Lecture 25

Overview of Molecular

Spectroscopy

Study Goal of This Lecture

e Hierarchy of molecular spectroscopy
e Einstein’s A/B coefficients

e Temperature effects in spectroscopy

25.1 Hierarchy of Molecular Spectroscopy

We have discussed the interactions of matters and light in the perspective of the
time-dependent Schrodinger equation. The resulting “Fermi’s Golden Rule” includes
many important aspects in quantum transitions, i.e. transition between two quantum
states.

The key concepts are:
e Resonant transitions occur between eigenstates of the molecular system.

e Light induced transition rates depends on the transition dipole moment:

e Transition occurs only when energy is conserved.



e Absoption and emission “lines” reveal energy levels of molecular systems —

molecular spectroscopy.

e From one state to the other state — involves different motions in the molecule.

Very generally, we can seperate the molecular Hamiltonian into different degrees of

freedom: e: electron
Hyotat = He + H, + H, + H,. (25.2) v: vibrational
These motions normally are well seperated in time scales, so we can properly apply " rotational
s: spin

the Born-Oppenheimer approximation by assuming non-correlated wave functions:

Tranlational part is too
Wintal = Yo x Uy x U, x Wy, (25.3) small. (ignored)

and the energy will be
Etotal =FE.+FE,+E, + E,. (254)

Since EM waves probe energy levels in molecular systems, a hierarchy of spectroscopy
methods exist in correspondence to the seperation of energy scale in molecular sys-
tem. i.e.

E.>FE,>E, > E.. (25.5)

Let’s start by drawing the electronic PES:
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Figure 25.1: Potential energy surface.

The room temperature thermal energy: kgT ~ 200cm~!.



Keep in mind this picture, and note that it is because of this seperation of
timescales/energy scale that allows us to investigate different types of spectroscopic
methods, i.e. different molecule motions, seperately. We will follow Silbey’s arrange-
ment and discuss the vibrational and rotational spectroscopies first. But, before we
dive into it, we will briefly cover an important subject regarding the population of

states.

25.2 Einstein’s A/B Coefficient and
Population Effect

On last lecture we considered two process that will happen when a system is
coupled to a EM field. Note that there is a third process that we did not mention, to
describe it requires the use of quantum field theory. (So we will not cover it.) That

is the spontaneous emission.
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Figure 25.2: Three light-induced transition, p is light intensity.

Asg1, B12 and Bs; are Einstein’s A /B coefficients. For the process to occur, the initial
states must be “populated”. Let’s assume the state populations are N1 and No,
respectively. Total population is N = N; + N,. From time-dependent Schrédinger

equation treatment, we know the rate of the first two processes are the same. We

have
dNy
T —B12N1py + B21Napy, + A1 No, (25.6)
d.N-:
d7t2 = B1oN1py, — Bo1Nop, — As1 No. (257)
When in the steady-state, % = % = 0. Also, steady-state depends on light

Population of states:
probability of finding a
system in that specific

state.

Spontaneous emission is
responsible for fluores-
ence and radiation life-

times of molecules.

Steady-state: satisfy

Boltzmann distribution
By
Py ~e kBT




intensity and requires that

A21

- (25.8)
By — By

pl/(V12) =

= if A =0, then no p,. This is why Einstein “guess” spontaneous emission. Note

that in equilibrium, N7, N2 should also satisfy the Boltzmann distribution

_ B
N kpT _E1-Fy
Lo T, (25.9)
Ny e kBT
therefore
A2
pu(v12) = O T rEE— (25.10)

e*sT B1g — By

Compare to Plank’s blackbody distribution law,

8rh(ve)?
o) = SZ) (25.11)
eksT —1

8

3
hé’” Bs1. Note that the relationship of Bio = Bgy

we have Blg = Bgl and Agl = p

can be derived from Fermi’s Golden rule. Einstein found this relationship before the
birth of quantum mechanics!

All Einstein’s coefficients are related and a measurement of one yields the other
two. Note that in our treatment on previous lecture, we have shown that By =

Bo1 = B. A similar treatment with quantized field shows that
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where p112 = /ﬂﬂlﬁsz-

This discussion tells us that to have significant absorption between two states, say
|1) — |2). By relation:
dNsy

—— =B N 25.13
i p2(v12) N1, ( )

therefore, the rate of absorption depends on two factors:
e Significant population on |1).
e Non-zero (1|u|2), pi2: transition dipole moment.

These are selection rule of light-induced transition.



