Chapter 12
Spectroscopy : Rotational and
vibrational spectra
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Pure rotation spectra
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1. Spherical rotor (I1,=1,=1_) 5 CHy Sk, S|H4
2. Symmetric rotor (1, =1=1_) > NH; CHCI, CsH
x &5 Oblate (1,=1,<1; ) 5 CgHs CHCl;, NH;
(
(
(

Prolate (I, =1>1_ ) 5 CH,CI
3. Linear rotor =0) ; CO,, HCI
4. Asymmetry rotor 1, =1 ) ; HO, CH;OH




1. Diatomic molecules

R m,m
o_o I=uR? =—A D
m m & # m

A B

2. Triatomic linear rotors

(m,R—m.R’)?

I=m R*+m R?%-
A C =

I=2mAR2

Linear rotors have one moment of inertia



3. Symmetric rotors

L=2m

f 1 —cos O)R?

Al

I

s 5, T 2
 =m,(1—cosO)R +71—(mB+ m)(1+ 2cos O)R

+—<{(3m, + m )R+ 6m R[L(1 +2cos 0)]/}}R’
A B AT
m

I =2m,(1- cos O)R?

I
m.m
=m,(1-cosO)R?+——L (1 +2cosO)R?
A m

I

Symmetric rotors have two equal moments of inertia



4. Spherical rotors

I=4m,R’

Spherical rotors have three equal moments of inertia



Calculate the moment of inertia of an H,O molecule around the axis defined by the
bisector of the HOH angle (1). The HOH bond angle is 104.5° and the bond length
is 95.7 pm.

Method According to eqn 13.20, the moment of inertia is the sum of the masses
multiplied by the squares of their distances from the axis of rotation. The latter can
be expressed by using trigonometry and the bond angle and bond length.

Answer From egn 13.20,

== 25 2 24 2
I= Zmiri =myry+ 0+ mygry = 2myry
i

If the bond angle of the molecule is denoted 2¢ and the bond length is R, trigono-
metry gives r; = R sin ¢. It follows that

I=2myR*sin® ¢
Substitution of the data gives
[=2%(1.67 %107 kg) x (9.57 X 107! m)* X sin? 52.3° = 1.91 X 107 kg m?

Note that the mass of the O atom makes no contribution to the moment of inertia
for this mode of rotation as the atom is immobile while the H atoms circulate
around it.



The rotational energy levels : |

Y- fha, 1wk E R R ]
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N0 a axis

at three rotational axises,

2
C

1 , 1 , 1
E:Ea+Eb+EC: Elawa —|—§Ibwb —|—§ICW

2 2 2 2
il =l,=1 =1 (spherical), E=-2tte oo

Hrp)?=32+32+7

J : magnitude of the total angular momentum



d &3 4 2meL x#E &4 > Hpagnitude of the angular
momentum

=3 +Dnr*, or I=JI (A +1) A, HH J % rotational guantum number, J=0,1,2,---

2
. ¥t spherical rotor, # E, = J(J ;rll)h
h J _ B’
£ B= , #-B % rotational constant. il hcB = —
Arrcl 21

Al E; =hcBIJ(J+1), J =0 1,2,

E
or h—Jc =BJ(J+1) > H = % cm? (wave number) or F(J)=BJ(J +1)

F(J) = BJ (J +1) férotational quantum number & JiyhEiEaE & Dlem B BE AL -

il separation of adjacent levelsis F(J)—F(J —1) =2BJ
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Symmetric rotors :

itken4 <+ 3 — principal rotation axis or
fifigure axis o FZEHhTHET R £ > R[] )

Foor B Feba Bibhip T HE > T EE 33
figure axis > 12 | Z\T

oblate: 1,>1, (eg. CiHs )
(é}@+%t‘ Bd-E igh B )
|

TZrotorenig o5 5y &

2 2 2 2 712 2 2
_datdy Je e e +(l — 1)Jf, JP=324+3.+;
21, 21, 21, 21, 21, ‘21, 2I,




FJ,K)=BJ(J+1)+(A-B)K?, J=0,1,2~ ~ ~, K=0, £1, £2,...... £

;> A= h B h K is the quantum number used to signify a

-

4ncl, " 4zl
component on the principal axis, (7 M; is reserved for a component on an
externally defined axis) ,Kie ¥ 4R 5 &_4 =+ * & pF 2 angular momentum
guantum number % & 3 4 fhF s E o
(2|45 g2 -3 28 T& & 3% 4 + chprincipal axis b shd g T = o
7 9r % total angular momentum T * j2 | % principal axis_t 04 & o

VKRB ) CRPE A A £ 0 EMRIE IR e shorE R Ay T B e ) 0T A
£oHE50, £1L,+2,+£J) > J iquantum number (#8547 & K #) - (@
total angular momentum = -} > 3= _/JJ+1) & )




% # # oblate or prolate > # HELE T - HhN3 > 7 e T AEB

Gk A - A Rk oo g T

4ncl, = 4ncl |

é:.Oblate/’v\;, I// = IL A <B.
@ prolate~+, |, <1 .. A>B.

4oie d k¥ A 753% 4 + 4_oblate or prolate ¢
A kg ,rotatlon energy, F(J,K)=BJ(J +1)-|-(A—B)K2
For oblate, "."A<B. .. % Jipka K2 B, eg. J =2, KW x>0, 1, 2.
Hoae P, KB R Avd T "%
For prolate, ."A > B. .3 Jipk aK* B, eg. J =2, K¥ 2530, 1, 2.
Hao by o SgKEH 4em A o
E(2,k)

- prolate

0) 1 2 O 1 2



A "NH; molecule is a symmetric rotor with bond length 101.2 pm and HNH bond
angle 106.7°. Calculate its rotational terms.

Method Begin by calculating the rotational constants A and B by using the expres-
sions for moments of inertia given in Table 13.1. Then use eqn 13.29 to find the
rotational terms.

Answer Substitution of m, = 1.0078 u, my; = 14.0031 u, R = 101.2 pm, and
6= 106.7° into the second of the symmetric rotor expressions in Table 13.1 gives
I, =4.4128 x 10" kgm® and I, = 2.8059 x 10~* kg m?. Hence, A = 6.344 cm™' and
B=9.977 cm™. It follows from eqn 13.29 that

F(J,K)/em™ =9.977](J + 1) — 3.633K>
Upon multiplication by ¢, F(],K) acquires units of frequency:
F(J,K)/GHz =299.1J(J + 1) — 108.9K*

For J = 1, the energy needed for the molecule to rotate mainly about its figure axis
(K==%])is equivalent to 16.32 cm™" (489.3 GHz), but end-over-end rotation (K=0)
corresponds to 19.95 cm™' (598.1 GHz).



For M; HYSEHL °

any external axis
A
~a
J
J
(__
M, =0 VI, =2
K=0 K=0

For linear rotor :

Caghen 120 cohaget E 00 7K 0

S FQ,K)Y=BI(J+1) J=0, I, 2, ~ >~ ~a = BiE - 5 2]+ 1B
degeneracies.



Rotational transitions :
Typical values of B for small molecules 4 »>+0.1-10cm™* & - (eg. NF;
0.356cm?, HCI % 10.59cm?) » F]pt H g8 3 42 4/ **microwave region o

Selection rules :

% JF B % % permanent dipolesa + > 4 € F sz o (. ## pF > dipole €
fluctuating » =& 3 1e* T (¥ T ¥ ) A 2 resonancerz ). .. — LA L 3
dipole:%4 =+, N,, O,, H,, CO, % spherical molecule CH,, # 5. 3 rotational
transition (% L g 0 @ o dipoled 2) o

Of the molecules N,, CO,, OCS, H,0, CH,=CH,, C,H,, only OCS and H,O are
polar, so only these two molecules have microwave spectra.

Selectionrule 2 (¥ ¢ angular momentum = |72 sz & R ILfF) o

AJ=11, AM, =0,%1 —
transition moment 5 & # 17
2 J+1) , 1 , . 1
= — = for J Y1 Zdipole moment
‘ﬂ\]+l,\]‘ [2\] _I_lj:u 21“ >> (,U p ) e

.permanent dipole 4% g —fg H rotation transitionax 3z o

Photon
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- JAxrotationsk 3 > FHMIFHITE R IR 0 intensitysns F R F R
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N2 ': r 2 M 13 ) °
¥ 2tground state spopulations « - H N, o« Ng, eX"

Fre

NG

# ¢ ;% degeneracy of level J. (:I #
2J+1 %)

N % total number of molecules.

&3+ 5 1% 5 > the value of J for the most
highly populated rotational energyllevel

in a linear molecularis | N( kT jz_;
™~ 2hcB

>
eg. OCS, B=0.2cmt, KT=1000hcB (at
roomT) .. J ~22

"~

max



Nuclear statistics and rotational states

CO, i ¥ A ¥ 7 .3 even J&rotational states ?

iz %_d Pauli principle #73 $ @ 1 5(4c - Pauli principle 4 # - & 7 %
A fhelectronic states— %) °

Horikagao ;80

(1+21
odd J B9 intensity _ ) I

even J BJintensity i I D —> for integer - spin nuclei
_|_

— for half -spin nuclei

k8o forO R++%> 1=0
.. ¥0O,~ + odd J rotational states & even J- sintensity+* ?
oddJ O

=—=0. .. ¥ i37F even J states.
even J 1



Haih+nzs oo 1=12 . %H,~ FoddJZEeven J* 4@ ?

1
St . . -
odd J 21 _ 3, arH, rotation spectrum ¢ odd J intensity % even J:13# -
1
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=
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w
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-
o b—
(o]
o

R 12 : H-H(equivalent nuclei)4p 7 % #("."#& &), overall wavefN- z_& &

5%, (Pauli principle), = overall wavefN* ¢ 7 nuclear spin wavefN,

vibration wavefN , rotation wavefN and electronic wavefN - H ¢
vibration % electronic wavefN7 ¢ Flex s h+ 28 @ 3 4 T P, ¥
¢t overall wavefN 5.2 & = 2> /4 2>t nuclear spin wavefN £ rotation

wavefN -



Lowest rotational state
of ortho-hydrogen

= ¢ ¢

Bl O H1 _H2
$tHA = & 5 > nuclear o-e momal
spin 1=1/2, "..3 &3 = 4 a
fanuclear spin Traz 3, %] J=0 -
PHHHA SR 2 AT W b P el
7 efhnuclear spin 5 ap a(1)B(2)+B(1)a(2)
3 AR et o b=

Ba a(1)(2) —B(1)a(2)

29 33 AHD-HE) HR)-HQ)EL= 24 7% Ta(1)a2), ;
"B(1B(2)s : Ta(NB(2)+B(1)a(2).

P - AR HA S T Ta(1)B(2)—B(1a(2) s -
#H—H nuclear spin&gt ;= §_m it Cﬁé—‘k ﬁ%ortho hydrogen (ortho-H,) >
Al H rotationfF > nuclear spln WavefN% $E
# H—H nuclear spingt 2 §_13 i 1%—‘& f%para hydrogen (para-H,) -
f'| # rotationp¥ > nuclear spin wavefN g °



zX m rotation wavefN 375 38 E (-1), 7= W F J 5 & #epF e ig 7 FE (*!ir'AO
¢ s, der) s K 5l H SRR ¢ ?sg%ﬁ,(arAOv‘ =P, f,-0) o

Pauli principle¥ «wH R + +% 5 fermion (I =1/2) » .5 2 # {2 overall
wavefunction % Jg & 55 o

".ortho-H, « ‘g firodd J rotation states » 7= Trortho-H, ¥ s 7+ #.odd J
rotation states, (& #7 3 &) ; F #’ir’ﬁ » para-H, ¥ it F freven J
rotation states - A m B3 ¥ 5 & ¢ > ortho-H,£ para-H, &
s 301 FptH arREIRL Y K modd Jl;i? even J rotation statesert 2 3 :
1. 4K 12.20 p461 -

. © 0
fr 72 CO,case,

Rotate
0-C-0 ;F>Ww

1 @
0-C-0 ©
2 1 FZ?T?G

antiparallel
(¥ 7 f% % @ © 73 fAeven J rotation statesem %] 7 )

® O

Change sign




-requency —-

H, rotational Raman spectrum, the ratio of odd J and even J is 3:1



Molecular vibration :

my my ]
i j reduce to ‘] u
. ‘ }/Parabola
B — —_— — X
'X X A -X -
— e

Molecular potential energy

|deal case : harmonic vibrational motion (s f=4& #*)

Re

pOtentIa| ideal Case ,JL . ﬁ? ) Internuclear separation, R

— B ZY 2 e 7
energy V(X) X ¢ ’ff’#ﬁ LI A %

S real case 1, ,
V(X) = > k X
k : force const 3
R X : (R _ Re) fd _E\' -E; é lncre:sing
X Re +X § \ f

Displacement, x



H 228 5w P73 dowvibration motionsfE = > — ko
E,=(+3)hv  or E =(w+i)hw

v(v) % 5 Hermit polynomial gaussian fN =72 ;¢

E”\ /1):3
oA~/

N\ v =2
N

Vi

. L -0

1

&

<1
Il

L. 1. -
riwave number % 7+ it £ 5=G(v)=(v +=)v ,
hc 2 27 C

A e KR T4 PR R o

F



5 #icA 3 R A RS &2 v R (Infrared Radiation) % & o 7]

-f%ﬁ 2% BT Ep 5 A éiir&&ﬂ @JR%Wemaﬁ

i""f’/:\ w Bk e A A ‘33»’]3& ¥ 5 % FH_ AdRPPF A 2 dipole
moment % it 5 A 5§ 'zi’ TEALDT AL X #5 A3 ARET -

T_E £ % permanent dipole » e I -5 JF *t Jx & pF 3 dipole moment -
b4 CO,4 + > % & 3 permanent dipole » fe H — i 3= #5 $5¢
¢ 7 dipole momentssg i

0- 0+
~C- 0-C-0

0
w 08 s
T e

C--0
—» P& dipole momentssgt it o
-

F]et w0 3 famodes 5 IR active ¢ 1 — # % IR inactive - e k1% %

the electric dipole moment of the molecule must change when the atoms are
displaced relative to one another



S + o -
dipole moment 4z =Rd(

. R -7
L H=ROEQ+ 69 =u,+ x5 1
-— X —> - X —>

O

&
2
o

transition dipole moment :
<uf ‘,u‘ui> =,u0<uf ‘ Ui>+5 q<uf ‘){‘Ui> :O+<uf Mt)i >5q, <uf ‘ g ‘ui>{orthogonal

5 50 = du <Uf ‘ﬂ‘0i> - <Uf 2o >(g_}/;j

F1et £ & du/dx#0 - R|transition dipole moment#0 - 3 ¢ 7 B % o
FER O A & ehfRde 5 3 dipole momentehsg it oo )T%IR active -



Vibration transition 7 selectionrule » A=+ 1
ZEPY
<Df‘X‘Di>:Nz)vaiI_O:OHUfX Hvie_yzdx Moy =ay

=a’N, Nvij_w H, yHDie‘yzdy
% 4% recursion rule : YH, =oH, 4 +5H, 0w w0
v |go ) =a®N, N, o, ["H, H, e dy+[ H, H, ed
f Z i Vi Y 1) o us Vi1 y o Uf Vi1 y

d @ #rit Hermit polynomial fn - -

[H, H, e dy=0, %2tv, =0, -1
. PSRN Ap =41

[H, H,.e¥dy=0 %2, =v +1

L; +1



vibration transitions: & % "X wave number—= ;' % 7+

AG, ,,=GL+)-G)=v , %7 v+l< v %zrwiil{';?ité: hEE R

400~4000cm?t > - #cz/8 T > kT/hC=200cm™ d pt# 8 % %

EERT Y *‘5ground vibrational state( U =0) - #7112 vibration

transmonm’? # % & fundamental transition, (A U=t1) - #7112 ¥ 3 ¥ -
(- FFHM) o

—

2
ghtvibrationc stk @ 2 e.g. HtF, — 2 HF* 5 HF* 7 &t Aot 3
rvibration states.(4- : U =5, 4, 3,-+-), (e {3 28 EEJ;JEE“%-%{ & 2
(5—4, 43, ) Why?(ie £ e 25 fedrds ™ £ i FF e &) B A
=+ %‘“’ﬁ e A4 F kI iT M - why?(7 35407?)

J




Anharmonicity
The motion becomes anharmonic.
7 Ak 8 < £ S > restoring force

A ot fs & 0 Lu(xgy t )

H g Py I (fhigh v) ¢ A& &4z | o .
Hixgqo b s 7 F F I8 8 agpedeam V A\ D, D,
ez Bl > Morse® 7 - S B RiTIL (heD,) = —
P R o & FE 5 Morse potential - \\ //
/ =3
J_ 7
~a(R-R;) 2 1/2 \ -1
V =hcD {1 e } a—= (2h D \: :0: : a(R-R,)
0 + 2 3

D, : The depth of the potential minimum.
D, : Dissociation energy.
U : reduced mass.



Morse potential: V(r) = D.(1 - E—u{r—rej)f—: a=/ke/2D.

h? a? _‘ZmDE 2m
(‘——ww) V(o) = Bu)¥(v),  w=arize=arq A= 0 = 55 B).

.—-l-._'—.-—.-—-_

14?2 Morse
Ep = — (A —n— 5)
-
5
2 D, |D
_ A—n—l 1.9y op 1 a2 ’
U, (z) = N,z ze 2L (z),
z = 2\e %)
NHZT.:![ ﬁ(?z\—?ﬂ—l) ]% ________________ REEEEAEE -

I'(n+ 1)I'(2A —n)
Internuclear Separation (7)

% d" (z’““‘e_“) _Tla+ 2)/T(a—n+2)

Fi(— 1
YR SCEE) 1Fi(—n,a+1,2),

L(z) =



% #-p¢ Morse potential V - #~ » Schodinger equation ¥ i s¢ T8 (12 w0 3K 5 %A

PR BB G —kx ) L fE- ST EATES G)= (U+—)v (U+—) xy H#¥

~

» # % anharmonicity const. @ v /% _0,1,23,..0max (7 *TLH ) » &}

;Y endR B oy R BN #Ea‘h & » F Morse oscillator » %% A< @& * o



T

8@ LA MR L T 24T 0 (07 - &% 2 & Morse potential )
G(v) = (U+1)17 — (U+1)2Xe17 + (U+E)3ye\7 4.

2 2 2
# @ 4, > Fifirst anhaomonicity const - y, #-2nd anhaomonicity const,...... { % & =

71 anharmonicee i+ » ip it % B % kfitF 2 o sdatay 0 £ F L Rr Do o

F &+ 3% > Blvibration transition energy for Av=+1>

G(+1)-G(v)=AG

U+

v-2L+Dxv+... (©=0123..)

2

SRR x 200 B0 2«15 32 i MEEE - o @ P € 3 overtones
2<-0> 3<0 - ...fL1st » 2nd....overtones - &2 7% i& & selection rule(Av=+1)( 7

B-ie % e ?)H s £ 0 1stovertone @ G(v+2)—G(v) =2V —2(20+3)X,V +.....



.".For an anharmonic oscillator> Av % = @ B fcie > ¥ ¥ st w370 2§ Av==1

Fe > transition probabilitys. ~ » 17 5L 3 © B i overtonesn s HLAp ¥R 35 0 { B
g 3

AR2, XY

(0]

Av=+1

2+1
34_2\‘\)‘ Av=+2 \v=+43 Av=+4

4«3 ‘ ‘




Vibration-rotation spectra

AR G A+ ferotatesniE AR ¢ 0 R FR X Flvibrations 3 > @ o H rotateciiE &
() > BdeigrkE > figspingF » RABH £ BFgAe k (R%E) @
PR g > Flet F 3] dhspectra - Fivibration-rotation spectra » H selection rule
2 Av=2LA)=41 > HHEF F Kkt F st e F 5 - Bangular
momentum=r,k ;= > 4?11 state 0 (NO& 3 ) > ifivib-rot selection rule+ 5 %
S AJ =0 » H transitionst FF -

S(v,J)=G(()+F@J)

_wi+Ypeigey (F 27 % anharmonicity )
2

LAv=+1, AJ=-1 v,=S(+1J-1)-S(,J)=v —-2BJ J=123
Av=+1, AJ=0 Vo =S(+1J3)-S(v,J)=v

Av=+1, AJ=+1 Ve =S(0+1J+1)—-S(,J)=v+2B(J+1) J=0,123
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Rotational Raman Spectra

Selection rule : the molecule must be anisotropically polarizable.(# ¥ %4 + &_F &

A ER)

"I A AT (7
L N e —¢ (electric field) L L,
TR (Y B o

Fa,za, fjﬁyﬁaﬁ = anisotropically

‘ N | polarizable.
l
l
l
l

-

B AR A G FE ot £ 0 ¢ spherical molecule » 4rCH, ~ SF, 0 H o, =a, * 2

#_Raman inactive - » &_microwave inactive ( % rotation spectrum = =% )



Electric
field

90° o)

270° o




Raman shift =h#c & 2 2

0
180 a,

3% ¢ A 2 erinduced dipole, 4 .

U =ae(t) = ag, cosw;t
a :polarizability o, : »

&4 3k erfrequency

o =a, +AaCos 2w, t
Aao=a,—a,

W A = CE B 34E

L

D, B AT -

X w I ke o

(04
COS 2w,
FoHalEy 2



Heq B R~ F 5
S = (e, +Aacos2m,t) x (&, COSw;t)
2700 o =y &, COS it + £, A COS 25t COS ot

1 =, &, COSw;t

+ %EOAQ{COS(a)i +2w;)t+ cos(w, — 20, )t}

~~~~~~~~_) 2L A" induced dipole has a component oscillating

360° a 31 freq.

\ o Rayleigh

w; + 2wy —> anti-stoke

/\MJUU LMM/\ w; —20p = stoke

for N7

stokes Rayleigh  anti-stokes



d o3 Faracx075 32T 0 4 € 7 Raman scattering, (o, +20;,) , & B ©
7 Rayleigh scattering, @; o — 4@ 2 » — & £ 3 & » - sample® it 4 » 3

scattered sy §1 1 105> 2L% /] o

"Ramanedg & %33 > — 2 Dlasers# P S 0 A A IAPT Uiy bR
G4 F erRamanig # 3# 4 c AJ =42 > A L F ARk S R H T E
Bk 3 fs > Hagd &6 F 3 4 2 5 > 213 quantum number for AJ =+2. (stokes or

anti-stokes?)

VA +2<d)=v, —{FA+2)-FQ)}=v, —2B(2J +3)

AR A N Bk MAR % 0 B pEfrom v, j£6B,10B,14B,... ¥t & 3=
0,1,2,....  stokes lines ¥ e §& % 4B -



for AJ=—2 (A3 &% > H 2B quantumnumber » F 41 k3 )

v -20)=v +{F(J)-FJ -2)}=v, +2B(2J -1)

FRASIN A ERNBAEE o FiEfom v j£6B,10B,14B,....
HR*J=234.. o anti-stokes lines & =i §& 5 4B o

, 7
d BE® &I (B= . 1 =uR?
= o B 1=

¥ oA e 3 v £ X information o



Energy

Rotation Raman spectrum
Stokes lines, AJ=+2,
Anti-Stokes lines, AJ= -2

~ Rayleigh line

L

Frequency —-




Raman rotation spectrum & rotation energy levels A4%:8 53540 B 71

AJ =-2
E A AJ =+2 A
A
E ,
A Raman rotation
A 4 )
spectrum 2
A .
\ 4 rotation energy
A
levels § 8 525
A \ 4
A A 4
A h 4
A 4
A A 4
| ¥
A4
A4
wave# —>»

stokes Rayleigh Anti-stokes



Vibration Raman spectra of diatomic molecules

£ LR h- BLE > ¥ 7 stokeslines® 1 gLz 3| (why?) - f-Harmonic approx.

T » specific selection rule for Raman transition is Av=+1 8@ % 13 A Av=+1¥

BT o Av=-1(very very weak, unless at high temp.) & Av = +1&spectrum® i
gas phase, these lines have branch structure arising from simultaneous rotational

trasitions that accompany the vibrational excitation.

".AJ=0, £27F = iFbranches :

0= (A)=-2); Q=(AJ=0); S=(AJ=+2)
Vo () =V, -V —2B+4BJ

7o (d) =, -V

7.(J)=7V -V —6B—4BJ

(v % vibration fundamental wave number)



A =-2 AJ=0 A =+2
A 8
v =1, I’=0 A A !
A A 6
K A 5
y A .
A A 2
\e —_ 1.9
9
8
u ’9:()’ J”:O 7
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Vibrational Raman spectra of polyatomic molecules

polyatomic molecule & ¥ 5 3N-5 (linear) or 3N-6 (nonlinear) & vibration modes » i% &
modes® - F ik N RE- ALY > polarizability x%tg—g » T % Raman active o

(e teinfraredse 6 % 3 » B 5 s74% $:mode F # #dipole moment, > ¥ % g
EHERERENEAE mfrared active) o

A5 L) BT ist mode sk S A 0 i F T 0 E2% A 3 97 chcharacter table X

» fetableshd - 0 32— £ 27 symmetry species i+ % 4 si5functions.

‘E\ “

Raman active : 14 & 5 £ %2 Xy, Xz,... % quadratic form 4p ¢ ¥+ cFnormal

modes 2. o

active : 11 & 5 & = é"ﬁ]i"ri.’rhnormal modes 2. o
il ¥ - all totally symmetric vibrations (# /& ** i@ #époint group) are Raman active <

Exclusion rule :

4ok &+ 55 5HECY o« i, then no modes can be both infrared and Raman active -

check CO2, H20, CHa.



Resonance Raman spectra

PEFR By £ 0 i H B4 5 7 5 B (electronic transition) srg F

£ 0otV LA 2 4pF 5 o scattered radiation o

A <
3 | Virtual A
£ A i states
N R g
Resonant
Scatted scattered
radiation radiation

d it d e e scattered radiation ¥ 0 ¥ 12 j¥_stokes lines ¥ 4 473 7 F quanta

e vibration transitions -



Normal modes _ _
3N — 5 (linear molecule), or, 3N — 6 (non-linear molecule)

B
o @< &

7

v, (1388 cm™) v, (3652 cm™)
v, (2349 cm™) ‘ ‘:v
(b) v, (1695 cm™)

v3 (667 cm1

|
) O—0r-

v3 (3756 cm™)



Infrared absorption spectra of polyatomic molecules

motion corresponding to a normal mode should be accompanied by a change of
dipole moment

parallel and perpendicular bands: dipole moment change is parallel and
perpendicular, respectively, to the principal axis

a Q branch is observed in perpendicular band; a parallel band does not have a
Q branch.

The vibrational spectra of different groups
In a molecule give rise to absorptions at
characteristic frequencies because a
normal mode of even a very large
molecule is often dominated by the motion
of a small group of atoms.

Light intensity —>

7.1 10.0 16.7
Wavelength, A/um



FIGURE 14.61
The infrared spectrum of CH,CI,. (The wave number scale

changes on this spectrum at 2000 cm.)
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TABLE 14.1
Characteristic Stretching Frequency
Ranges for Several Common Types
of Bonds

Frequency Range
Bond (ecm™ 1)
C—H 2850-3300
(=C 1640-1680
C=C 2100-2260
C—O 1080-1300
—0 1690-1760
O—H 3610-3640

1-51



Chapter 13 Molecular spectroscopy 2

Electronic Transitions

60 - OFP) + O('D)

32J
O(P) + O(P)

3v—
zg

| |

I I
200 300

r/pm

I A4
100

Selection rules:
see p 494,

AA=0,45 =0,

AY =0,402=0,%1
R RN
Uu—>g,0->U



Franck-Condon
principle

Electronic
excited state

Turning point
(stationary nuclei)

Electronic
ground state

Nuclei stationary



Franck Condon
factor calculation
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Emission intensity

lllumination on

Phosphorescence

Fig. 14.20 The empirical (observation-

based) distinction between fluorescence

and phosphorescence is that the former is
Fluorescence extinguished very quickly after the exciting
source is removed, whereas the latter
continues with relatively slowly

Time diminishing intensity.

Chapter 13. Molecular spectroscopy 2: electronic transitions P.503



Molecular potential energy

Radiationless
decay
/

Rad?iation
\ / (fluorescence)

Internuclear separation

Fig. 14.21 The sequence of steps leading to
fluorescence. After the initial absorption,
the upper vibrational states undergo
radiationless decay by giving up energy to
the surroundings. A radiative transition
then occurs from the vibrational ground
state of the upper electronic state.

Chapter 13. Molecular spectroscopy 2: electronic transitions P.505



Absorption

(a)

Characteristis
of upper
state

e—

\J

J

(0,0)

FIuor#scence

(b)

!

Charactéristic

of lower

state

Wavelength —>

Fig. 14.22 An absorption spectrum (a)
shows a vibrational structure characteristic
of the upper state. A fluorescence spectrum
(b) shows a structure characteristic of the
lower state; it is also displaced to lower
frequencies (but the 0—0 transitions are
coincident) and resembles a mirror image
of the absorption.

Chapter 13. Molecular spectroscopy 2: electronic transitions P.505



Molecular potential energy

Intersystem

crossing
=
V

Singlet

Fig. 14.24 The sequence of steps leading to
phosphorescence. The important step is the
intersystem crossing, the switch from a
singlet state to a triplet state brought about

Radiation
(phOSph O rescence) by spin—orbit coupling. The triplet state acts

as a slowly radiating reservoir because the
Internuclear sepa ration return to the ground state is spin-forbidden.

Chapter 13. Molecular spectroscopy 2: electronic transitions P.506



v/(10° cm™)

35

W
()

N
o1

N
o

i
o1

—d
o

1 T, S,
“;L:
o — G
(7, A RIS C—
S—
(¥

(LA OOl

Fig. 14.25 A Jablonski diagram (here, for
naphthalene) is a simplified portrayal of
the relative positions of the electronic
energy levels of a molecule. Vibrational
levels of states of a given electronic state lie
above each other, but the relative
horizontal locations of the columns bear no
relation to the nuclear separations in the
states. The ground vibrational states of
each electronic state are correctly located
vertically but the other vibrational states
are shown only schematically. (IC: internal
conversion; ISC: intersystem crossing.)

Chapter 13. Molecular spectroscopy 2: electronic transitions P.506



- Continuum
- Dissociation

Photo-dissociation scheme
and its spectrum




Pre-dissociation scheme and
its spectrum

- Continuum
- Dissogiation
limit
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(d) " «n andn”<«—n transition

$IC=C bondVE T » T "« HaEriR » HF REET
180nm(7 e.v.)/EA » [HEE conjugate systemZy=HVES » I H]
DB B 0] H RV #EIE] -

1 N\BEIRERHH —" visual purple” H F—2r11-cis-retinal 4y
EHE » SHAIREBconjugte double bond EF 551 1{ECHY

T T FES00nmAYAL B UL » /1% 3 A isomerizationfFZ [ 11-
trans-retinal - [HE—#E8E 7 4= —nerve impulseli & 2 A
ERLEIDE



Fig. 14.14 A C=C double bond acts as a
chromophore. One of its important

transitions 1s the 7 <— mtransition
illustrated here, in which an electron is
promoted from a 7 orbital to the
corresponding antibonding orbital.

Chapter 14. Molecular spectroscopy 2: electronic transitions P.489



7[*
N
Fig. 14.15 A carbonyl group (C=0) actsas a
>- chromophore primarily on account of the
excitation of a nonbonding O lone-pair
n electron to an antibonding CO 7 orbital.

Chapter 14. Molecular spectroscopy 2: electronic transitions P.489



Synoptic table 14.3* Absorption characteristics ofsome groups and molecules

Group V/iem™ A pax /DM g/(dm’ mol ! cm™)
C=C(n*«m) 61 000 163 5 000
57 300 174 15 500
C=0 (n* < n) 35 000-37 000 270—250 10-20
H,O (7* ¢<—n) 60 000 167 7 000

* More values are given in the Data section.

Chapter 14. Molecular spectroscopy 2: electronic transitions P.487



Table 14.3 Absorption characteristics of some groups and molecules

Group V. .. /(10*cm™) A /DM € ../ (dm’ mol ™ cm™)
C=C (m* « ) 6.10 163 1.5 10%

5.73 174 5.5x 10°
C=0 (m*<n) 3.7-3.5 270-290 10-20
—N=N— 2.9 350 15

>3.9 <260 Strong

—NO, 3.6 280 10

4.8 210 1.0 x 10*
G H — 3.9 255 200

5.0 200 6.3 x 10°

3.5 180 1.0:x 107
[Cu(OH,)]*(aq) 12 810 10
[Cu(NH,;),]**(aq) 1.7 600 50
H,O (7% < n) 6.0 167 7.0 X 10°

Chapter 14. Molecular spectroscopy 2: electronic transitions P.487



(1) d-d transitions

b A R E i< B YRR > Hitransition A 284 7F A
ROtHEE]

e.g. for Ti(OH,)s** d o
A = 20000 cm!
— Uy
for Ni(OH,),** ] N
ARSIV ECIRZ Rz L

i [E]




t2g‘

Fig. 14.12 The classification of d-orbitals in an octahedral environment.

Chapter 14. Molecular spectroscopy 2: electronic transitions P.488



1 [Ti(OH,).J™

Chapter 14. Molecular spectroscopy 2: electronic transitions P.488
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Absorption

Fig. 14.13 The electronic absorption | 1

spectrum of [Ti(OH,),]’" in aqueous 10 000 20 000 30 000
solution. vicm'™

Chapter 14. Molecular spectroscopy 2: electronic transitions P.488



(2) Vibronic Transitions: A transition that derives its intensity
from an asymmetrical vibration of a molecule 1s called a
vibronic transition.

fix#E Laporte selection rule > g¢3g * U <3M
AR FE A comlex 738 AE BN - WURFEE S TE R MRS L
UM MIgEEANFAE T 0 RlEAEd-d transition gy H] PAZE A=

e.o0.22:[Ep494 Fig 13.5
vibronic (vibration & electronic) transition
KRy vibration[f] 5 [2£HY electronic transition B8 Ayvibronic

transition
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FIGURE 1.42
Inconerent light from ‘a flashlight {cop) and conerent igh: from & .aser (battom).
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F F_4+ ¥ rotation transition wave number ~ 1cm-t (30 GHz)
Bl H Sy =3.0x10"°%23x10°=70kHz ...H Sv'§8 B = 3
AR CFRFIFa sk A ¥ AMBETREA



(b) lifetime broadening ( or natural lifetime broadeing )
f_% 2 f& B Heisenberg uncertainty principle - i 5

state lifetime =& ‘& » ¥+3% state #7Jauit F& P! £ B £
B AE-At >4

~AE = hCAv /At

-1 -1
SAV= 2“ ~ 53x107%2 M / = 53 o
T Tsec Tpicosecond

( 7=At )
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broad(£? ;5 & & B )2k A H £ f=3 nature (*." &
£ spontaneous emission ) - = <relectronic
transition linewidth+* vibrational or rotational
transition linewidth % ¥ < &9 % (why?) - 4
electronic transition lifetime %108 sec

= AV~ 5x107*cm™ =15MH, @ rotational state natural

lifetime %10°sec = AV = 5x10cm™ =10"*Hz
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Absorption intensities

« 1. Stimulated absorption:
* transition from lower state to higher state.
* The transition rate:

w = Bp, where Biis called Einstein coefficient
of stimulated absorption, and
odois theenergy density of radiation in the
frequency range v tov +do, v is the frequency of transition.
When the molecule is exposed toa black - body radiation
froma source of temperature T, p Is given by the

87hv? /¢’

eho/kT _q

Planck distribution: p =



* The total rate of absorption W, Is

proportional to the number of molecules
being excited, W=Nw.

 Einstein considered that the radiation was
also albe to induce the molecule In the
upper state to the lower state:. Ww=B'p

B’ is called Einstein coefficient of
stimulated emission.



