within the rigid rotor approximation spectra of prolate & oblate tops are the same
as for linear molecules (and indeed spherical tops):
i.e., Equally spaced lines with separation = B

We thus obtain no information on the unique axis (a for prolate, ¢ for oblate) i.e.,
nothing about the other rotational constants.



Beyond the Rigid Rotor: Centrifugal Distortion

The rigid rotor model holds for, well, rigid rotors.

Molecules, unfortunately, are not rigid rotors — their bonds stretch during rotation.

= _::3 Centrifugal As a result, the various 7 (and thus
I force rotational constants) change with J.

It is more convenient (i.e., easier) to
treat centrifugal distortion as a
perturbation to the rigid rotor terms.



Centrifugal Distortion in symmetric tops

Prolate tops:

F(J,K)SBJ(J+1)+(A—B)K}-D,J*(J+1)> =D J(J+1)K? —DK*,

Oblate tops:
F(J,K)=BJ(J+1)+(C - E;Kzr—ﬁ_,ﬁw +1)*>-DJ(J+1)K* -D.K*,
T\ /

Rigid rotor terms Centrifugal distortion terms

i.e., three distortion constants!

AJ=+1 AK =0

F(J+LK)-F(J.K)
2B-DgK?)(J+1)—4D,(J+1)?

Transitions occur at; |V

J=1-2 J=2 3
I no centrifugal distortion I
Effect on . —
Spectrum: S e e
I I with centrifugal distortion [ I I
- K=1K=0 . . K=2 . K=1 K=0

cm 3.4070 3.4072 3.4074 3.407e  5.1102 5.1104 5.1106 51108



Roto-vibrational IR spectroscopy

In the IR absorption spectra recorded at high resolution, the vibrational
bands have a structure of lines due to rotational transitions (J; — J,) that occur
simultaneously with the vibrational transition (v, — Vv.,).

At room temperature - only the vibrational ground state (v = 0) is populated.

- the rotational levels with J > O are populated: the rotational
level with maximum population have a rotational quantum number different from
zero (J.,., # 0)!

max

E..=E,, +E, IR radiation : 300 —4.000 cm!

tot vibr

E.. =h-c-VO(v+%j+h-C-B-J(J+1)+...

~1.000cm™ ~1-10cm™
v=012.... J=012....

If the molecule (in vibrational ground state) absorbed infrared radiation, it
will pass on an excited vibrational level (Av = +1).

In the same time, the molecule can pass on another rotational level of
excited vibration level (characterized by a different rotational quantum
number than the initial) (AJ = + 1)



Electronic Vibrational Rotational

A == mmmmmmmmmmmsmnmaman- :
The spectrum consists of lines
i i that appear at the frequency
i J=3 | corresponding to transitions,
= j=2 i having the intensity proportional to
> v=1 i . the number of molecules that have
ol S, =0 | v=1 J=0 i -
- ; ] made that transition.
Z : i
W a i
] =3 |
— =§ i = |
— /= ol ——— 1
s, A W ==5 LM
o= v=0 | v=0 ==———y—=J=0 | 1] Hnanny
hvo ™ e 20CB Vo v

Pure vibrational spectrum: one line at v,
Pure rotational spectrum: several lines separated by 2B.
Roto-vibrational spectrum : several lines separated by 2B, grouped into two branches
(P and R), apart in v, zone
(exception: for polyatomic molecule Q branch (v,) could appear!)



Roto-vibrational spectra of diatomic molecules

Consider the molecule as an harmonic oscillator and a rigid rotor.

The selection rules for roto-vibrational transition are: Av=+1 Al ==11

The energy absorbed by molecule is equal with the sum of vibrational and
rotational energy changes.

E...=AE, +AE,, E(v,J)=h-c: [ﬁo(v+ %j +B-J(J+1)]

h-c-o=E,-E, =E(v,,J,)—E(v,,J;) — absorbed energy

p=f2TE {BO(VZ +%j+ B-J,(J, +1)}{ﬁo(vl+%)+ B-J,(J, +1)}

h-c
At room temperature: v,=0and Av=+1 so v,=1

V= 50 +B- [JZ(JZ -|-1)- ‘]1(‘]1 -|-1)] <« wavenumber of roto-vibrational transition

The rotational levels with J # 0 are populated, thus transitions with AJ =1 and AJ =-1
may occur.

AJ=+1—J,=J+1 |Ug =V,+2- B-(Jl+1) Rbranch (J;,=0,1,2,..)

A=-1 = J,=3-1  |p,=9,-2-B-J, Pbranch (3,=1,2,3,..)




20B
A

12B

6B

2B
0B y'=1

20B

12B

J=2 E ! . : 68
J=1 - L1 o8
J=0 : E I 1 i 1 1 1 ® v=0
IZBIZBIZB(_YI_;ZB ZBIZBI
&
.|||H H ““ll.
P-branch Q R-branch

Selection rules: AJ =0, %1
Av =1

If AJ = +1 we obtained R branch (“rich”,
the molecule gain rotational energy)

If AJ = -1 we obtained P branch (“poor”,
the molecule lose rotational energy)

If AJ = O we obtained Q branch (for
perpendicular vibrations in polyatomic
molecules: ex. NCN bend)

The lines of the P-branch (purple
arrows) and R-branch (red arrows) are
separated by 2B, thus the bond length
can be deduced!



Vs =0, +2:B-(J+1)

=4
J=0,1, 2,
J,=3
J,=2
J=1
1E0
R branch
Vo=V, +2-B
J,=3 12B Vp1 =0y +4-B
- 68  — _
737 28 Vg,=V0,+6-B
Ji=0 E, =0 |
P,4 0 B2 18 [2BQ2BJ2B
-6B -4B -2B i +2B +4B +6B +8B ... V

Vo
Q branch (AJ = 0) could appear in IR spectrum of polyatomic molecule!

Q tranzition (AJ = 0) is allowed only for vibrations that involved a perpendicular
dipole moment change (to the symmetry axis of the molecule).

Q branch (AJ = 0): Vg =y



For real molecule: vibration and rotation are not independent!

‘ H‘Hhm .
Vy

‘\r.l'

Two effects appear: |
1

1) roto-vibrational coupling

Diatomic molecule: molecule vibrates — the bonds length (r) are changing — the
moment of inertia changes — the rotational constant B changes

B,=B.—aq, (v+1) a, — roto-vibrational coupling constant
2 B, — rotational constant for rigid and independent rotor

Each vibrational level have different rotational constant, so B, # B,!

In this case the energy of roto-vibrational level is:

E(v,J)=h-c-[v, v+% +B, -J(J+1)]

E(v,J)=h-c[v, v+% +B, -J(J+1)—ae(v+%)J(J+1)]




2) centrifugal distorsion

When the rotation velocity increase (J increase) — the bond lenght increase — the
moment of inertia increase — the rotational constant B decrease

B, =B, - D-J(J +1) D — centrifugal distorsion constant

In this case the energy of roto-vibrational level is:

E(v,J)=h-c-[v,| v+= |+B,-JJ+1]]

E(v,J)=h-c-[v, v+% +B,-J(J+1)-DI*(J+1)]

Considering both effects, the energy of a particular roto-vibrational level is:

E,,=h -C{Go(v+%j+ B.J-(J +1)—oce(v+%}] (J+1)-D[3(J +1)]2}




E,,=h -0{50(v+%j+ B.J-(J +1)—ae(v+%JJ-(J +1)-D[I( +1)]2}
We can consider: E,; =helv,(v+1/2)+B, 30 +1)]

where: B,, =B, —a(v+%) —-DJ(J+1)

Pbranch: (Av=1, AJ=-1) (v=0andJ=1,2,3..)

_ 1 _
Vo = he (E(l,J—l) - E(O,J)) =V, +(B, - Bo)J2 — (B, +By)J
Qbranch: (Av=1,AJ=0)(v=0siJ=1,2,3..) (if observable)

_ 1 _
Voi = h_C (E(v+1,J) - E(V,J)) =Vot+ (Bl - Bo)J(J "‘1)

R branch: (Av=1, AJ=+1) (v=0s1J=0,1,2,3..)

_ 1 _
VRi = he (E(1,3+1) - E(O,J)) =V, +(B; —B,){J +1)° + (B, +B,)(J+1)
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Roto-vibrational coupling effect is higher than centrifugal distorsion!

Because of anharmonicity, the bond length is higher in v = 1 state thaninv =0
state (r; > r,), S0 B; <B,  (with 1-2%).

In R branch the distances between lines decrease (when J increase).

In P branch the distances between lines increase (when J increase).

1
P. —
* Py Hy Bv_Be_ae(V+E)
, ; o, — roto-vibrational coupling constant
1 1
8 B. — rotational constant for rigid and
E independent rotor
t
1
TN
] | :
L L I i I|hf B,=B.-~a
" _Jll '._ y I W, I'.,_JI \ W \ _,a' - _,;'l Ig_,'l -H.II LY IU I.k J '.,_,ul l.‘_ III‘- Jill\._,.'\_ e 2 e
2700 2800 2900 3000 3100
frequency / cm-? A, = Bo — Bl

gray - calculated spectrum (supposed B, = B,)
black - experimental spectrum (real molecule!)



E,, =hc[,(v+1/2)+BJ(J+1)]

P branch: AJ=-1

Rigid rotor: B, = B, = B,

E=15=0) = Eq=04=1) = he[vy + Be(0) - B(2)] = he[v, - 2 B] = hCYPl
E=15=1) - Eq=0=) = he[vy + Be(2) - Bo(6)] = he[v - 4 B ] = hCVP_z
E=15=0) - Eq=o=3) =hc[vy + Be(6) - B.(12)] = he[v, - 6 B.] = hevps

R branch: AJ=+1

E(v=1,1=1) - E(V=0,J=0) =hc[vy + Bo(2) - Bo(0)] = hc[v, +2 B,] = hC_VRO
E(V=1,J=2) - E(vzo,le) = hc[vy + B(6) - B((2)] = hc[v, +4B,] = hC\Q?l
E(=1.023) = Eq=o3=) = he[vg + B.(12) - B.(6)] = he[v, + 6B.] = hcvg,

E,, =hc[v,(v+1/2)+BJ(J+1)]

P branch: AJ=-1

Non-rigid rotor: B, # B,

(Bo>By)

Ew-13-0) - E=00-1) = hC[E +B1(0) - By(2)] = hc[l_o - 2By] =hevpq B
Ew-13-1) - E=032) = hC[\Q +By(2) - By(6)] = hC[Vo_Jr 2B, - 6By] = hC\’Pz_
E =152 - Eq=03=3) = hc[vy + By(6) - By(12)] = hc[v, + 6 B, - 12By] = hcvps

R branch: AJ=+1

Eq=11=1) = Eq=01=0) = hC[E +B41(2) - Bo(0)] = hC[E +2B;] = hcvpgg B
Eq=11=0) = E=01=1) = hc[ﬁ +B4(6) - Bo(2)] = hC[Vo_ +6B, - 2B(] = hcle
E=11=3) - Eq=0=2) = he[vy + B(12) - By(6)] = he[vy +12B, - 6B(] = hevg,




The lab analysis of roto-vibrational spectra

Difference combination method is based on the determination of
difference between wavenumbers of two transitions with a common energy level
(initial or final)

Same |n|t|al level VRJ _VPJ _ 81(4\] n 2) . VRJ _VPJ
I=r+1 1= 4] 2)
J=J- 3 ( +
B,=B.——«
B, rotation constant of superior vibrational level (B')

Same (J’) final level VR(J—l) _VP(J+1) — Bo (4J + 2) Bo _ Vr(-1) 7 Ve
1 (43+2)
J —
+ 1 BO - Be — L&
P R B, rotation constant of inferior vibrational level (B")
"=+ _ 3B,-B
et o, =B, - B, B, =—%—




Only the gaseous molecules have rotational fine structure!

In lichid state the molecular rotations are partially blocked by molecular interactions —
the rotational fine structure disappears or appears like an envelope of P, Q, R structure.

If the solvents are increasing polarity, we will obtain
different spectra

-unpolar solvents (FC 75 (C4F,;0) and Freon 113)
— envelope of rotational bands

-polar solvents (dichlorhmetane: CH,CI.,)
— the rotational bands disapper complete.

The H-CIl bond force constant decrease from unpolar
solvents to polar solvents. Therefore, the maximum of
principal band shift to lower frecquencies.

F
? | R FR Fr
C—C—Cl  C—C—Cl F O F
| I
F F F FF FF FF
Freon-11 Freon-12 F F

ABSORBTIE

Ihh.. -

) FC 75

Freon 113

2600 2800 2000 v/cm!

Rotational fine structure (HCI - gas)

Pure vibrational band (HCI in CH,CI, - liquid)



Lower resolution roto-vibrational spectrum — the rotational structure do not appeatr!

Still rotational constant B could be calculated

with formula:
Av=50 cm-1 B 8kT B
Av = 1/
hc

Av = the distance between the 2 maxima
(the envelopes of R and P branch).

Absorbtie

, , , Ex: For T=300K andAv=50cm
200 e @0 20 rotational constantis B = 1,51 cmt

cm-1

Independent activity:

Calculate the distance (in wavenumbers) between the transitions (AJ = £1)
that start from the most populated rotational level of lower vibrational level (the
two maxima from the figure). Consider the molecule as an harmonic oscillator

and a rigid rotor:

_ 1 kT 1
Ev,))=h-c-|v,| v+— [+B-J{J+1 J == _=
e e IS B NEN AO



Usually superior level (v,, J,) is not populated, so the roto-vibrational transitions
intensity depends on the lower level population (v, J,) .

AN = N(V1’J1)_ N(Vz"]z)z N(Vl"]l)

%
/ \ _
N(Vl,J1)= Nog(Jl)exp —ﬂ ! AT termal population |
k-T Nh|1 p
he (_ 1
N(vy,J;) = N0(2J1+1)9Xp_ﬁ v, (V, +§)+ B-J,(J;+1)
| )
0 5 10 15 20

Rotational quantum number J;

e x'i.'.i#.[ ;IH . | | '| ‘u HLL i Ujhn B,
Vi

Relative amplitude of roto-vibrational lines is related mainly to the population of rotational
levels.
At room temperature:

- vibrational states 0 and 1:
N,/Ny = (1/1) exp[-10-18J/(1.38-10%3J/K - 300K)] =0 (all the population is in the lower state)

- rotational states O and 1:
N,/Ny = (3/1) exp[-10-21J/(1.38-10%3J/K - 300K)] = 2.4 (two and a half larger population at state J = 1 than at state J = 0)



Determination of temperature through spectroscopy:

There are two types of temperature: one that can be measured through
thermal equilibrium of the medium with a thermometer or a thermocouple, and one

that is determined through spectroscopy.

To a first approximation, the height of the peaks in the roto-vibrational
spectrum depends on the population of the state where the absorption/emission
line is originated.

For rotational lines, the population is proportional to:

- E —h-c-B
N, = Nog(J)exp( ” TJ): N,(2J +1)exp( ~ e J(J +1)j

—h-c-B
eI+
T ( )j

N, =N,(2J +1)exp(

(2J +1) comes from the degeneracy of rotational states and E; = B, J(J+1)



The rotational quantum number (J,,,,) corresponding to maximum intensity line
can be calculated by taking the first derivative of the expression with respect to J

and setting it to O.

N, =N, (2 +1)exp( hkCTBe 3%+ J)j

dN, h-c-B, , ., h-c-B —h-c-B, , .,
= 2N, exp| TSR (324 3) |+ Np(23 + 1)~k (20 +1) |exp| T (37 4+
o =2hpen “H B eny (2 1 B @a oo B0 0)

N, 5 - 2+(2J+1)(M(2J 1))
dJ T
2KT —hcB, - (432 +2J +1) =0
1 [ KT
S
27\ 2hcB,

4hcB,J? +2hcB,J + (hcB, —2kT) =0

kT 1
2hcB,

Since J > 0; Jooy =

N |




We can calculate which line will be the largest for a given temperature, or if
we know which is the strongest line, we can calculate the temperature.

For the example of HCI absorption, the largest lines were the 4t of the R
branch, and the 3" of the P branch.

R branch, AJ = +1 0—-1
152
2—3
34 originated in 3rd state

P branch, AJ = -1 1-0
2—1
32 originated in 3rd state

1 [k, T \/1.38x10‘23T
Then: 3+ — = = T =355K
2\ 2B, 2% 2x107%




Problems:

1. a) From the following wavenumbers of the P and R branches of the 0—1 infrared
vibrational band of *H!?7l, obtain the values for the rotational constants B,, B, and B,
(in cm?), the band center v, (in cm) and the vibration-rotation interaction constant
a, (in cm).

Transition Frequency (cm) Transition Frequency (cm)
R(0) 2242 P(1) 2217
R(1) 2254 P(2) 2204
R(2) 2265.5 P(3) 2190.5
R(3) 2276.5 P(4) 2176.5

b) What value results for the internuclear distance r, (in A)?
How does the value for r, compare with the value r,=1.607775 A for 2H*?7| ?
How should it compare? Why?

c) What fraction of the HI molecules are in the v = 0; 1; 2 states at 300 K and at
1500 K?



2. Which of the following set of molecules, O,, HF, CCl,, H,O and CO, would exhibit
a microwave spectrum ?

A molecule requires a permanent dipole moment to exhibit a microwave spectrum. Thus HF, H,O
and CO would have such a spectrum, whilst O, and CCl, would not.

Will CO and O, give rotational fine structure in an infra-red spectrum ?

To give a line in an infra-red spectrum, the molecule must exhibit a change in dipole moment
during a vibration.
To get rotational fine structure the molecule must also have a permanent dipole moment.

Thus the vibrational lines in the IR spectrum of CO will have rotational fine structure, but O, will
not give an IR spectrum at all.

3. The rotational constant for the ground vibrational state (v = 0) for 2C16Q is
1,9314 cm* In a microwave spectrum of 12C160, what will be the spacing between
absorption lines? (used the rigid rotor approximation)

For the rigid rotor approximation, microwave absorption lines appear at 2B, 4B, 6B etc. giving the
line separation = 2B.
Therefore, the absorption lines would be separated by 2 - 1,9314 = 3,8628 cm™.



4. The rotational constant for the ground vibrational state (v = 0) for 12C16Q, denoted
B,, is 1,9314 cm. Using the rigid rotor approximation, calculate the equilibrium
internuclear distance.

For the rigid rotor approximation, the energy of a rotational level J is given by
EJ) = h-c:B J(J+1)

and the wavenumber of an absorption line as
Vi =AE/h-c = [E(J+1) - EQ))/h-c = 2 B (J+1)

h
where the rotational constant B:—8n2 1c cm® (cisin units of cm-s1),

N [ h
and the moment of inertia, | = p r2. Thus, = |—
8z cuB

For 12C160, 11 = [12-16/(12+16)] - 1,6606-1027 = 1,1385026 kg

In its ground vibrational state (v=0), the rotational constant is given as B = B, = 1,9314 cm™,
thus,

. 6,6262-107
*\8-77-2,9979-10"-1,1385-107 -1,9314 r, =0,11283-10° m = 0,1128 nm



5. For the first vibrationally excited state (v = 1) of 12C160, the rotational constant, denoted
B,, is 1,6116 cm. Again using the rigid rotor approximation, calculate the equilibrium bond
distance for this state.

Similar to question (4), except that in the first vibrational state (v=1), the rotational constant B = B, =
1,6116 cm®. Thus,

. 6,6262-10™" r, = 0,12352-10° m = 0,1235 nm
*~\8-72.2,0979-10°-1,1385.107° -1,6116

6. How will manifest the change in the equilibrium internuclear distance (hence the change
In rotational constant) in the rotational fine structure of the infra-red spectrum ?

When the molecule is in its lowest vibrational state (v=0), it has an equilibrium bond length of 0,1128 nm
corresponding to a rotational constant, B, = 1,9314 cmt. When vibrationally excited to its first vibrational
state (v = 1), it has an increased equilibrium bond length of 0,1235 nm, and a lower rotational constant,

B, =1,6116 cmL. This will be the observed in the rotational fine structure of the fundamental vibrational
peak Vo =AG (v=0-1) of the IR spectrum.

Since B, > B;, we would observe lines getting wider spaced in the P-branch and closer in the R-branch, as

depicted in the spectrum below.
P-branch R-branch

AN

cmt



