Time-Dependent Perturbation Theory and Molecular Spectroscopy

Millard H. Alexander

This version dated May 9, 2015

L.

IL.

CONTENTS

Time-Dependent Perturbation Theory
A. Time-dependent formulation
B. First-order solution

C. Example: Molecular Collisions

Interaction of light with matter

A. Units

©

Absorption of radiation by matter

Q

Spontaneous emission

O

. Selection Rules: Transitions within the same electronic state
1. Rotational Selection Rules
2. Vibrational Selection Rules
E. Pure Rotation Transitions
F. Vibration-Rotation Transitions
1. @ branches
G. Electronic-Rotational-Vibrational Transitions
H. Selection Rules: Electronic Transitions

I. Rotational Bands in Electronic Transitions

References

10
11
14
15
16
18
19
22
24
25
26
28

30



I. TIME-DEPENDENT PERTURBATION THEORY

A. Time-dependent formulation

In Sec. I.B of the Chapter on molecular electronic structure we considered time-independent

perturbation theory. Here, we will treat the case of a time-dependent perturbation, namely
H(z,t) = Hyo(z) + H' (z,t) = Ho(x,t) + V(1)

where x designates all the coordinates. In the section on time-independent perturbation
theory in the Chapter on approximation methods we did not specifically designate the coor-
dinates. Here, we shall designate all the spatial coordinates, collectively, by ¢, to distinguish
them from the time ¢. It is usual to denote the time-dependent perturbation as V' (¢, t). As
in Chapter 1, we denote the the time-independent eigenfunctions of Hj as ¢£LO)(q). In fact,
these zeroth-order functions do depend on time, which we have hitherto ignored.

Consider the zeroth-order time-dependent Schrodinger equation

e Ho(q)®n(q,1)

Whenever the zeroth-order Hamiltonian is independent of time, we can write the time-

dependence as

where w”) = E /h.

We will expand the solution to the full time-dependent Schrodinger equation

nOL = HW(q,0) = [Holg) + V(g )] W(a.1)

in terms of the time-dependent solutions to Hy, namely

ZC (2 (q,1)

Since

Ho(p(o) E(O) q)( )
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we have

=3 CaEL®DV (q,1) + Y V(g )Cu(t)2V (g, 1)

We can obtain the expansion coefficients by substitution of this expansion into the time-
dependent Schrodinger equation, then premultiplying by one of the P (<I>,2’, say) and
integrating over the spatial coordinates q. We then use the orthonormality of the qbn)

obtain

(1) = 3 Calt) explioms / 59 @)V (¢, )60 (q)dg (1)

Here the dot on top of the C' on the left-hand-side designates differentiation with respect to

time, and

Problem 1 Derive Eq. (1).

The integral [ ¢ (q)V (q,t)o% (q)dq will be a function of ¢, which will will designate
Vinn (t). Thus, Eq. (1) becomes

ihC( Z exP (1w ) Vi (1) Cra (1)

This set of coupled, first-order differential equations in the expansion coefficients can be
written in matrix notation as

ihC(t) = G(t)C(t)

where G, = exp(iwmnt) Vinn (t).

These equations are solved subject to a choice of the initial boundary conditions. The
magnitude of the coefficient C,,(t) is the probability that the system will be in state |m)
at time ¢. For simplicity, let us assume that the system is in state |n) at the moment the
time-dependent perturbation is switched on. Call this time ¢ = 0, so that C,(0) = 1 and
Cn(0) = 0 for m # n. As time increases, the effect of the perturbation will result in a

transfer of amplitude between the states of the system. The total probability will, however,



remain constant, so that

Yo lCumF=1

B. First-order solution

If we assume that the loss of amplitude from state |1) is small, then all the coefficients
Cn(t) will remain small, except C,(t), so that |C,,| < |C,| for all time. Then, C,(t) ~ 1
for all time, so that Eq.(1) reduces to

ihCon (1) & exp(iwmmt) Vi (1)

This can be easily integrated to give

-
Con(t) = —% / (i ™) Vi (7)dT 2)

to
The square of the absolute value of C,,(t) represents the probability that at time ¢ the

system, initially in state |n) will be in state |m).

C. Example: Molecular Collisions

Before discussion the interaction of light with matter, we will discuss the case where
the time dependent interaction occurs because of a collision between a molecule and an
atom. Here |m) and |m) represent two states of the molecule. Typically V,,,(t) will be zero
when the two collision partners are asymptotically far apart, will increase as the partners
approach, attain a maximum at the distance of closest approach, and then return to zero
as they recede. In this case the time-dependent perturbation will extend from —oo to +o0.
Furthermore, as shown in Fig. 1, the coupling matrix element will be symmetric about
t = 0, if we define t = 0 as the point of closest approach. Because the perturbation is
symmetric with respect to t — —t only the cos(w,,,t) component in the expansion of the
exponential in Eq. (2) will contribute. If the difference in energy between levels n and m is
large, then this factor will be highly oscillatory, as shown in the left panel in Fig. 2. In this
case the integration in Eq. (2), which ranges from —oco to +oo , will average out to nearly

zero. Hence, a collision-induced transition will be improbable. However, if the difference in
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FIG. 1. A model time-dependent interaction typical of a molecular collision. The perturbation is
maximal at the distance of closest approach, which we define as ¢t = 0.

energy is smaller, then this factor will not oscillate, as also shown in the Fig. 2. In this case

the integration over time will not average out to zero.
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FIG. 2. The product of cos(wt) multplied by the perturbation shown in Fig. 1. In the left and
right panels the cosine factor is cos(10t) and cos(t), respectively.

One can summarize this by a rule of thumb: Let [ be the distance between the point
of closest approach and the point at which the mn coupling potential is non-negligible.
Further, let v be the relative velocity of the two collision partners. Then the time of the
collision is the time taken for the relative position of the two particles to go from —[ to +I.
This is t. = 2{/v. Assume that the collision will be effective in causing a transition provided

Wmnte < m. This implies that the collision will be effective in causing a transition provided



that the energy gap between the initial and final state, call this AF,,,, satisfies the inequality

hmv
AEjmn a7
| <

Problem 2 Evaluate the integral in Eq. (13) to derive the last equation.

Consider a idealized collision in which two atoms approach one another at constant ve-
locity v along a straight line path, defined by the impact parameter b which is the separation
between the particles at the point of closest approach. The probability that a collision will

» \/
B
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N

FIG. 3. Idealized collision characterized by the impact parameter b and the velocity v. All collisions
originating anywhere on a circle of radius b will be equivalent.

induce a transition into state m is given by

Prom(bv) =, lm |Co|?
This probability will depend on the strength of the coupling (m|H'(x,t)|n), the energy
mismatch between the states w,,.,, and the velocity.
The “cross section” ,,,(v) for the collision induced transition is obtained by integrating
P, (b,v) over all possible values of the impact parameter, weighted by 27b, which is the
circumference of a circle of radius b. All encounters originating from impact parameters

lying on this circle will give rise to equivalent collision-induced transitions. We have

Omn(V) = 27 /000 P (b, v)bdb (3)




Problem 3 Assume that the coupling matrix element is
(m|V (z,t)|n) = Ay exp(—a®R?)

where R is the separation between the two particles and A,,, iand « are constants.
(a) Use trigonometry to determine R as a function of ¢, b, and v. Hint: Assume that t =0
corresponds to the distance of closest approach, at which point R = b.

(b) Knowing that
2

— d e —
A exp( a x )COS max 9 exp |: D) :|

obtain, and simplify as much as possible, the expression for the cross section o,,,(v).

In fact, since you are using first-order perturbation theory to calculate P, (b), this ap-
proximation will no longer be valid when the calculated expression for P,,,(b) becomes

greater than 1. Typically, one replaces the first-order perturbation theory result with

Pn(b) = e, whenb < b,
=  lim  |C,|*, whenb> b, (4)

to—r—00,t—00

The so-called “cut-oft” impact parameter b,, inside of which the perturbation theory ex-
pression is not valid, is defined by the value of b for which P,,,(b,v) = &, where ¢ is some
number less than one.

(c) Obtain a modified expression for the cross section [Eq. (3)], for the case where ¢ = 0.5.
(d) Working in atomic units, write a Matlab script to calculate and plot the cross section
as a function of velocity (plot the velocity on a logarithmic scale, from v = 0.001 to v = 1)
for both the un-cut-off and cut-off expressions for P,,,(b,v), assuming that the parameters

are: A,,, =0.01, o =1, and w,,,, = 0.005.

II. INTERACTION OF LIGHT WITH MATTER

One of the most useful applications of time dependent theory is to investigate the rate at

which matter will absorb electromagnetic radiation. As shown in Fig. 4, a propagating light
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FIG. 4. The crossed electric and magnetic fields of a propagating light wave.

wave contains crossed electric and magnetic fields. We chose our coordinate system so that
the electric field is aligned along the z axis and the the direction of propagation is along the
x axis. The electric and magnetic fields, which are functions of both the distance and the

time, are given by

—

E = ZE, cos(2mvt — 21y /\) (5)

and

B = B, cos(2mut — 21y /\) (6)
Here v is the circular frequency. The angular frequency w is 27nv. The frequency and
wavelength are related by vA = ¢, where ¢ is the speed of light. The magnitudes of the two
fields are related by B, = E,/c.

In a vacuum, or in a non-magnetic material, the energy flux (in W/m? or, equivalently,
Jm~2s571), called the Poynting vector, is defined by S = (1/u)E x B, where y is the perme-
ability of the material. (For a vacuum, the permeability is designated p, and is called the

magnetic constant). From Eqgs. (5) and (6), we see that

1

HoC

S| = —|E,|? cos®(wt — 2wy /).

If you integrate over an entire cycle (t — ¢ + 27 /w) then, since fozw cos? 0df = 1/2,

1 €,C
— E? = 2?2 7
2o = 5 b (7)

(5)

where €, is the permittivity of free space, also called the electric constant and €, = ¢ 2.

The flux is the electromagnetic energy per second impinging on a wall of area 1m?. If you
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divide the flux by the velocity (the speed of light), you get a quantity which has units of
energy per m®. This is the so-called “spectral energy density” of the radiation field associated

with photons of frequency v.

€o
) = 2E2 ®)

The interaction of the light wave with matter is due to the electric field of the wave [the
interaction with the magnetic field is smaller by 1/137 (one divided by the fine-structure

constant)]. The force exerted by an electric field ion a particle of charge @ is
F=QE

Since the force is the negative of the gradient of a potential, we see that the interaction of
an electric field polarized in the z direction (Fig. 4) with a charged particle is governed by
the potential

V(2) =V, - QzE, (9)

Without loss of generality we can set the reference potential V, equal to zero.

For a collection of particles, the potential is
V=-FE, Z Qizi
With Eq. (5), we can rewrite this equation as

V(y,z,t) = —E, Z Qiz; cos(wt — 2my; /\)

Here y; is the position along the y-axis of the i** particle. Since the wavelength of light is
typically 10? times the size of an atomic or small molecular system, over the position of the
molecule

cos(wt — 2my; /) = cos(wt — )

where 7y is a constant. If we replace ¢ by t 4+ «/w (which is equivalent to shifting the zero of
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time, which has not yet been defined), then we find

V(y,z,t) = V(z,t) = —E, Z Qiz; cos(wt) = —E, cos(wt) ZQM = —E, cos(wt)D, (7, R)
(10)
The quantity under the summation sign (the sum of the position of all the charged particles
multiplies by their charges is called the “dipole moment operator” D — in this case we are
considering just the z component of this operator, since the electric field lies along the z

direction.

In electronic state qﬁgf) (7) the average of DZ, averaged over the positions of all the electrons
is

DW(R) = / oD D. (7, Rys (7)dr

We shall call this the dipole-moment vector. It depends, in the case of a diatomic molecule,
on the magnitude and orientation of the molecular axis R. Note that for homonuclear
molecules, or for molecules with inversion symmetry, the dipole-moment vector will vanish
by symmetry. Similarly the matrix element of D,(7, é) between two different electronic

states, namely
D) = [ o (7D Ryol) (7 (1)

is called the electronic transition dipole moment vector.

A. Units

From Eq. (9) we conclude that the units for electric field are JC™'m™!. In SI units, the
potential of attraction due to two charged particles is V = —Q,;Q;/4me,r. From this we
see that the dimensions of €, is C?J~'m™!. Thus, the units of the average Poynting vector
(S) [Eq. (7)] is Jm™2s™!, which is correct for an energy flux (energy per unit time per unit

area). Consequently, the units of p®)(v) [Eq. (8)] are Jm™> (energy per unit volume).

Finally, the units of the dipole operator are Cm.
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B. Absorption of radiation by matter

Consider two different vibronic states of a molecule, with wavefunctions given by Eq. (29)

of Chapter 3, namely
wk,v,j,m(X, Y’ Z) = ijm(67 CD)XUJ (R)Xg;) (’f_"7 R)

Hereafter, in this Chapter we shall use the same notation that spectroscopists use: designat-
ing with primes and double primes the quantum numbers and labels of the final and initial
systems. For a system intially in state |k"v”j”m”) at time ¢ = 0, the probability of being
in state |k'v'j'm’) at time t is |Cyrasjrms grorjrme (B)[?. Here, we have added an additional
subscript to the expression for the time-dependent probability amplitude C, so that C,,,
will designate the probability amplitude of being in state m for a system which was initially
entirely in state n. More simply, if we designate the initial (k”v”j”m”) and final (K'v'j'm’)
states by the single indices ¢ and f, the probability of finding at time ¢ the system in state
fis|Cr@)P.

To first order in perturbation theory, the transition amplitude is given by Eq. (2), applied
to the case when the time dependent perturbation is given by Eq. (10). We have

?

t
Eo (Yprptjrme | Do (7, R) [Wgrmpr jrmn) / cos(wT) exp(iwpT)dT
0

Let us define

Mfz = <wk2”v’j’m’| DZ(’I’_"’ R) |wk”v”j”m”> (12)
so that we can write
. t
Cy = —%EoMﬁ/ cos(wt) exp(iwpT)dT (13)
0
Integration gives
: i(wpi—w)t _ 1 i(wpitw)t _ 1
i e €
Cfi = ——EOMfZ' +
2h wpi —w Wgi +w

Problem 4 Evaluate the integral in Eq. (13) to derive the last equation.
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Typically, the frequencies wy; are large, on the order of 10 or greater. If state f is
higher in energy than state i, then the denominator of the 2nd term in square brackets will
be is much larger than that of the first term. Let’s then retain just the first term in square
brackets, then take the absolute value squared of the resulting expression for C';, and use

the expansion
4sin?(xt/2)

z':ct_12 1
e =17 _ —(2—2coszt) = o

2 2

We then get

|C (t)|2 _ E0|Mfz| QSiDZ%(u}ﬁ—w)t
! h (wWp —w)?

We can replace the angular frequency w with the circular frequency v

o [ EoMy % sin? vy —v)t
Cra(®)]” = ( h A2 (vy; — v)?

and also replace E? by the radiation density [Eq. (8)], obtaining, finally

Cat)]? = ngg)(u) | M|\ ? sin? w(vp; — v)t
Ji €o h A2 (vy; — v)?

Here, we have included a subscript z on the radiation density, to designate that this is
the electromagnetic energy density associated with the fraction of the photons moving in
the 2z direction. For a volume in which the distribution of radiation is isotropic, the density
associated with light waves propagating along one of the three Cartesian axes is one-third

the total radiation density, so that p(v) = p@©(1)/6. In terms, then, of p© (1), we have

2 _ 2,0(5)(1/) |]\4f,~|2 sin? w(vp —v)t

Crilt)] 3e.h? An2(vy; — v)?

Problem 5 Make the variable substitution x = 7(vy; — v)t to transform this equation to

[e (f)]-? _ t2/)<g)(’/) ’]\'[;“i’2 sin? x
o G/TEz)h/Q [l,'2

\2 is dimensionless. This is what we

Then, show from the discussion in Sec. II A that |C;

would expect for a probability.
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The dependence of the function sin?(z)/z? on the reduced variable z is shown in Fig. 5.

As you can see, this function is sharply peaked at x = 0. The important contribution is

sin(x)zlx2
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X

FIG. 5. Dependence on x of the function sin?(z)/z?.

limited to —m < z < 7. Now |z| < 7 is equivalent to |vy; — v|t < 1. Consequently, once
t is larger than 1/|v — vis|, then |Cp;(t)]* will be quite small. At longer times, only light
of frequency v = v;y will make any contribution to transferring population from state ¢ to
state f. This leads to the statement, first postulated by Bohr in his model of the H atom,
that an atom will undergo a transition from level ¢ to level f only when exposed to frequency
of v=(E;— E;)/h.

However, at very short times, absorption can occur over a small, but finite, range of
frequencies centered about v = vy;. Typically, the transition frequency v;; ranges from
3 x 10" (for 1/X = 10 em™!, the infrared) to 3 x 10" for (1/A = 10000 cm™, the visible).
Let us assume that the times are long enough that only x = 0 will make a contribution, in

which case (since lim,_q[sin 2?/2?] = 1)

2
t2p') (v) | Myi]
67e,h?

12

Cr()

|2 is the population in state f, at least to first order in perturbation

The quantity |CY;
theory. The time derivative of this population is the rate (in units of s71) at which the light

field populates level f starting with the system in level i. This is
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| My,
3e,h?

d
ZICHE = 9 (v) (14

If level f lies above (in energy) level i, then this rate coefficient refers to stimulated
absorption (absorption of energy stimulated by the electromagnetic field). It is proportional
to the square of the matrix element of the dipole operator between states ¢ and f. Since
the absolute value squared of the matrix element of any physical operator is independent of
the order of the initial and final states, it is also clear that the rate of stimulated absorption

(level i to level f) is identical to the rate of stimulated emission (level f to level i).

C. Spontaneous emission

Let the total number of atoms/molecules in levels i and f be N; and Ny. The overall rate
of stimulated absorption (number of molecules absorbing per unit time) will be proportional
to the both the number of molecules and the energy density of the magnetic field at frequency
Vif.

Nip'® (v4:) By (15)

where By; designates this constant of proportionality. Similarly, the overall rate of stimulated

emission (number of atoms/molecules emitting per unit time) is

N;p©(vif) By
Obviously, p© (vi) = p©) (v4;). Both these rates will have units s~
However, equilibrium statistical mechanics demonstrates that the number of molecules in

the lower state must be larger than the number in a higher state. Specifically, at equilibrium
Nf/NZ = eXp(—thi/]{?BT) y (16)

where kg is the Boltzmann constant.

Since the number of molecules in the lower energy state is greater, the overall rate of
stimulated absorption will be greater than the overall rate of stimulated emission, so that,
eventually, the number of molecules in the two states will equilibrate, which is contrary to

the predictions of equilibrium statistical mechanics.
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To resolve this paradox, Einstein proposed the existence of another process, spontaneous
emission. He postulated that there exists a small probability for an excited molecule (or
atom) to release a photon even in the absence of an electromagnetic field. The rate of
spontaneous emission will be N;Ay;, and is independent of the energy density of the radiation

field. Consequently, the total loss of population in the upper state is
Np ) (vpi) Byi + ApiNy = Ny [Agi + p (vis)NiByi] (17)

This, under steady-state conditions, must be equal to the overall rate at which molecules in

state |i) are moving to state |f), given by Eq. (15).

Problem 6 At equilibrium Eq. (15) must equal Eq. (17). Using this equality and using

Eq. (16) to relate Ny and V;, show how you can eliminate these populations to obtain
A= Bp® (v) [exp(hv/kgT) — 1]

Here, we have dropped the fi and i f subscripts, which are no longer needed. Planck showed
that in a black-body cavity at equilibrium at temperature 7" the spectral energy density at

frequency v is [1]

8rhv? 1
1) = ‘
P, 1) 3 exp(hv/kpT) —1

From these last two equations show that the Einstein A coefficient is given by

B 87Thl/?i B 8772y§i \]\[ﬂ]Z

;= : = : ‘
f 3 f 3he,c3

(18)

The A coefficient depends on the cube of the frequency. Spontaneous emission is much more

probable for ultraviolet transitions than for microwave transitions.

D. Selection Rules: Transitions within the same electronic state

Both the rate of stimulated emission or, from Eq. (18), the rate of spontaneous emmision

depend on the square of the matrix element of the dipole-moment operator, given by Eq. (12).
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We can distinguish two cases: (a) transitions within the same electronic states (I = k) and

(b) transitions between different electronic states.

For transitions within the same electronic state, we have
2 s 00 .
Mfi = / / Y}/m/(@, (I))*Y}Nmu(@, (I)) sin OdOdP / Xv/j/ng)(R)XvnjuR2dR (19)
o Jo 0

For a diatomic molecule, the dipole moment vector ng)(ﬁ) must lie along the molecular
axis, by symmetry. Thus
DW(R) = cos ©DW(R) (20)

where O is the angle between the molecular axis B and the z-axis, and the scalar D®)(R) is
called the “dipole-moment function.” Thus, if the molecule is aligned so that the bond axis
points along the direction of the electric field, then ©® = 0 so that the electric field of the
radiation sees the full molecular dipole. If, by contrast, the bond axis points perpendicular to
the direction of propagation (© = 90°), the molecule will not absorb radiation. Equation (19)

then becomes

2 T
M= Di}f;/m”j" / / Yjim (O, @) cos OYnyn (O, @) sin OdOdD (21)
o Jo
where
Dl()]j;j)",v”j” — / Xv/j/D(k)(R)XU//j//R2dR (22)
0

1. Rotational Selection Rules

The magnitude of these two integrals (over R and over © and ®) will then, from Eqs. (?7)
and (18), govern the efficiency of the transition from state |k”v"”j”"m”) to state |k'v'j'm'). Let
us consider first the angular integral. Since the ® dependence of the spherical harmonics is
exp(im®) and since in Eq. (21) the azimuthal angle appears only in the spherical harmonics,
integration over ¢ will give zero unless m’ = m”. This restriction is one of a number of optical
“selection rules”, namely that in a transition induced by linearly polarized light (light in

which the electric field oscillates in a plane, as shown in Fig. 4, Am = 0.[2]



With this restriction, the integral over © then is
/ Yiim (O, @) cos ©Yjr,y (O, ) sin OdO
0

In fact, the spherical harmonic Yj, is proportional to cos ©

3\ 1/2
Ym(@):<4—) cos ©

7

so that the integral over © can be rewritten as
(47 /3)1/2 /0 Y50 (0.8)Y10(0, B)Y10(O, @) 5in OO
This integral vanishes unless (Selection rule 2) [3]
j =it

If this selection rule is met, then the integral has the value [2]

37"+m+ 1" —m+1)

/ Y1 Yi0Yjrm sin OdO = (—1)"
0

27(25" 4 1)(25” + 3)

17

(24)

(25)

(26)

The Einstein A and B coefficients are proportional to the absolute value squared of Mj;,

summed over all j'm < j”m transitions and multiplied by 1/(25” 4+ 1), which is the degen-

eracy of the initial rotational level. Thus

1 i G" +m+1)(" —m+1)
29"+ 1 (25" +1)(25" + 3)

m=—

lel+1<_jll ~Y

j//

In the limit of large j”, this is
lim Bj”—l—l(—j” = 1/6

j!"—o00

Note the use of the left arrow. Spectroscopists designate a transition with the notation final

state < initial state.
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2. Vibrational Selection Rules

In the case where j' = 77 + 1 and m’ = m”, so that the rotational selection rules are
satisfied, we then have to consider the vibrational integral of the dipole moment function,
Eq. (22). To evaluate this integral, we expand the dipole moment function about R = R.,

namely

dD®)
dR,

D®(R) ~ DW(R,) + (R—R.) + O[(R— R.)* (27)

where

dD®  dD®(R)

dR. ~  dR |4n

Also, we shall assume that the vibrational wavefunctions are harmonic oscillator func-

tions, namely

Xoi(R) = x,°(R = Re)

The harmonic oscillator functions satisfy the same recursion relation as the Hermite polynomials,

namely

zH,(z) = Hypp1(x) + nHpoq(x)

so that, from the orthogonality of the harmonic oscillator functions

(| DW(R,) [y = D®)(R,) (28)

06

DW(R.) [x3P) =0, v/ # 0"

(k)
dD(R) (R—R.)|xiy) =0, v ="

dR
(k)
_Y®
AR |p_p,
(k)
SRR
AR |p_pg,
= 0, otherwise (29)

e

/ "

Thus, the vibrational selection rule is Av = 0, £1. This selection rule is rigorous pro-

vided that higher-order terms in the expansion of the dipole-moment function [Eq. (27)] are


http://en.wikipedia.org/wiki/Hermite_polynomials
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neglible. In reality, transitions with Av > 1 are weakly allowed. These are called “overtone”

transitions.

E. Pure Rotation Transitions

Consider first transitions within a given electronic state for which the vibrational quan-
tum number is unchanged. The corresponding spectrum corresponds to pure rotational
transitions. The ¢ to f coupling matrix element [Eq. (19)] vanishes unless j' = j” + 1 and
is proportional to the dipole moment function [Eq. (20)] evaluated at R = R, [Eq. (28)].
As mentioned earlier, this is called the molecular dipole moment. [4] Thus, if the molecule
is homonuclear, in which case the dipole moment vanishes, rotational transitions can not
occur.

At equilibrium the relative population in rotational level jm is given by a Boltzmann
distribution

P(jm,T) = exp (—¢;/kgT) /2 (30)

where, €; = B,j(j + 1), where B, is the rotational constant in the v*" vibrational manifold,

and z, is the rotational partition function

c© J
2 = Z Z exp (—¢;/kgT)
=0 m=—j
Because the energies of the rotational levels are independent of the projection quantum

number m, we can sum over the m states, obtaining the well-known expression

[e.e]

%= (2j+ 1) exp (—;/kgT) (31)

J=0

Problem 7 (a) Show that a temperatures for which de; (the spacing between rotational

levels) is significantly than kgT', the rotational partition function can be written as

lim =z, =kgT/B,
]ﬂ,’/gr[>>(5’3

where the rotational constant, B, is measured in energy units. In other words, the rotational
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partition functions, which is the effective total number of energetically-accessile rotational
states at temperature 7T, is just the ratio of the thermal energy to the rotational spacing.

(b) For CO, Table I gives the important spectroscopic constants (in cm™'). Write a

TABLE I. Spectroscopic constants for the CO molecule.

Constant® E (cm™)

We 2169.814
Wele 13.2883
B, 1.93128
Qe 0.01750

2 See Eq. (44) of Chapter 3.

Matlab script to carry out the summation in Eq. (31) and graph the true rotational partition
function for the v = 0 manifold and the high-temperature limit over the range 10 < 7" < 500.

Assume that the position of the v = 0, 7 = 0 level defines the zero of energy.

Consider a transition out of level jm into level j + 1,m (remember that for linearly
polarized light Am = 0). At thermal equilibrium, the population in level 7 — 1, m will be
greater than in level jm. Consequently, stimulated emission will not occur.

The rates of stimulated absorption (or emissions) [Eq. (14)] is proportional to the square
of the absolute value of the ¢ — f coupling matrix element, which is, itself, proportional
to the matrix element of the dipole moment function between levels j7”m” and j'm’. Thus,
from Eqgs. (26) and (28), the overall rate at which radiation is absorbed in the transition

between the initial level j”m” and the final level j'm/’ is

R(j/m, < j”m”; Vj’m’J”m”) = p (Vj’m’7j”m”) Nj"m" (T)B(],m, < j”m”; Vj’m’7j”m”)

(5 ’ //p (I/j/ /j// //) Nj” " (T) (
_ m’'m m’',7"m m D(k) Re 2
24me, h? (Fe)

j+m+1)(Gj—m+1)
(25 +1)(25 4+ 3)

(32)

Here, Njuy(T) is number of molecules in state j”m” at temperature 7. This is the total

number of molecules multiplied by the relative number in state 7”m”, Eq. (30)], namely

Nj"m" = Nexp(_gj”m”/kBT>
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where N is the total number of molecules.

Also, in Eq. (32) the Kronecker delta in the 2nd line reflects the vanishing of the B
coefficient unless m’ = m” which is a consequence of the rotational selection rule that
Am =0, .

In the absence of external fields, the energy of the rotational levels is independent of the
projection quantum number. Thus, the overall absorption of radiation at frequency v~ is

proportional to

ZN” j”‘f‘m—i-l)(j —m+1)

R(i < " vren
(J J aVJJ 2]”—1-1)(2]”4‘3)

m=—j

Problem 8 Write a Matlab script to show that

Z N (3" +m"+ )" —m" +1)
7’'m’ 2]// + 1)(2]// + 3)

m/’'=—j"

= N(j" +1)exp (—e;jn/kgT) /2 (33)

The rotational levels of a diatomic are, to very high precision (see Sec. V.B of Chapter 3)
gj=Buj(j +1) = [Be — ac(v+1/2)]j(+1)

Thus, the pure rotational spectrum of a molecule consists of a number of lines at positions
2B,, 4B,, ..., 2(j” + 1)B, corresponding to the transitions 1 <— 0, 2« 1,..., j" +1 « j",
respectively. The relative intensities of these lines will be (j” + 1) exp[—j"(j" + 1) B, /ksT].
In calculating these intensities, it is convenient to remember that an energy in wavenumbers
can be converted to an equivalent thermal temperature by multiplication by 1.4388. In other

words

AE(J)/ [kp(J/K)T(K)] = AE(cm™) x 1.4388/T(K)

Consider the case of CO (B,—y = 1.9225 cm™!, see Tab. I) at a temperature of 200 K.
Figure 6 shows the simulated pure-rotational spectrum. In any experiment, the observed
lines will be broadened beyond an ideal stick spectrum, because of instrumental effects or

by Doppler broadening. To simulate a broadened spectrum, we can convolute each line with


http://www2.chem.umd.edu/groups/alexander/chem691/Chap3.pdf

22

2 T
)
>
T
v
/]\
I \/MVW\N
0 20 40 60 80 100 120
wavenumber

FIG. 6. Stick spectrum of the pure-rotational spectrum of CO(v = 0) at 7" = 200K. The spectral

assignment (initial and final rotational quantum numbers) is also shown. The red curve is the

simulation of spectral broadening, obtained by convoluting with a Gaussian function of 2 cm™!

FWHM, see Eq. (34).

a Gaussian function, namely

I(v) => (" + 1) exp (=g /kpT) exp [~ (v — vjuy)?] (34)

1!

J

Spectral broadening is usually described in terms of the full-width at half-maximum (FWHM)

of the lines. If we assume that the broadening is the same for all the rotational lines, then,
o =2/6? (35)

where ¢, is observed full width of the spectral lines at half max.

F. Vibration-Rotation Transitions

We consider now transitions between two different vibrational manifolds (v" # v”). Be-
cause of the vibrational selection rule, to a good approximation v = v” + 1. The coupling,
and hence the strength of the absorption, is now related not to the dipole moment at R = R,,
but to the first derivative of the dipole-moment function at R = R, as seen in Eq. (29).

Consider, specifically, transitions from a lower to a higher vibrational manifold (v = v” +1).
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There are two sets (or “branches”) of rotational transitions: those with j* = j”+1 and those
with j/ = j” — 1. These are called, respectively, the “R branch” and the “P branch”. The
energy gap is given by

Ap =eyy —epyr = we — 20" + Dweze + B1(j" + 1) (" +2) — Boj" (" + 1), j'=j"+1

= We — 2('UH + ]-)we'IE + Blj”(j” - 1) - BOj”(j” + 1)7 j, = j” —1 (36)

Here By = B. — . /2 and B; = B, —3a,/2. If one neglects the vibration-rotational coupling

term «,, then the R-branch lines start at the 1 <— 0 line at a transition energy of
Ap(1+0)=w. — 20" + 1wz, + 2B,

Then, exactly as in the case of the pure rotation transitions treated earlier in Sec. I E, the
lines originating in j” = 2,3, ... etc. appear at higher and higher energy, each separated by
2B,. For the P branch, the first line corresponds to 0 <— 1. The higher j lines then appear
at lower and lower energy, again each separated by 2B.. The intensities of the R-branch

lines are given by Eq. (26). The corresponding expression for the P-branch lines is

™ ' - 3(j”+m)(j”—m) 1/2
Y Yi0Yiry, sin©@dO = (=1)™™" 37
Yotk sinode = (1 o o
Problem 9 Similar to problem 8, write a Matlab script to show that
3" -1/ -1/
. 77+ m)()T —m o
E j\““]‘//,n’// <J ><J ) =N ] exp (—SJ‘///]{]_}T) /Z,z (38)

(25" =1)(25" +1)

m=—j"

Comparing Egs. (33) and (38), we that the the relative intensities of the R~ and P-branch
lines originating from level j” in the vibrational ground state is (j” + 1) : j”. Further, the
sum of the intensity of the R~ and P-branch lines originating from level j” in the vibrational
ground state is (25" + 1) exp (—¢;»/kpT). This is exactly the overall population (summed
over all the degenerate project states) associated with rotational level j” at temperature T.

For CO, Figure 7 displays the simulated spectrum for the v = 1 < 0 vibration-rotation
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transition in the ground electronic state of CO.

€ —=C
-

f
|

——0—lL

2120 2130 2140 2150 2160 2170

P branch

1900 1950 2000 2050 2100 2150 2200 2250
wavenumbers

FIG. 7. Infrared absorption spectrum of CO(v = 0) at 7' = 200K. The blue lines indicate the stick
spectrum, while the orange and green curves indicated the anticipated spectrum broadened by a
Gaussian instrument function with FWHM of, respectively, 3 and 6 cm™'. The spectral assignment
(initial and final rotational quantum numbers) is shown in the inset.

Problem 10 Examination of Fig. 7 and Eq. (36) reveals that there is a gap, which is called
the “band origin”, between the P- and R-branches, of width ~ 4B,. Show that the location
of the center of this gap corresponds to the energy of the vibrationless v = 0,;5" = 0 —

V' =1,§ =0.

We also observe that convolution can totally remove all structure in the spectrum, pro-
vided that the FWHM of the instrument function is greater than the spacing between the
vibration-rotation transitions. This is indicated by the thick green line in Fig. 7. Only the

broad envelopes of the P and R branches remain.

1. @ branches

For molecules in which the ground state has non-zero electronic orbital and/or spin elec-

tronic angular momentum, the rotational motion of the molecule is described not by spherical



25

harmonics but by more complex functions, called reduced rotation matrix elements.[2] In this
case the angular integration of Eq. (24) no longer vanishes when j" = j”. Thus, transitions

with j* = j” can occur. This is called the “Q branch”. The transition energy is
Q) _ " g1
AR’ =we — 200" + Dweze — g (5" + 1)

Since the constant «, is usually small, all the Q-branch lines tend to lie at the same energy.
In addition, the intensity of the Q-branch lines, if a Q-branch exists, are approximately
equal to the sum of P- and R-branch intensities. Figure 8 shows the CO spectrum with the
addition of a Q branch. This is only hypothetical, since the ground electronic state of CO

is 1+,

.

2000 2050 2100 2150 2200 2250
wavenumbers

FIG. 8. Simulated Infrared absorption spectrum of CO(v = 0) at 7' = 200K with the addition of
a hypothetical Q branch (red).

G. Electronic-Rotational-Vibrational Transitions

Consider a situation in which a molecule undergoes a transition from the ground electronic
state to an excited electronic state. Then the dipole moment vector which appears in Eq. (21)

is off-diagonal in the electronic state (k' # k"), so that Eq. (19) is replaced by

2w T 00
My = / / Y (O, ®)* Y (O, @) sin ©dOdP / Xo s DEFV(R)xyrindR  (39)
0 0 0
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where Dék,k//)(ﬁ) is the off-diagonal electronic transition dipole moment vector of Eq. (11).

This can be simplified, as in Eq. (21), to

My; IDf,kjk;: j,,/ / Y (O, ®)* cos O, (O, ®) sin ©dOdP (40)
where
WK ) )y ()
Dyt in = /0 Xorjt DEF I (R) Xy hd R (41)

Here, we have added electronic state indices to the vibrational wavefunctions, because these

will be associated with different electronic potential curves.

In the case of pure rotation or vibration-rotation transitions within a given electronic
state, the dipole-moment vector vanishes when the molecule is homonuclear. For electronic
transitions, the dipole moment vector will vanish when the symmetry of the initial and
final electronic wavefunctions is such that the off-diagonal matrix element of the electronic

component of the dipole moment operator

/ dqy / dgo / dgs .. / dan ¢4 (010205 - [ an] (014205 - -qv)  (42)

vanishes, where the integration is over all the electrons.

H. Selection Rules: Electronic Transitions

For diatomic molecules this imposes additional electronic selection rules, namely
AN=AN AN=+x1

In addition, because the dipole-moment operator does not involve the spin, the integral over
the electronic coordinates in Eq. (42) will vanish unless the total spin of the initial and final

electronic states is identical, in other words

SI — S//
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Finally, for homonuclear diatomic molecules, the expectation value of the dipole moment

operator vanishes between an electronic state or ¥~ and a state of ¥ symmetry, namely
DI Yoy
nor will transitions occur in which the g/u symmetry is unchanged

g g, uesu

For electronic transitions the rotational selection rules are identical to Eq. (25) for transi-
tions in which both electronic states are Y states and are thus cylindrically symmetric. For

other cases, a Q-branch (j' = 5”) will occur.

Vibrational selection rules will be imposed by the integral over R of Eq. (41). As we have
done before, we expand the transition dipole moment function D*'*)(R) in a power series,
and retain, initially, only the constant term

%
W R:RO(R—RO)+...
~ D**)(Ry) (43)

D(k/k//) (R) _ D(k/k//) (RO) +

Here the origin for the Taylor series expansion might be the arithmetic or geometric average
of the equilibrium bond distances (R.) in the electronic states k' and k”. We thus obtain
k' 1100 o0 k! k! 1107 o0 k! k!
DY, ~ DI (Ry) / VNS AR ~ DO (Ry) / W _dR (44)
The integral over R is just the overlap between the vibrational wavefunctions in the initial

and final electronic states. The intensity of the transition will then be proportional to the

square of this vibrational overlap, which is called a “Franck-Condon factor”.

Problem 11 The vibrational constant and the equilibrium internuclear separation in the

X?23T and AII electronic states of NJ are listed in Table II.

Use this information in writing a Matlab script to determine the 6 X 6 matrix of vibrational
o)


http://en.wikipedia.org/wiki/Franck-Condon_principle

28

overlaps in NJ

(A
<X1,-',J":0

VX
X,L.// J"'=0 >

for 0 < o',0v” <5.

TABLE II. Spectroscopic constants for the two lowest states of N;

State we (cm™1) R. (A)
AT 1903.7 1.1749
X2yF 2207.00 1.1164

I. Rotational Bands in Electronic Transitions

For an electronic transition, the energy gap is given by a straightforward extension of

Eq. (36), namely, for the R branch

AE‘ = gk/v/’j/:j//+1 — 5k”v”j”
=T®) —7®) L G (0 +1/2) — w0 +1/2) — wez) (v +1/2)?

e

twe (" +1/2)2 + B (" +1)(" +2) — BE 5" (7" + 1) (45)
and, for the P branch

AE = 5k/v/’j/:ju_1 — 5k”v”j”
=T*) —T®) L ) (0 +1/2) — WD (0" 4+ 1/2) — wezF) (v + 1/2)?

€ €

+wer® (0" +1/2)% + BY 3" (5" — 1) = BU (5" + 1) (46)

e

Here, the constant T, is the energy at the bottom of the potential curve for each state. For
the R branch, the rotational contribution to the energy is (skipping, for clarity, the electronic

state indices)

By (j" +2)(j" +1) = By j"(j" + 1) = (By — Bu) j"? + 3By — By) j" + 2By (47)
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Often the bond order is higher in the lower state, so that bond length will be smaller
(stronger bond) and, consequently, the rotational constant in the lower electronic state
(By,») will be larger. In this case, the rotational contribution to the energy gap will increase
as the initial rotational quantum number increases, but eventually, because of the quadratic
term in Eq. (47) go through a maximum and then decrease. This is called a “band head”.

For a typical diatomic radical, Table III lists the spectroscopic constants for the X2XF

and B2?YT states. Figure 9 shows the simulated stick spectrum for the v’ = 5 + v” = 0

TABLE III. Spectroscopic constants for the two lowest 2XT states of a model diatomic radical
(em™1).

State T. We WeLe ) B,
B>xT 25722 2163.9 20.2 5 1.7234
X2yt 0 2068.59 13.087 0 1.8997

band in the B?S+ < X2%+ transition of the this diatomic which occurs at ~ 2780 A(in the
near UV). The band head in the R branch is clearly visible. The right-hand panel of this
figure shows the effect of broadening, obtained by convolution with a Gaussian instrument
function of width 4 cm™ FWHM. The closely-spaced lines in the R branch are now no
longer resolvable, while st ructure in the P branch is still apparent, reflecting the sparser

pattern of lines in the P branch.

T=300K T=300K
ov=4 cm-1 FWHM

. . N . \
3.575 358 3585 3.59 3.595 3.6 3575 358 3585 359 3595 3.6

wavenumbers (x104) wavenumbers (x104)

FIG. 9. Simulated stick spectrum (left panel) of the v’ = 5 <~ v” = 0 band in the B2X+ <+ X?2%+

transition of the model diatomic . In the right panel appears the same spectrum but broadened

by convoluting with a Gaussian instrument function with FWHM of 4 cm~!.
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TABLE IV. Line positions.

Line position (cm™!) relative intensity
35958.8538 5.85
35964.0636 6.00
35968.9208 5.49
35973.4253 4.25
35977.5773 2.34
35984.8235 2.46
35987.9177 4.69
35990.6594 6.37
35993.0484 7.32
35995.0848 7.50

Problem 12 The lower R- and P-branch lines of an unknown diatomic molecule are listed
in Tab. IV, along with the relative intensities of the individual lines. Plot the stick
spectrum. Indicate on your plot the rotational assignment of each line (j' <— j”). Determine
the rotational constants for the upper and lower state: B’ and B”. Finally, determine the
temperature of the gas. Hint: Remember from Eqgs. (33) and (38) that the relative intensities

of a P and R branch lines originating from rotational level j” are 57 : (77 + 1).

[1] Note that this is 47/c times the more usual expression for the “spectral radiance”. The latter
is a flux: energy per sterradian per second. Since there are 47 Sr on the surface of a sphere and
since all photons within a distance ¢ will reach the surface in 1 s, by multiplying the spectral
radiance by 47 and dividing by ¢, we will obtain the energy density, in units of Jm ™3 [see, also,
the discussion following Eq. (7)].

[2] For light in which the electric field precesses around the direction of propagation — called
circularly polarized light — the selection rule is Am = +1.

[3] A. R. Edmonds, Angular Momentum in Quantum Mechanics, 2nd edition, third printing
(Princeton University Press, Princeton, 1974).

[4] In reality, the dipole moment of a molecule in vibration-rotation state vj is the average, over the
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vibrational wavefunction x,;(R), of the dipole moment function. In practice, this expectation

value differs very little from D®)(R,).
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