Fundamentals of Vibronic Spectroscopy 166

CHAPTER 5

Vibronic Spectroscopy

5.1 Absorption Spectra with Vibrational Structure

We can now use the vibronic states, which approximate energy eigenstates of the full
molecular Hamiltonian, to obtain expressions for absorption, emission, and other processes that
contain the vibrational structure.

The probability amplitude for absorption was found to be
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where the states | f > and |z> in the equation are the exact molecular energy eigenstates.

However, instead of the exact molecular eigenstates, we will use our first-order approximate
vibronic states obtained in the last chapter. These are not the crude Born-Oppenheimer product

states, lv>|17>, which are our 0™ order molecular stationary states. Instead we will use the

stationary states |Z> that are to first order given by
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+ high order perturbation terms and high order Taylor series expansion terms,

We will assume that at time #;, the molecular system is prepared in a crude Born-
Oppenheimer state |i>:|g>|\7>, this state will evolve to the state ‘i (to )>, at which point the

interaction with the field is turned on, as described at the end of Chapter 4, giving the ground

state analog of |/)
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Actually, to substitute into the expression for the U-matrix, we will need <lvﬁ | not |lvﬁ>,

obtained by taking the adjoint, to give
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Substituting these expressions for the initial and final states |g\7> and |lvii> into the
expression for the absorption probability amplitude, we have
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Neglecting the last term of the vibronic states, substitution will give four terms, and we will
neglect the fourth term that is the product of the second terms of the state expansions (term with

factors like <W|Qk| >< |Qk| >) Thus, we obtain
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The final state |IVL7> at time ¢ can be a different vibrational level of the electronic ground state

(infrared) or an excited electronic state (optical, NIR).

ja>|vT/> by <lv ‘éi-ﬁ ja><ﬁ|fv>. However, the

dipole operator is defined by ﬁEZZaeFa, where « includes all charged particles of the

Here, we have approximated <ﬁ |<lv ‘éi 1

molecule (electrons and nuclei), thus, we have ignored the nuclear coordinate dependence of i .
In this case, nuclear coordinate dependence will come entirely through the Q, -dependence of

the energy eigenstates. This is reasonable for optical frequencies of light since the field
primarily interacts with the light electrons, but not the heavy and shielded nuclei. On the other
hand for IR absorption, this approximation is not sufficient and we must keep the explicit nuclear
coordinate dependence of 1.

Each state absorbs independently of the other states, thus, the probability of absorption to
all molecular states is

P(ho,)=

1%

Because the matrix elements like <ﬁ | \7> and <W|Qk|\7> vanish for most cases, only a few terms of
the U-matrix survive since <ﬁ|\7>=5m and <VV|QK|\7>=O, unless w, =v, +1 or v, -1 and

w, =v, V L#K . Inthecase of w, =v, +1,

(0,7 =[ G ]

210

and for w, =v, -1,
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210
Thus, the matrix elements of the time evolution operator for vanish for most final vibrational

states.

(1) First, consider the case when # =v and / is an electronic excited state; this is called
the pure electronic or 0-0 transition. In this case, we have
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where the second and third terms vanish because
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vanishes, and similarly,
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which gives the final expression,
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(3) The only other case in which an element of U survives is when the final vibrational
state is |11> :|vl,---,vL_1,vL —1,"',V3N_6| :|vL —1> . In this case, we have
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and finally we obtain for the last case,
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Before we examine what these three expressions say about the vibrational structure in
electronic absorption spectra, let’s make one additional simplification. At absolute zero

temperature, only the lowest lying vibrational state will be populated, i.e., 17> =‘()>, and under

these conditions the three expressions become
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and for the third case
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We now use these three expressions to evaluate vibronic effects on optical absorption
spectra. First, we will look at the 0°K approximation. Then we evaluate what the expression for
case (3), which vanishes in the 0°K approximation, says about absorption spectra in cases where
the temperature is not zero.

When absorption is to an excited electronic state |lv>, one absorption band, given by

U l’:%jglénﬁ , peaks at E,O —Eg =hwo,, that is, when the exciting frequency matches the purely
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electronic transition energy. The intensity at this peak is determined by the transition dipole

matrix element, <1V et [1‘ g> , the incident intensity 7, =n/%ew, , and the other factors in front of

the sum. Foran 4, ground state |g> , it 1s sufficient for |lv> to transform as x, y, or z so that the
dipole matrix element does not necessarily vanish. (In our D,, molecular symmetry example,

that would be either an £, or an 4, state.)

We get additional vibronic peaks as determined by U, ,’ﬁ;’lg"f . The peaks occur when the

frequency of the incident light is 7%, =E£ —E§+hQL. This is when the light energy

corresponds to the electronic energy level separation plus the energy of the vibrational quantum
for the L™ normal mode. The intensity of this vibrational side band depends on the dipole matrix
element as does the 0-0 absorption band. However, the intensity of the 0-1 absorption band also
depends on the magnitude of the vibronic coupling matrix elements,

([2)k)

Absorption processes are independent events so the spectrum is just the sum of all of the peaks,
ie.,
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(See equations (11) and (12) in J. Chem. Phys. 1981, 74, 6644.)
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Figure 5.1. Vibronic structure in absorption spectra.
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Thus, in this case the absorption spectrum, which is proportional to the probability of
absorption, is composed of the 0-0 transition for each electronic state and a vibrational satellite
band composed of the 0-1 absorption from each of the allowed normal coordinates. The normal
coordinates that contribute to the spectrum is determined by the symmetry properties of the
vibronic coupling matrix elements. In particular, the totally symmetric representation must
belong to I', xI', xI', if the coupling matrix above is to be nonzero.

5.2 Intensity Borrowing in Absorption Spectra

Ignoring the 7-dependent factors, the intensity of the 0-0 absorption band is
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Clearly, the term of the sum with j, =/, will dominate, since it is included in the sum and the
denominator gets very small (— A€, for exact resonance). For electronic absorption, the energy

denominator of the second term in the numerator is large, since
0 0 0 0
E, —E +nQ, >E, —E, >>nCQ, .

Thus, we can neglect the second term in this case, and we have
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Figure 5.2.  Typical metal porphyrin
absorption spectrum illustrating the observed
vibronic structure for the Q transition. The
intensity of the vibrational side band is partly a
consequence of intensity borrowing from the
strong B transition.

Usually, the largest term will be from vibronic
coupling within an electronic state lv>, i.e., the

term for which j, =1, since this allows the

denominator to get as small as /€Y, . However,
nearby electronic states for  which
E} —E) =~hQ, can also give a large
contribution. Moreover, even if an electronic
state | ja> is farther away in energy (i.e.,

174
B(0-0)
0(0-0)
BV
Q,
g \ |
hv, 400 nm 550 nm
~ | B0 <100
Bl1, Bl ol 01y

EA?a —El? > hQ, ) vibronic coupling to | ja> will contribute if its transition dipole < J, ‘é}‘ . ﬁ‘ g> is

large enough to make up for the large denominator. When this occurs, it is called infensity

borrowing.

The UV-visible absorption spectra of metalloporphyrins, illustrated in Figure 6.2, provide
a good example of intensity borrowing. Part of the intensity in Q, -band is due to vibronic

coupling among the Q. and Q, components of the doubly degenerate E, state (D, molecular

symmetry), i.e.,

ja :lv :Qx’Qy

e

through matrix elements such as

OoH'
00,

)

(G=Q; a=xy),

)

Another part of the intensity is a result of coupling of the Q states to the B, and B, states,
e, j,=B,B and [ =0 0 by matrix elements like
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Even though the separation between the O and B states is large (~7000 cm™) compared to
fundamental frequencies (~1500 cm™), the large extinction coefficient of B still allows it to
contribute on par with the inter-Q state coupling.

We now consider the situation in which the temperature is not zero. In this case, the
expressions determining the absorbance become
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where in omitting the “non-resonant” terms in the sums, we have assume all electronic excited
states are far from the ground state. And, finally, we have
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where we again have assumed E —E, >>0 forall | j,).
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Now let’s look at the difference between the 0° K approximation and the 7> 0 K result.
There are three main points.

(a) The /v <— gv transition (case (1) above), called the 0-0 transition, again gives a peak at the
purely electronic transition ke, = E; —E, .
(b) We also get a peak at [ v, +1<« gv,, where o, = E,(: —E;) +hQ, from case (2) above.

(c) Case (3) now gives us new peaks at /,v, —1<— gv, or where ho, = E, —E, —hQ, .

Thus, at 7> 0, the absorption should look like the illustration in Figure 6.3. However, one must
keep in mind that the presence of the third-term resonance requires that a vibrational state of the
electronic ground state be excited (i.e., population of the L™ vibrational mode, v; > 0) or else this
term vanishes. The Boltzmann factor, e "4 /8T Jetermines the number of molecules with the
first excited state of the L™ mode populated and only vibrational modes with 7<) , = k,T will be
significantly populated. At room temperature, KgT ~ 200 cm”. Fundamentals of molecular
vibration are usually in the range from 100 cm™ - 3000 cm™, so most normal modes will not be
significantly populated at room temperature (T = 300° K). Thus, the spectrum will be effected
only by the low frequency normal modes, 7#Q, ~200 cm™'. At higher temperature, the effect

might be larger, but will still be somewhat obscured by line broadening.

UV-visible Third term adds R
intensity here.
0-0 0-0
T
L J0 10 g0
Jodi Jalk Ll 1k gly glk
E

Figure 5.3.  Effect of the third term contributions in the vibronic absorption spectra at T > 0.
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5.3  Infrared Absorption Spectra
For infrared absorption, the final state is the ground electronic state (|lv> = | g>) , thus we

have for the transition in which no vibrational modes are excited.
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This (6—6) term vanishes for a totally symmetric ground state because of the symmetry

properties of the dipole matrix element.

For excitation of one quantum of the L™ normal mode, we have
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If there are no low-lying excited electronic states, then the sum might be approximated by just
one term, ja> = | g> , and
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Thus, to have IR absorption in this approximation we cannot neglect all the excited states. So we
are left with only
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Now, writing out the time-dependent factors, we have
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This is the equation that describes the amplitude for absorption of one IR photon resulting
in excitation of the L™ normal mode. The factor,

o,

(1- etk

b

hQ, —ho,

gives conservation of energy. Peaks will occur at photon energies @, equal to the energy of the
L™ normal mode.

(/.

symmetries for which

The intensity factor says that intermediate electronic states that are dipole allowed, i.e.,

et ﬁ‘g>¢ 0, contribute to the IR absorption in the ground state for modes, L, with

(i)
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does not vanish. Furthermore,

aQL 0
has the symmetry of Q; in electronic space, thus the irreducible representation to which QO

belongs is the same as that of the electronic dipole, i.e., the representations to which x, y, and z
belong.

For example, assuming | g> is totally symmetric, the matrix element < ja‘” . ﬁ‘ g> will

not vanish if | ja> transforms like x, y, or z. (In Day, these are E, and Ay,.) If | ja> transform like

OH'
aQL 0

crossed with I', - will contain Ay, Thatis, 4, cI' ®I', =TI, =I' , where o =x,y,z. (In

X, y, or z, then < Iy g> requires that the normal mode be of a symmetry I', that when

D, x and y transform like £, and E, ® E, contains 4,,, therefore, £, modes will be IR active.

Further, z transforms like 42, and 4,, ® 4,, = 4,,, so A,, modes will also be IR active.

1g?°

We must remember that we assumed that the electric dipole had no explicit dependence
on the nuclear coordinates in the above discussion. This is not the case, for infrared light
frequencies. Therefore, we have obtained only a part of the infrared intensities. The other part is
obtained by expanding the dipole matrix element in a Taylor series in the normal coordinates,
ie.,

Y
él,/j:él,[lo _l_Z[M] QK + ...,
0

k| 00«

This procedure gives matrix elements that are linear in the O, such as

sl )= o)+ 20 2552 bt .

T

These new terms add to similar terms in the expansion of the vibronic wave functions to give the
total infrared absorbance. However, the essential features as described above are unaltered.

5.4  Vibrational Raman Scattering Tensor

For Raman scattering the transition probability amplitude is given by
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where ( Brig )Up is the scattering tensor defined as
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We can get approximate expressions for f3, . . using our first-order approximate vibronic states,
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D D e

with similar expressions for |ZVI/7> and | g\7>

For vibrational Rayleigh and Raman transitions in the ground electronic state, we are
interested in the case where the final state |lvﬁ > 1S | g\7> , thus,
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These expressions comprise the Heisenberg-Dirac equation. The two terms (linear and quadratic
in the O;) in the approximate vibronic states, when substituted into the four appearances of the
vibronic states in £, ; ., gives 16 terms for each of the two terms in £, ; ;-
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5.5  Rayleigh Scattering

The lowest order term 1is
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This is the Rayleigh scattering term, which describes elastic scattering of photons since no
vibrational quanta of the molecule are excited at zeroth order. Remember that the scattering
tensor is an intensity factor; the peaks still occur when

E

i~ Egy=ho,—hw,=0,

since u# =V and thus the peak occurs when the incident laser frequency is equal to the scattered
photon frequency. (The line width will be narrow because both molecular state energies are for
the ground state.)

Rayleigh scattering will be intense compared to the Raman intensities because the zeroth
order states are involved. That is, there are no vibronic coupling matrix elements appearing in
the expression with the associated small constant factor. The intensity of the Rayleigh scattering
term is partially determined by the energy denominators of the scattering tensor. Resonance
Rayleigh scattering will occur when the laser frequency, Za®, , is equal to an electronic transition

E ? —Eg in the first resonant term of the scattering tensor. (This resonance will be broad since

an excited electronic state is involved.) As above for infrared and UV-visible-NIR absorption,
we have used the approximation that the electric dipole depends only on the electronic
coordinates, not the nuclear coordinates. In most cases this approximation is valid since laser
frequency is large compared to vibrational frequencies of the molecule.

5.6  Stokes Raman Scattering

Of the remaining 30 terms we will omit those that are quadratic or higher order in Qx and
0y, i.e., we will retain only linear terms in Q;. There are four such terms for each of the two
terms in the expression for £, and they will allow u to differ from v in only one quantum in

the K™ mode.

i,gv o
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The case for which |L7> =|vK +1> is called Stokes scattering, and the expression for the

scattering tensor is
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Let’s assume that vibronic coupling between the ground state and all excited electronic states can
2 (eln

be neglected, i.e., E] >>E,, V j, and
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which is essentially Equation (13) in J. Chem Phys. 1981, 74, 6644.

Now, let’s examine the equation above to see what we can expect for Raman
spectroscopy. Remember again, that ﬂél,lﬂ—l;gv,( is the intensity (amplitude) factor, the energy
conservation factor says that the peaks will occur at

0 0
E,-E;=E,-E, +1Q, =nQ, =ho, —ho,

gu &v g

Thus, the peaks will occur when the difference in the laser frequency and the emitted light
frequency is equal to the fundamental frequency of a normal mode.



Fundamentals of Vibronic Spectroscopy 184

The intensity of the peak in the Raman spectrum depends on the scattering tensor. The
Raman scattering will be less intense than the Rayleigh scattering because of the factor

1/2
]
2u,QK |’
which comes in with the vibronic coupling matrix element. In addition, the energy denominator
in the second term of ,[7’(1) say that there will be a peak in the intensity when

0 0 _
E, -E, =ha,,

i.e., at the purely electronic transition energy for the excited state. Another maximum will occur
when the resonance condition for the first term is met, that is at

0 0
E, —E, +1hQ, =ho,.
Thus, we obtain two peaks in the intensity of a Raman line as the exciting laser frequency is

tuned through an electronic transition. And, this will occur for each electronic transition that is
electric dipole allowed as illustrated in Figure 5.4.

0-1
0-0 0-0
0-1
L™ Mode Profile
0-1 0-0
0-0 0-1
K™ Mode Profile
NI
L JdD S 210 < 80
Jolo Jalk L1 1l gl, gl
) E

Figure 5.4. Raman excitation profiles showing resonances in the intensities of two Raman
lines.
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5.7 Interference Effects and Intensity Borrowing in Resonance Raman Spectra

Remember also that ( ﬂgK . gvK) must be squared to get the intensity, thus, cross terms
o ),

between the 0-0 and 0-1 resonant terms also contribute to the intensity. These cross terms
primarily act to raise or lower the intensity between the two peaks in the excitation profiles of the
Raman lines (intensity as a function of laser frequency), depending on the relative sign between
the two terms. A plus sign gives constructive interference; a minus sign gives destructive
interference.

Constructive

Destructive

ly., < = lyo

Figure 5.5. Raman excitation profiles with destructive interference (pink) and constructive
interference (green).

We can also have intensity borrowing effects in the Raman excitation profiles just as we
did in absorption spectra. This occurs because more than one state n, may lead to a significant

contribution to the numerators of the 0-0 and 0-1 resonant terms of ,B(l). To see the effect of

intensity borrowing, we first consider the relative intensities of the 0-0 and 0-1 peaks when only
one state contributes, /=n, = j,. Then
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Thus, the two maxima in the excitation profile of the /-band will be equal in intensity. In
addition, the interference will be destructive, assuming / non-degenerate.

Now, consider the effect on the profile of the / state, when another allowed electronic
state, say |m> , 1s nearby. In this case,

(IB(I) ) __ M 1/2
VKK [ op 2:uKQK

{2

(e 2)

ka,vk+ OH' fva’VKJr
Vi e ) el

E’ —E,+hQy —ho,
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7 aQK 0

l> ﬁv,( Jvg +1 ]
1,

’ va,va+
l>+<g|Pg|m> Elo _IEO _;le <m

+
E) —E] -ho,

+ 2 m-state resonance terms.
The factor in parenthesis in the numerator of the two terms now gives unequal intensities at the
0-0 and 0-1 resonances. This is because the first term in the parenthesis adds in one case and

subtracts in the other depending on the sign.

Summarizing, the Raman excitation profiles of the /-state with
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lo.1 < lyg

(1) one contributing state, or

ly lyg

<
E

(2) two contributing states. In the latter case, we could similarly evaluate the Raman intensities
in the region of the m-state.
5.8  Anti-Stokes Raman Scattering

Anti-Stokes Raman scattering is the name given to the case for which the final vibrational
state is |L7 > = | Ve — 1> . From the earlier expression for the scattering tensor for this case, we have
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Neglecting coupling with the ground state, we get
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Examining the tensor for anti-Stokes scattering, we see that peaks occur where

E,.—-E_.=E,—E,—hQ; =-hQ, =ho, —hao,.
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That is, peaks occur where the scattered photon energy %, is higher by the energy of one

quantum in the K™ mode than the incident (laser) photon energy 7w, .

Now, taking both Stokes and Anti-Stokes Scattering into consideration a Raman
spectrum looks like:

Rayleigh line
Anti-Stokes scattering Stokes scattering
] ] ] ] ]
ha, +hQ, ha, + 7€y, hao, ha, —hQ, ha, —hQ,

Figure 5.6.  Stokes and anti-Stokes Raman scattering and Rayleigh scattering for incident
laser light energy of Zw, for two vibrational modes with angular frequencies of

hQ), and 7Q, .

The anti-Stokes line intensities are weighted by the Boltzmann factor since an excited vibrational

level is necessarily the initial state |\7> This can be seen from the intensity (amplitude) factor
ﬂ(l) (note ( ﬂ(l) ) =0, if v, =0for anti-stokes scattering, but #0, for v, =0 for stokes

v, —1,gv,
8V —1,8Vk P

scattering.)

Now, let’s look into the intensities of the anti-Stokes lines. First, the maximum in the
intensity of the anti-Stokes Raman lines occurs at

0 0
E® —E’~hQ,

ho, = P
Ja g

Figure 5.7.  Intensity of two Raman lines as a function of incident laser frequency hw, .
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As for the Stokes scattering, the intensities of the 0-0 and 0-1 maxima are equal and the
interference is destructive, because the numerators of the two terms are equal, but have opposite
signs.

If, two states, / and m, contribute in the sums over j_ and n,, then
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where, this time, we have retained the m-resonant terms. Thus, we have all four resonances, two
0-0 resonances (one for each electronic state) and two 0-1 resonances at one vibrational quantum
below the 0-0 transition energy. In addition, the relative sign between the two terms in the
numerator reverses for the 0-0 and 0-1 resonances for / and m electronic states.

To see the effect of the denominators of the terms in the numerator, let’s assume

(g

F,

1)=(glB|1)=(g|Eilm)={g|P,|m) =21

and also assume
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i.e., m is higher in energy than /. Then, the scattering tensor becomes

1 1 I I
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Although the cross terms in the square play a role in the intensity at the resonances, the
intensities at the peaks for the K™ mode are roughly proportion to the square of the numerator for
each resonance. The numerators except for the sign have one of two forms,

a= ! + ! >
nQ,  A+hQ,

and

1
nQ, A-nQ,

>0,

Also notice that @ >b. An approximate representation of the intensities and interference effects
for this case are illustrated in Figure 5.X.

This kind of behavior can occur when the molecule has symmetry, because symmetry makes
many of the matrix elements, such as M and H, related to each other. (Remember also that the
anti-Stokes intensities are related to the Stokes profiles by the Boltzmann populations of the
vibrational levels. This influence is not included in the above discussion, but must be taken into
account.)

Similar Raman excitation profile behavior has been observe for the Stokes profiles for
symmetrical molecules like the metalloporphyrins.
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59 Overtones and Combination Line Raman Intensities

To obtain the intensities of overtones and combination lines in Raman spectra, we must
go back to the original expression for the vibronic state and include the quadratic terms, i.e.,

| o) 1 ) eled)
15) = 7 - EE A A )i
"7(65K5QLJ \710:0./7)
222 £ F, )17
which we will now write as
RS »»> 8 'QM\ SRyt
E w Lk E .-E,

where
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n, (OQKOQLJO Sx k.|J

The prime in the latter is a reminder that the diagonal elements represent the change in the force
constant. In addition, when substituting these states into the expression for the scattering tensor,
we must keep all terms up to quadratic terms in Ox and Q;. Thus, we must retain all of the
constant and linear terms written so far for the scattering tensor, and we must add to these the
quadratic terms. The quadratic terms come both from the quadratic terms in the expansion of the
vibronic states and the bilinear products of the linear terms.

This is a lot of terms! However, we can simplify as before by neglecting the terms
coming from expansion of the ground vibronic states (coupling to the ground state). In addition,

let’s restrict ourselves to overtones for the time being.

For Stokes scattering, we need
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This term is only the term resulting from the linear term of the vibronic states. We must
also have the terms coming from the quadratic term of the vibronic states. There are two of
these,
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Now consider scattering from only one contributing electronic state | ja>. We have
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Figure 5.8.



Fundamentals of Vibronic Spectroscopy 196

Figure 5.9.
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5.10 Non-resonance Raman Scattering

5.11 Multi-mode Phenomena



