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Brief introduction to molecular spectroscopy
Atomic structure (recap)

Molecular structure

— Electronic structure

— Rotational structure

— Coupling of rotational and electronic modes
— Vibrational structure

— Vibrational-rotational interaction

Population distributions




Major types of molecular spectroscopy
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Human tissue contains a lot of water, lipids and proteins — broad energy
bands instead of the sharp energy levels of free atoms and molecules.




Light absorption in gases, liquids, and solids

Gas absorption
: | Gives rise to sharp
spectral lines. Most light

400 700 is transmitted.
‘Wavelength [nm]

: \/\/_/_\ Absorption in liquids and
: solids
|

400 700 Gives rise to broad
Wavelength [nm]
spectral features. The
transmitted light from
wine is red, while blue,
green, and yellow light is
absorbed.

P. Lundin, Doctoral Thesis, LRAP-488, Lund University, 2014

Fluorescence in gases, liquids, and solids
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Spectral terms
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Molecular spectrometry concept
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Atomic structure basics




Hydrogenic system

Electron (negative)

*  light and mobile
Aulorﬁp (electric)
‘ attraction

Nucleus (positive)
Heavy and slow

Summary: Atomic structure

The energy levels and wavefunctions are calculated by solving

Schrédinger’s equation:
Hamiltonian

72 Zez 1
__VZV/nI+—gr_2l//nI= En,Il//n,I < H Va1 = En,Il)[/n,I

Kinetic energy term Potential energy term Z is atomic number

*y, are electronic wavefunctions

. |l//n’||2 gives the electronic charge distribution (probability density function)

* Each wavefunction has an energy E, | (eigenvalue) associated with it

* N is the principal quantum number. The distance between the electron and
the nucleus scales as n?. Furthermore electron energies scales as Eoc1/n?

* | is the angular momentum quantum number. Atomic orbitals corresponding
to states with 1 = 0,1,2,3,... are denoted by the letters s,p,d,f,... respectively




Example: Hydrogen atom

Energy level diagram Corresponding electron probability
density functions, |/, ||

Energy - p d t
(000K ke Continuum

e Y B * @ -
1s 2s 2p
e Hydrogen Atom

-
- - -
;—m e - &
3s 3p 3d

Molecular structure basics




Molecular energy structure

Energy level diagram

Electronic
energy
> .
= Electronic levels
. . )
Vibrational 5 Vibrational levels
energy Rotational levels
Rotational
energy

Internuclear distance

Quantum mechanics - Molecules

The Schrédinger equation:

‘Z;VZ‘//n(F)+V(F)‘//n(F)= E.v,(r)= Hy,(r)=Ew,

* Born-Oppenheimer approximation _
PP PP WViot = VelWyibWrot

. . . . :
e Vibrational motion is much faster Et =Eo +Evip + Erot

than rotational motion




The Born-Oppenheimer approximation

m, ~ 2000 m, = The electrons are moving much faster than the nuclei =
The electronic states are at any moment essentially the same as if the
nuclei were fixed. Thus, in the B-O approximation R is fixed.

er e? Z Zp 1 1
(YRS
i . Mo \ STt 5775 T

Ta g = all electrons

2
Solve SE: [_ﬁAi tVIR)|Y=Eb = E,
R
A B

The total energy also contains the potential
energy due to the interaction between the nuclei:

Z4Zge?
4megR
Repeat the calculation for different R = Potential energy curve

(Z: atomic number)

Etot(R) =E, + Vnuc—nuc(R) Vnuc—nuc(R) =

Potential energy curves (PECs)

E,(R), E,(r), and E,(R) are bound (stable) states
E,(R) is an unbound (unstable/repulsive) state
B-O approx. = Emolecule = Ee— + Enuclei

It also means Wgecuie = We-"Wnuclei

Going beyond the approximation of clamped
nuclei, the PECs describe the potentials in which
the nuclei can vibrate (more about this later).

The B-O approximation is not a bad one
in almost all cases and it simplifies the
calculations enormously!




The molecular orbital approximation

Consider the simplest molecule, i.e. H,* €
And assume that the nuclei are clamped
at a given distance R (B-O approx.) A g
VR = -2 (L42
( ) N 4'77.'80 Ts s R
A B
Letr,<<r V(R e (1 €
A<<Tg (R)~ -4 e \r g
I'a ( )>( )
This is the potential of a hydrogen atom! A R B
Its ground state orbital is 1s
Write an approximative wavefunction then Linear combination
of two 1s-orbitals of atomic orbitals

W = N[y, (A +y, (B)] (LCAO)

Linear combination of atomic orbitals (LCAO)

Y= N[t/)ls (4) + Y. (B)] This particular orbital is called a s-orbital

# + ® = -4 A = i Cylindrical symmetry
1s 1s 1sc

The electron probability distribution is given by [|?

Y12 = N2 (115 (DI? + [h1s(B)I? + 2¢15(A)h15(B))
\

Y15(4) « e~Ta/ a0 Y15(B) e~ B/ a0 Constructive interference
(overlap density)

[Y1s (DI 1B [pl?

Symmetric charge distribution
M. = & Enhanced e- probability here = stronger binding

The H,* electron is a 1sc electron in ground state.
This is a bonding orbital.
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Antibonding orbitals

Y’ = N[p,,(4) —,(B)]  Thisis another possible linear combination
of the two 1s orbitals

[W'12 = N2(Iph15 (DI + |1l)1s(B)|2 — 2¢15(A)Y15(B))

ItlJ 2 — Destructive interference

Y1) This is an anti-bonding
orbital designated 1sc*
S \ o

PECs based on LCAO

Anti-bonding
(repulsive) state

R/a,

| D= | i

\ 176ev

\1 &® Bonding state
’ Ameyh?

ay = ~ 52.9 pm
0 meez p

Electronic structure

* Electron orbital angular 1
momentum, L, of molecules is
guantized

* Only the component along the
internuclear axis, L,, is a constant
of motion = quantum numbers:
M=L, L-1, ..., -L

e Quantum number A introduced:
A=|M|, A=0,1,2,..,L
A=0,1,2,...

A=0 means a 2-state
A=1 means a []-state
A=2 means a A-state
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Electronic spin

Molecules also have spin angular momentum. S
precesses around the internuclear axis

S can have 2S+1 different projections, X, on the
internuclear axis

25+1 = multiplicity of the state
Spin-orbit interaction between A and X

Total angular momentum: Q =A + X

Molecular rotation
Classical picture

Moment of inertia:

Iqq :Zmlxlz(q) m

Reduced mass (diatomic molecule):

1Ll Mg

1 = = | = uR?
L my Mg my + Mg

where R is the equilibrium bond length (internuclear distance) of the molecule
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Molecular rotation
Quantum mechanical picture

Classical mechanics:

JZ

1 2
T = 72: I — 2:7‘1 —
24 a0 where  Jgq = lg g

a 2l

Quantum mechanics: (Jc| is an operator of the angular
momentum)

2 2 2
_ J X J y J 7 There is no potential energy
= ol + +

=H
XX

21 21 associated with pure rotational motion
W 2z

Four types of rigid rotors

Linear rotors
- One moment of inertia is zero (e.g. CO,, HCI)

Symmetric rotors

- Two equal moments of inertia, one different (e.g. NH,)

Spherical rotors
- Three equal moments of inertia —
(e.g. CH,) l L

Asymmetric rotors

—

- Three different moments )'d \@
&

of inertia (e.g. H,0) @

J

b
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Diatomic molecules - Basics

A diatomic molecule has a total wave /
function consisting of an electronic wave

function, and a nuclear wave function. ((m))

The nuclear wave function can be /
separated into a rotational wave function
and a vibrational wave function.

In the Born-Oppenheimer approximation
these are initially treated separately:
EtotzEeI + Evib + Erot

Time scales

Electronic interaction: ~101° s
Vibrations: ~104 s
Rotations: ~1013-101% s

Diatomic molecules

2 2
J J(J +1)7
H =" = eigenvalues: E(J .M J ): ( )
21 21
Eigenfunctions: ]GMJ(B, @)  (Spherical harmonics, known
’ from the atomic structure)
J2= 7,24 2+],? (3=01,2,.... My=J,3-1,....,-)
2J+1 possible M, values for each rotational level
X = 2J+1-fold degenerate.

The rotational constant, B:
2

h
BUOUle] = Z B[Cm_l] =B = ﬁ

FO=B/J+1) (m)

14



Energy levels for a diatomic molecule

Solutions to the Schrédinger equation: m
1 m2
h2 2 ?
877l
__Mmmy | r
m+m
1 2 R,
E, h a
FU)=—=——-JJ+)=BJ(J +1) [cm™]
hc 8z°cl
20B —— F(9)
J=0,1,2,.. = 5 12B ——— F@3) The energy separation
2 increases with increasing J
L 6B ——— F(2)
2B —— FQ1)
0 — F©)

Energy levels for non-rigid rotator

F(J) —BJ (J +1) _DJ Z(J +1)2[cm‘1] \3’ Rigid rotator Non-rigid rotator
D centrifugal distortion constant h
9 \\
F(18) = 683,40 cmfor N, .
without D-correction §
o} 7 —_—
F(18) = 682,72 cmfor N, 0

with D-correction

o=r w

15



Coupling of rotational and electronic modes
no electronic spin (S = 0)

e Taken into account also the electrons revolving about the
nuclei = moment of inertia about the internuclear axis =
Angular momentum A directed along the internuclear axis

N J N: Angular momentum of nuclei

A: Projection of electron orbital angular
momentum

) > s oo
- y A J: Total angular momentum; [ =N + A

¢ The rotational levels of such a symmetric top are the same
as those of a simple linear rotor, except that all levels are
shifted upwards in energy by a factor (A-B)A2

(A is the orbital angular momentum
guantum number)

F(J) = BJ(J + 1) + (A— B)A2

Levels with J < A are absent and each level
is split into two sublevels (A-doubling)

Coupling of rotational and electronic modes
with non-zero electronic spin (S # 0)

For strong coupling of the spin to the internuclear axis (Hund’s coupling case a) the
projections of the spin and electron orbital angular momentum onto the
internuclear axis forms a net component Q. =A+X

N J N: Angular momentum of nuclei

A: Projection of electron orbital angular
Y VA S momentum
- - .

Q=A+Z %: Projection of electron spin

J: Total angular momentum; =N +

Since A = 0 there is an associated magnetic field due to the net current about
the axis. This field interacts with the spinning electrons. This leads to spin-orbit
coupling and thus spin-splitting of energy levels.

NB: The model is just an approximation!
The coupling may change as J ranges
from low to high levels!

FQJ) = BJJ + 1) + (A B)Q?

16



Vibrational energy levels

Solutions to Schrédinger equation for
harmonic oscillator:

G(v) = w, <v + %) (cm)

G(0) = 0.50,, G(1) = 1.5w,, G(2)= 2.5m,

e =(R)

A better description of the energy is
given by the Morse function:
2
E = Deq [1—exp{a(reg, — 1)}
where a is a constant for a particular

molecule. Energy corrections can now
be introduced.

2
G(v) = w, <v + %) — WeX, <v + %) (cm?)

Energy

Interaction between rotation and vibration

The vibrational and rotational energies can not be treated quite
independent. A molecule can vibrate 100-1000 times during a rotation.

The rotational constant B, in a vibrational state v, can be expressed as
B, =B, - (v+1/2) [cm™]

The centrifugal distortion constant D, in a vibrational state v, can be
expressed as

D, =D, + S, (v+1/2) [cm™]

17



Molecular constants

State r Observed Transitions References
T , X B a D e
e e ete e e € J () Design. ] Yoo
“’Nz (continued)
B 3:; 65272.4, 1516,88 2 12.181_“ 1.1.733" u,oléésc (5.56) 1.278, B'=B, R, 6545.5 (Z)| (32)(36)
"Y" bands,d (i82)
B'4=X,® R 63852.35 z | (30)* (35)
Ogawa-Tanaka- (66)* (145)
Wilkinson b. (155)
W sy 59808 1501, (2) 11.6 Wer3, R,V73 (102)(124)
Wu-Benesch b, (1313 (157)
wex,T R 59380 (123)* (155)
Saum-Benesch b.
3 i 59619.368 | 1733.39  z 12| wwst o.owzeyd | [s.9] | nzaz6y | %ot v 9ss2.04 z | (20)(196)
1st pos. gr.
3¢ %,™ R 59306.81 z | (ko)
Wilkinson b.
A 3 5020365 | 1460.6%  z 13,877 |  1.4548° 0,0180° (6.2, | 1.2866 A% x," R 49754.78 Z | (29)(70)(85)
Vegard-Kaplan b.
X 1:; 0 2358.57 2 14.3247 | 1.99824,%  o0.017318°% [ [5.76] 1.09768 Rot.-vibr.® and rot. sp.
- pressure induced (14)(59)(63)
(86)(135)
(141)(181)
= el, field induced | (185)
Raman spectra” (20) (134)
(167)

Mol. beam magn. reson.”

From Huber and Herzberg: “Constants of diatomic molecules”

Molecular constants are available at: http://webbook.nist.gov/chemistry/form-ser.html

Nomenclature and band
structure
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Rovibronic transitions

label / 25+1=3
3
d Hg \d 3Hg <_Molecular properties
are not changed when
/_ / inversion is made in
f
| =" AL e
Lﬁ v'=1 molecules
\J’ leveld
, 7 v'=0 -
T -t------° — For transitions between J-levels
a 3Hu Al=-1,0,or+1 (notJ=0toJ=0)
/_ AJ =-1is called a P-branch
v'=2 -0i -
\J,, vl / Al=0 |s_ called a Q-branch
\ / v'=1 AJ = +1is called an R-branch
v'=0
Te"_ ________ ~N—
Internuclear distance
Rovibronic transitions
Spectrum for a symmetric top (A#0, S=0) and AA = 0 transitions
Total energy: E(T,v,])) =T, + G(w) + F(J)

Upper state energy: E' =T, +G(v') + B'J'(J' + 1) + (A’ — B")A®
Lower state energy: E” =Ts'+G(w'") + B"]"(J" + 1) + (A" — B")A?

Vo0 (a constant called band origin)
P") = ¥oo = (B' + B")] + (B' = B")J?
QU") =7go + (B'—B")] + (B — B")J?

R(J") =Vgo+(B'+B")YJ+ 1)+ (B'—B"(J + 1)
P and R branches: ¥ = ¥y, + am + bm?

mp = —J

mg =] =) Q branch: ., 7 = Vo + bm -|’-’bm2
wherea=B'+B”"andb=B'—B

mp=J+1

19



Fortrat diagrams

P and R branches: 7 = ¥yy + am + bm?
Q branch: V= 1700 + bm + bmz Q branch
wherea=B'+B"andb=B'—B"

Plotting the results of these k

R branch

expressions in diagrams with m(or J)
vs 7 results in a so-called Fortrat

Vi)

daigram. bl
T Q branch
When B” > B’ there is a bandhead in P branch 1
the R-branch (see panel a)
i T R branch
When B” < B’ there is a bandhead in | -
the P-branch (see panel b) ¥ %o i
Band structure (2)
D(v\v')
| 2019 181716151311,
[ 1 23456310
R branch I | | | | I | || VPR V(V’ ll) + (BI+BII) m + (BI_BII) m2
I 79
6 -5 —4 -3 -1 _1 m{ 1412 v(v’,v") is the band origin
|
| | I I | P branch m=-1,-2,-3 for P-branch
m=1,2,3 for R-branch
13 12 11 10 9 8 765 31U
lj Q branch B’<B” <& band head in R-branch
) < degradation towards red
| ” l | | l 1 | | | | HHI- B’>B” < band head in P-branch
l | | & degradation towards violet
Band origin Band head
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Absorption spectrum of OH
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Bandhead in the R-branch
= B">B’

T T T
3040 3060 3080 3100

T T T J
3140 3160 3180 3200

Wavelength (A)

Q

S

Vibrational structure

The strength of a vibrational
transition depends on the
overlap between the
vibrational wave functions in
the two states (the FCF).

Franck-Condon principle:

An electronic transition takes place so
rapidly that a vibrating molecule does
not change its internuclear distance
appreciable during the transition. This
means that the transitions can be
represented by vertical arrows.

Av>0

Epee(R)

RS =R, R

a) FCF maximum for Av = 0 transitions
b) FCF maximum for Av > 0 transitions

21



Energy —=

Vibrational band structure

Illi \ '64 ‘ ‘!4 14
E % 2 2 2
1 1 1
U'=0 V=0 V=0 V=0
There is essentially

34
]2
\ \ \ no selection rule for
- - vibrational states
4 4 4 4 R
;2 & 4 A when undergoing
L' =0 V=10 V=0

b =0 electronic
transitions.
0.01.02.03.0 0.01.02.03.04.0 0.01.0203.04.0
‘il. .l‘l. JII UA
cm ' - cm™ —- cm ' -

S

Population distributions
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Vibrational population distributions

The population distribution
may generally be written

Population distribution of N,

—&;i IKT 0.9
N g 5" =
N Zgje—é‘j/kT f_gs- o ——
j 8_ 0,6 —ay=2
C_‘E:S 05 —x—-v=3
The vibrational population g
distribution can be ._% oz
calculated as 01
Nv —vhcw, /KT —hcw, KT Temperature (K)
=e T (1-e)
N
Rotational population distribution
The rotational population N 1 holk
distribution can be —L == (2] +1)e BIC+DNe/kT
calculated as N rot
KT
Qo ~ hcB

If f (J) — (ZJ +1) e—BJ (J+1)hc/KkT

then M =0
: KT 1
gives J = _—
"\ 2Bhe 2
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Population / arbitrary units

Rotational population distribution

10

Nitrogen ®=T=300K
BT=400 K

B T=2000 K
OT=2100 K

w

N

[N

0123456 7 8 910111213141516171819 2021 222324 252627

o

Rotational quantum number, J




