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Diatomic molecules N

m Rotational-vibrational Hamiltonian (I.N. Levine, Molecular Spectros-
copy, John Wiley & sons, 1975), A. Requena y J. Zuiniga, Espectroscopia,
Pearson Education SA, 2004
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2
V(R,r)=Wtras(R) Wrovin(T) [— ZH—MV%J Virans (R)=EtransWirans(R)
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E=FEitrans+Erovib [— %V%‘FV(”)} Wrovib (F)=ErovioYrovib (I)
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H(r)oy j(r) = E, 10y j(r)

5 R d> J(J+1)R?
H(r)=— Vv
(r) 2u dr2+\ 2ur? i (rz
Vef?Jr(r)

Vef ()

= Rovibrational energy levels

= 1 J = Rotational barrier
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Diatomic molecules (é)]

= Approximations
o Vibration = harmonic oscillator = V (r) ~ %k(r— Fe)2

o Rotation
2(r—re 3r—r62
%zgé_(rg )Jr(rg)Jr
JUJ+1DR2 J(J+1)R?
rigid rotor = U+l ~ U+1)

2ur? N Qur?

i Be_%% rotational constant
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o Energy

Eyj=(v+1/2)ho+J(J+1)hB, v,J=0,1,2,...
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Diatomic molecules ~

m Perturbations (g =r —re)

1
V(r) = skg* +k3q +kag + ...

2 ~—
anharmonicity
J(J4+1)h?
( ; — J(J+ DhBe+k1g+kag*+ ...
2/11" N ~ J/
centrigugal
distortion

re 22 3731 a3 dr’

3 4
o DUEDIBe | I RBe | ) (d V(r)> e (d V(r)>
e re re

A 2 2 JU+DR?
X A0 - _hnd
A(q) 2u dr? Qur3

H = kig—+ k2q2 —|—k3q3 -|—k4q4

+ %k(r — re)2
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Diatomic molecules (0¢)

m First order correction

4 .
£p) = [V R O dg = 1) = Y kitvlg)

2
b lah) =g =0, (vla?="1gL2, (vlgt =22 D
g() _3mBJU+D(v+1/2) ky3(2v2+2v+1)
v,

o2 402

m Second order correction

Dy k1 (V']glv)+k3 <V’\q3IV>\2:_’%(30V2+30V+11)  2hB2[J(J+1)]?
v,J Vi E9—E8, S0Zhve 0r2Ve

| 6Bek3(v+1/2)(J+1)
(ere\’e
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= Total energy (in wave numbers V=\""'=v/c=(E,s y—Ey )/hc)

E
S @y 1/2)+ BT 1) ~ Qv +1/2)

hc —~
harmonic rlgld rotor anharmonicity
— De|J(J + 1)]4 —Qe(v+1/2)J(J+1)
centrigugaTdistortion rovibrational coupling
mez‘Q:L (k_e) 1/2 B, = L
¢ 2mc\ u 87'52,117”36
WX _6337’3 SBek% 2—k D _@
e co%hc i 2hc 4 er oa%
682 [, | 4k3Bers
o= We b+ hc(x)g ]
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Molecule?
H»
HF
HCI
N>
CO
NO
O,
1>

w,°

4401.2
4138.3
2990.9
2358.6
2169.8
1904.2
1580.2
214.50

B,
60.85
20.96
10.59
1.998
1.931
1.672
1.438

WX,
121.3
89.88
52.82
14.32
13.29
14.08
12.00

0.0374 0.61

Qe
3.06
0.80
0.31

0.0173
0.0175
0.0171
0.0159
0.0001
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De,r
4.7x1072
22%x1073
53x10~%
5.8x10°°
6.1x107°
54x107°
4.8x107°
43%x107°

e (A)
0.74
0.92
1.27
1.10
1.13
1.15
1.21
2.67

D, (eV)
4.7
6.1
4.6
9.9
11.2
6.6
5.2
1.6

o

2Data from Molecules and their spectroscopic properties, S. V. Kristenko, A. |.
Maslov y V. P. Shevelko, Springer-Verlag, Berlin (1998).

°0,, Be, WeXe, O, Y D, €ncm™!.

1



MOLECULAR SPECTROSCOPY
<

G e Diatomic molecules .

= Momento dipolar eléctrico

VY=Vglec¥nuc

f=— Y et Zaeta+ Zyer) <\|l\ﬁ|\lf’>—_fw:§ucw/nuc[ J Vo iYedte ]dﬂ:nuc
—— Yer+Zaeta
l vV

Ue — permanent
electronic
dipole
moment
/
=W b MeV rovib Trovib
Ue=Le(r)[senOcos pi+senOsendj+cos OK] i

1% /
:f(‘)”q)\,,J(r)ye(r)¢V/7J(r)dr fgnng},l [sen@cosq)i—i—senesenq)j—e—cosek]Y% sen0d0do

~

AJ==+1
AM=0,41
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o) Diatomic molecules

= Homonuclear molecules = . (r) =0

= Heteronuclear molecules = [5” Oy s (7) te(r) 0y 5 (r)dr

Le(r)

e [ X ARATCAT N o lim u.(r) = lim u.(r) =0

e r—0 r—yo0
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I
re T

Av=0 Av=-+1

V)

O p(r)=pe(re) Har, (re) (r=r )+ 15 (r=r. ..
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4o Diatomic molecules

= Av=0
= Rigid rotor = V(J = J+1)=2(J+1)B, = AV =28,

o = N L5 )

1
T
L

2B, 4B, 6B, 8B, 10B, 12B,

y —

= Microwaves (0.03-10 cm~!) (1-300 GHz)

w
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Diatomic molecules

Non-rigid rotor = V(J—J+1)=2(J+1)By—4D, ,(J+1)3
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= Harmonic oscillator/Rigid rotor = ]%:coe(v+1/2)+BeJ(J+1)
m Absortion spectrum = Av = +1
o AJ=+1 = Rbranch
VRIV—=>v+1,J—>J+1]=w0.+2(J+1)B, J=0,1,2,...
I
AVr= 2B,

o AJ =—1 = P branch
vplv—>v+1,J—>J—-1]=0,—2JB, J=1,2,3,...

!
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Diatomic molecules
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Diatomic molecules

Band origin = Vo = ®, € (10 —40()()cm_1)
Yo € IR (10— 13000cm 1)
Example = CO molecule

vV V0

Jdu.JJJ

} J"HJ

2060 2100 20 2180 2220
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= Anharmonicity and centrigugal distortion

Ey J 2 2

Av==142,...
o Band origin = Vo(v—=v )=, (V' —v) —@exe [V (V/4+1)—v(v+1)]
o Room temperature = v =0

Vo(0—=V) =0V —exeV' (V/41)

> 0 — 1 = Fundamental band
> 0—2,3,... = First, second,. .. overtones
> v % (0 = Hot bands
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o) Diatomic molecules

o Rotational structure
> R branch = Band head

VR(v=v J—=T4+1) =V (v=v )+ [2Be—0te (v/+v+1)] (J+1) =0t (vV/ =) (J+1)?
—4De r(J+1)3  J=0,12,...
> P branch
VP(V—>V/,J—>J—1):\70(V—>V’)—[2Be—0ce(vl—|—v—|-1)]J—Oce(V/—V)J2

4D pJ3  J=12,...

> Intensities = Rotational populations

=

Va-]:(2J+1)e—BeJ(]+l)h/KBT
v.0

P<

©
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= Body fixed cartesian coordinates = (ng,yaf, Zl&f)

= Mass-weighted cartesian coordinates = (g1, ...,493n,)

N=VmGT ) a=ymot b, ay=ymiE-At)
q4=\/m (xlz’f—xlz”fe), q45=1/M (ny—nye), q6=\/m2(z13f—z‘37fe)

_ bf  bf _ bf _bf _ bf _bf
G3Ns—2=/MNs N =N o) D3N —1=V/ING NG NG ) 93Ns=/MNg (2N ~2N o)
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= |nternal energy

Ly~ ((d4
H:T—|—V:§Z d— +V(Q17°"7Q3NS)
i—1 \ al

3NS 3NS 3Ns 2
J 0“V
VA 2 oV
+W+21 121 ng (aqiaqj )e%QJ

3NS 3Ns 3NS ( 83V

+3' X X aqiaq]ﬂqk

)%'Qij"‘”‘
i=1j=1k=1 e

3Ns 3Ng
Zl 21 uijqiq;j — u;j Hessian matrix
= J=

Q

[\)»—t
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Y ui;q; — coupled differential equations
j=l1
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Polyatomic molecules

ee

= Equilibrium normal modes

3N
L'UL=A — Q;= Zlquk i=1,...,3N;
. B z =35 — linear molecules
2‘3]\’8—2 R 7”3NS _ Q — { z = 6 — non-linear molecules

[l V [l
translation+rotation

01,07,...,03N,—; — vibrations
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o Kinetic energy

13% Zag\2 13 3% 40,3 40
r () n (g nea)

k=1
1 3N d 3Ng d 3N 1 3Ng d 2
Z Q Z Ql leklll Z ( Qk)
- —1 2021\ dt
H/—/

Ok
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o Potential energy

1 3Ng 3Ng 1 3Ng 3Ng 3Ng 3Ng
Z Z Uijdidj = Z Z ”l](z lik Ok Z l]lQl>
l_l Jj= l—l Jj=
3NS 3N 3Ng 3Ng
Z Z Qle(Z Z Liktti ﬂ)
i=1j=
3NS 3N

3Ns—z
Z Z 0Qiduhe=75 ). MO
23002 k=1
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o Vibrational energy

3NS_Z
Eyip = Z ) (Q,% —1—7\,le%> — uncoupled harmonic oscillators
k=1
!
d*Q; .
dl‘zl—i_}\‘iQi:O i=1,...,3Ng—z2
1

A; — amplitude
a; — phase

0(r) = A sen(\ %1+ a) {
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Polyatomic molecules

o Water molecule

£y

Symmetric stretching mode, wq Bending mode, v2 Asymmetric stretching mode, v3
3657 cm’! 1595 cm’! 3756 cm’!
Wiater

INFRARED SPECTRLUM

0.8 ‘|

0.6

Relative Transmittance

. I . . . . I . . . . I .
3000 2000 1000

Wavenumber (cm-1)
MIST Chemistry WebBook (http:/fwebbook nist.govfchemistry)




= Hamiltonian operator

3NS_Z

Hvib: Z ilk
k=1
1
A o2 1, 5
m(Ok) = —5 =5+ 5 MOk
2007 2
1

hok(Qk) = € Pr(Qx)



MOLECULAR SPECTROSCOPY

- N
Polyatomic molecules s

s 3N —z dimensional function

3NS_Z
HyibWyib = EvibWyib = Wyib = || 9x(Qx)
k=1
!
3NS_Z 3NS_Z 1

Evpb= Y &= Y (Vk+§)h\’k
k=1 k=1



II.D. Eigenfunctions and
eigenvalues

o CO, molecule

Oxygen Carbon Oxygen

(Pt )

Symmetric
modes (uv00)

Bending
modes ()

Asymmetric
modes (00v)

08

05

0.4

Relative Transmittance

02

Carbon dicxide
INFRARED SPECTRUM

1 1 1
3000 2000 1000
Wavenumber (cm-1)

MIST Chemistry WebBook (http: ffwebbook nist.govfchemistry)
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= Electronic dipole moment p

/\Iﬂiib HVyindQ1 -+ - dO3N 7 — b = Uxipg + Uy Jof + tz Kpg

!
e () o
o=x,y,2 Ho—Hq, (—) k A0 00 kT
© k=1 00k /o k=1 j=1 aQJan . J
!

3NS—Z d
(Whyib Mo Wyib) =Ho,e (Wvib| Wyib) + k§1 (ﬁ)(W’vib|Qk|inb>+-"

€

3NS—Z
O (Wyib|Wyib)= TI <(PV§< Qv )#£0 = Vi = Vg, Vk

pure rotational spectrum
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3Ns—Z 3NS—Z
O (Whib|Q | Wyib)= k[I1 <(PV;€’Qj‘(PVk>:<(PV’j’Qj‘(PVj> knl <(PV;€’(PV;<>7£O
Vi = Vi, Yk #
— /
Vi=V; +1

Fundamental bands

3Ng—z 3Ns—z

o <\|ﬂvib\Q§|\|fvib>= kI_T1 <(PV;€|Q§|(PVk>:<(pV9|Qj|(PVj> kI_Tl <(PV;€|(ka>§£O
N Vi = Vi, Vk# j
V’j =V; +2

Overtones
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3NS—Z
O (Whib|0iQ [ Wyib) = [Il <(PV;€ 10iQjl¢v, )=
 3Ng—z
<(PV§‘Qi‘(Pvi><(PV/j‘Qj‘(PVj> k[I (@V;C\(ka#o
\ .y y
V%zvk, Vk £ 1, j
= ; =v;+1
/ _ .
Vi=V; + 1

Combination bands



m Vibrational bands
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Hot

Difference

Fundamental

Overtone

Combination

(0,1,1)
(0,2,0)

(0,0,1)
(1,0,0)
(0,1,0)

(0,0,0)
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= Rotational structure of the vibrational bands (Example: CHy)

Mormalized Irtensity

0.04—

WMIHHHHM |H
I||

1 1 1 1 1 1 1 1 1 1
2900 3000 3050 3100 3150 3200
Wavenumber/cm-1

AJ =—1 — Pbranch
AJ=0 — Qbranch
AJ =-+1 — Rbranch



