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Abstract: The resonance Raman scattering tensor is developed and discussed. We contrast the resonance conditions that result
in the enhancement of combinations and overtones of nontotally symmetric modes with those for the corresponding Raman
fundamentals. By assuming a simplified model in the description of the resonant adiabatic state we are able to discuss the sym-
metry of the scattering tensor based on equilibrium molecular configurations. Within the framework of this model we show
by symmetry that in certain commonly encountered limits, the resonance enhancement of antisymmetric combinations is very
small whereas for others (equally allowed by rigorous symmetry rules) the enhancement is large and can be predicted from the
intensities of the corresponding Raman fundamentals. Similar arguments are applied to the analysis of resonance Raman scat-
tering involving Jahn-Teller active modes. Dispersion and interference effects are also considered in relation to the Raman ex-
citation profile of nontotally symmetric vibrations. Finally we illustrate with results from ferrocytochrome-¢ how these princi-
ples can provide the information to make new vibrational assignments.

L. Introduction

With the increasing availability of powerful CW dye lasers
it has become more feasible to record high resolution resonance
Raman (RR) excitation profiles over rather extensive ab-
sorption regions. To exploit the informational content from
such data it is necessary to incorporate a number of general
principles governing resonance enhancements. Raman exci-
tation profiles arising from resonances with strongly allowed
transitions that display Franck-Condon progressions of totally
symmetric modes are presently receiving considerable theo-
retical attention.® However, the principles for the Raman ex-
citation of nontotally symmetric modes are not so thoroughly

documented even though some of the essential points can be
found in the literature.*> Many of these principles are those
that have been used by spectroscopists in relation to molecular
fluorescence and hot band absorption spectroscopy. Although
single vibronic level fluorescence and resonance Raman scat-
tering are very nearly the same process, important differences
both theoretical®-19 and practical”!! do exist.

In single level fluorescence the contribution of the off-res-
onance molecular states is in general negligible compared with
that of the resonant fluorescent quasi-stationary state. Mo-
lecular states not on resonance contribute primarily for the
duration of the exciting pulse which in fluorescence decay
experiments is generally much shorter than the fluorescence
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lifetime, or for the coherence time of the photons in a CW
experiment. In practice it is only the resonant fluorescent state
(or states) that is exposed by studies of spectra and lifetimes.
The coherent superposition of molecular states that gives rise
to observable resonance Raman will often contain a dominant
resonant term but the off-resonance contributions do manifest
themselves in the Raman excitation profiles!?-!5 and in the
energy dispersion of the Raman depolarization ratio.!5-17 The
latter is an experimental quantity that results from both the
coherence between the incident and Raman scattered photons
and the temporal features of the resonance scattering event.
Experimentally these off-resonance contributions are appre-
ciable only if the energetically sharp Raman generating exci-
tation is scanned through the energy region of the resonance.
For the case where there is a dominant resonant contribution
to the Raman scattering the selection rules governing the flu-
orescence and the Raman processes are very nearly identical,
the difference between them being that the lifetime of the
resonant molecular state (due to radiative and nonradiative
effects) does not appear in a simple manner as broadening of
the Raman spectra.’?®

It is the purpose of this paper to describe those principles and
selection rules that govern the appearance in the RR spectra
of the various harmonics of nontotally symmetric vibrational
modes. As implied by the preceding discussion some of these
principles are no different from those known for single vibronic
level fluorescence while others are inherent to Raman-like
transitions.

I1. Scattering on to Combination and Overtone Bands

In this paper we examine the conditions under which there
is resonance enhancement of Stokes Raman transitions to the
higher harmonics (i.e., combinations and overtones) of ground
state modes that correspond to Franck-Condon inactive or
vibronically induced excited state modes. In addition we il-
lustrate with results from ferrocytochrome-c how the higher
harmonics can provide information necessary to make here-
tofore unmade symmetry assignments.

(1) The Resonance Raman Amplitude. We consider resonance
with just one electronic state i, whose vibronic levels |i, /) can
undergo radiative transitions to one other electronic state,
usually, but not necessarily, the ground state g with vibronic
levels |g; n,~). The remaining levels assume the role of a
quasi-continuum providing nonradiative decay channels for
the relevant levels of |} (i.e., we do not consider the so called
intermediate coupling case). It has been shown rigorously’ that
for the case under consideration when monochromatic exci-
tation is employed (or if ¥in, > Yphoton) the contribution to
the |g; 0) — |g: n,~) Stokes Raman amplitude from a reso-
nance with given vibronic level |i; n,/) is given by:

Ay = T glei-rlizny)(nyiilei - g 0) D

e e(i:ny) = &+ (i/2)7in,

where 7, refers to the occupation number (number of quanta
excited) for the »th mode. ¢(i; n,) is the stationary energy of
the vibronic state|i; 7,), € is 4 times the peak frequency of the
incident light pulse, and vi,, is the homogeneous half-width
(y = /1) of the vibronic level |i; n, ). The products of electric
dipole matrix elements in eq 1 combine into the elements of the
Raman amplitude scattering tensor, and in general they
transform like a reducible representation of the symmetry point
group of the molecule defined by some equilibrium nuclear
configuration. In Albrecht’s earlier treatment* of Raman
scattering the Herzberg-Teller expansions were substituted
into the Raman amplitude expression. In order to be able to
use symmetry arguments it is convenient to consider the elec-
tronic part of the vibronic state as a superposition of basis
electronic states |i%) having energy ¢;° all defined at a fixed

nuclear configuration, the nuclear positional dependence of
the adiabatic electronic state being in the expansion coeffi-
cients. It should be reemphasized® that these basis states
cannot be resonant states in a normal experiment. They do not
represent distinguishable states as far as normal light pulses
are concerned.'®7 In cases where this so-called Herzberg-
Teller expansion is most useful, the ground and excited state
geometries should not differ substantially and the expansion
coefficients should be small. This latter restriction is achieved
by excluding high-amplitude vibrations. We will consider a
simplified expansion for the electronic states that involves
linear nuclear normal mode (R,) vibronic coupling between
only three fixed nucleus electronic states:

[i) = [i% + X [Ca(i99)/0) + Ca(iQEO)NKO)]  (2)

We will further assume the electric dipole transition moments
to satisfy ug; >> ugi and that the actual|j),|i), and | k) vibra-
tional manifolds lie in quite different spectral regions such that
isolated resonance conditions can be obtained. Normal modes
of interest, labeled o, mix two equilibrium states to an extent
determined by the magnitude of the linear vibronic coupling
coefficients C,(i9°). Ground state mixing is not considered
explicitly.

Substitution of (2) into (1) results in the prediction that for
the case ug,-o = 0 there are no resonance contributions from the
0-0 band (|i; 0) «<—|g; 0)) to the Raman scattering involving
either the fundamentals or the combinations of the & modes.
Resonance with the 0-1 transitions (Ji; 1,) <—|g; 0)), however,
results in enhancements of the combinations of o modes (e.g.,
|g; lala)). In the case ug® > O resonance with the 0-0 can
result in enhancements of the a-mode fundamentals (|g; 1)
<—|g;0)) but not the higher harmonics.! When the resonance
is with the 0-1 of a particular o« mode then both the funda-
mental and combinations of the corresponding ground state
mode are enhanced in the Raman spectra. It should be noted
that one-to-one correspondence between excited and ground
state & modes may not be evident if there is a significant Du-
chinsky effect.!19.20

The mechanism for the resonance enhancement of the
fundamental differs from that of the combinations and over-
tones in that the former involves a contribution from both the
[i%) and |j°) component of the resonant state |/ ) whereas the
combinations and overtones (n’ = 2) occur exclusively through
the %) component. The ratio of the 0-1 resonance Raman
intensity for the fundamental of a mode « to that for a com-
bination of this mode with a mode «’ is in most cases given
approximately by the ratio of the 0-0 to 0-1, absorption in-
tensity. (We are of course assuming that all modes are har-
monic.)

(2) Symmetry Considerations for Combinations. As men-
tioned earlier the product of electric dipole matrix elements
defines part of the second rank Raman scattering tensor for
the transition. The group theoretical direct product of the
coordinate representations for the two dipole moments is in
gencral a reducible representation of the point group defined
by the symmetry of the equilibrium configuration of the mol-
ecule. For example, if the representation for the x, y electric
dipole moment components u(x), u(y) is degenerate then the
direct square of the coordinate representation will reduce to
the sum of three symmetric and one antisymmetric direct
product irreducible representations. The Raman scattering
amplitude tensor having symmetry I'(g; 0) ® I'(g; n,) can in
general be expressed as the sum of three tensors: the isotropic
or trace scattering tensor, the symmetric tensor, and the an-
tisymmetric tensor. The latter two describe contributions to
the Raman transition that behave like electric quadrupole and
magnetic dipole (axial vector) transitions, respectively. The
Raman transition probability consists of the square of the sum
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of these contributing tensors. Only one factor occurs for each
choice of initial and final states. The various tensor components
that can exist for various symmetry groups have been sum-
marized most recently by McClain,2!

We will consider Raman transitions involving two quanta
of nontotally symmetric modes (|g; 2, «—|g; 0) are overtones;
[g; lalw) < |g; 0) are combinations) in molecules having
sufficiently high symmetry that the Raman transition proba-
bility can be simplified by group theory. The resonant states
are assumed to be electronic states that are effectively de-
generate in a first approximation since this case brings out
many of the more interesting and immediately relevant fea-
tures of RR scattering involving combinations and overtones
of nontotally symmetric modes. Attention will be focused upon
those Raman transitions whose Raman tensors are primarily
antisymmetric. Antisymmetric vibrational scattering, which
has only recently been observed,?2 involves a directional 90°
rotation of the plane polarization of the incident radiation. For
this to occur electric dipole allowed electronic configurations
must be made accessible over the range of the molecular dis-
tortion.

When the resonant adiabatic electronic state is degenerate
then the Raman scattering tensor for combinations and over-
tones of nontotally symmetric modes can have contributions
from each of the tensor components isotropic, symmetric, and
antisymmetric. The contribution of the antisymmetric part
manifests itself in a value of the depolarization ratio greater
than % which tends to infinity as the other two tensor compo-
nents go to zero. A further analysis in terms of nuclear coor-
dinate fixed electronic states that compose the resonant adia-
batic electronic state can provide information about the relative
magnitudes of the contributing tensor types on the basis of
symmetry.

For example, if the resonant adiabatic electronic state
transforms according to the E representation of the D4 point
group, we can write it as a superposition of degenerate equi-
librium electronic states vibronically mixed by normal modes
(R.) having symmetry species EQ E=2a, & b; & by @ a,:

|Eia) = |E%) + Zb'ca(Eoialonb)lonb) (3)
abj

where £y, is the ath component of the ith degenerate (E) state
and ona is the electronic wave function at the equilibrium
symmetry.

There are three cases of higher harmonic scattering that we
consider: (a) Stokes scattering involving combinations of modes
that mix the ith state with exclusively one E state from the sum,
say the jth. (b) Stokes scattering involving combinations of
modes one of which mixes E states / and j and the other mixes
i with k. (c) Anti-Stokes scattering in the Stokes region.

The first two cases involve combinations of those ground
electronic state modes that correspond to the modes that are
vibronically active in mixing degenerate equilibrium states.
For a molecule having D4 symmetry those vibronically active
modes have symmetry a;, as, and b (by, by). Thus the Raman
scattering tensor for the transition|g; l,14) < [g; 0) can be
isotropic, symmetric, or antisymmetric depending on whether
the direct product of the component modes transforms as the
a1, b(by or by), or a; representations, respectively. (Note that
for the equilibrium states the vibronic symmetry is the product
of an electronic and vibrational part.) As discussed in section
I1.1 the combinational scattering for these modes is enhanced
by resonances with their 0-1 transitions and the incident and
scattered radiation electric dipoles couple to the resonant ad-
iabatic state via the vibronically mixed in nuclear coordinate
fixed electronic states E9; or E%. When the two modes of the
combination vibronically couple E9;, to the same equilibrium
basis state (case a) then the scattering tensors will be propor-
tional to a linear combination of products of matrix elements
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for electric dipole transitions between the ground electronic
state and the one mixed in state. More generally for this case
the components of the amplitude factor A can be developed as:

(g; qeralEic-' la) (Eic-' 1a|€’b|g; lala’)
Agp = 4
=2 e(ic; 1) — hw + i(7/2) )

Substitution of (3) into (4) and collecting terms using the
case (a) restriction gives the amplitude in the form:

Aap = 19%;,1%0,Tap () (5)
with the following definitions, and a, b, . . . representing the
components of the degeneracy (i.e., they label partner func-
tions):

#%;, = (g%ea E®4) (6)
(E%il Vol E%) (E%| V| E% )
Ta = C," . ! L z 7
b= Cyland) = he ¥ i(v/2) )
with V,, representing a derivative of the potential (3V/dR,)o.
Cij(e,a’) = (Ry)01{Rus)01/(E% — EY))? (8)
When the i degeneracy is exact, the definition in (7) becomes:
Cii(a,a) ]
Ta , N = 7]
() [e(f.- La) = ho + i(v/2)

X (onal VaVa’lonb) (9)

This result is to be contrasted with that obtained when the final

state involves just one nontotally symmetric vibration. In that
case (again assuming just one coupling state) one finds:

Tao(a) = [e(ma) o e /2))] (EV%| Vel E%)  (10)
where the new definitions are:
Cij(a) = (Ra)oi/(E® — EY)) (11)
and
Aap = 1%, 1%,0Tas (@) (12)

The crucial difference between (9) and (10) is that the set of
components in (10) have an antisymmetric part whereas the
tensor having the elements in (9) has no antisymmetric part.
This result follows from group theory: The direct product space
spanned by the four products E°;,E®; is four dimensional,
such that there are four irreducible components. The direct
product space spanned by the set of products £9,E % is only
three dimensional such that only the bases of the symmetric
direct product can occur.3? Case (b) coupling involves two
states so once again both the symmetric and antisymmetric
parts of the scattering tensor can occur. The practical conse-
quence of these results is that in case (a) situations antisym-
metric tensor resonance Raman scattering will not appear onto
combination bands even though the total symmetry of the vi-
brational state (i.e., the direct product of the vibrational species
involved) is contained in the antisymmetric part of the direct
product E ® E. The latter is the usual criterion for the ap-
pearance of antisymmetric tensor resonance enhanced scat-
tering. In real situations where the present model is not exact
the theory predicts only a small resonance enhancement for
those combinations having the symmetry of the antisymmetric
direcg}product compared with those that involve the symmetric
part.

If we are dealing with case (b) so that the & and o’ modes
couple different pairs of degenerate states with comparable
efficiency then the antisymmetric combination scattering
tensor clearly does not vanish and we can anticipate no marked
abnormality for the intensity of the antisymmetric combina-
tions. Similarly, in D4, when the antisymmetric combination
is composed of an a3 and an a; mode, the antisymmetric tensor
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can vanish in our model if a, and a; couple the same pair of
basis states (which is allowed by symmetry); however, if the
a; mode is a Franck-Condon mode then the antisymmetric
combination is indeed nonzero: This is easily demonstrated by
a trivial extension of our model.

The same symmetry rules apply to Raman difference bands
which initiate from a vibrationally excited ground state level
[g; 1) and terminate in another vibrational level [g; 15) that
may be at higher energy (i.e., iv, < hwg). Of course the in-
tensity of any such Raman difference band critically depends
upon the Boltzman factor for the initial state, |g; 1o). While
the combinations under discussion require a 0-1 resonance
state, these difference bands, case (¢), require a 0-0 type res-
onant intermediate state and a different resonance energy
denominator [e(i; 0) — hw — e(g; 1a) + (iy/2)]. It was pre-
viously suggested by us’® that some of the already observed
low-frequency peaks in the resonance Raman spectra of fer-
rocytochrome-c might be assigned as difference bands. Our
subsequent Raman work”!7 at liquid He temperature has
shown that these bands are still present at low temperature and
perhaps even enhanced with respect to 300 K, which proves our
earlier suggestions to be incorrect. No one has yet reported
these anti-Stokes bands in the Stokes region, but their identi-
fication will provide opportunity for an evaluation of the the-
oretical models.

The distinction between cases (a) and (b) for I'(a) ® I'(')
= g, can be made experimentally when the fundamentals »,
and v, each exhibit significant scattering enhancement as a
result of 0-0 and 0-1 resonance. For combination scattering
we expect a similar 0~ 1 enhancement for the combinations of
v, and v,/; however, for case (a) but not for case (b) there is
predicted from our model a marked decrease in the Raman
intensity relative to qualitative expectations based on knowl-
edge of the scattering intensities for fundamentals and ab-
sorption intensities for 0-0 and 0-1 transitions.

When the molecular symmetry is rigorously Dy, antisym-
metric scattering manifests itself experimentally via an infinite
depolarization ratio. Deviations from x, y equivalence (e.g.,
splitting of the degeneracy) will result in a scattering tensor
that is no longer purely antisymmetric but contains a “sym-
metric” part (in the basis of the higher symmetry group) which
also displays an excitation energy dispersion. The case (a)
antisymmetric combinational scattering will no longer be
rigorously zero as can be seen from (7) when the energy de-
nominators in the difference (T4, — Thq) are no longer iden-
tical. Since there is an excitation energy dependent symmetric
and antisymmetric contribution (again in the basis of the
higher symmetry group), the polarization ratio as well as the
intensity will display an energy dispersion.

The foregoing considerations suggest other symmetry guides
for scattering processes, in particular for the case of the
Jahn-Teller effect. The Jahn-Teller effect is brought about
by those nuclear displacements that transform like irreducible
representations belonging in the symmetric part of the direct
square of the degenerate representation. The anomalously
polarized Raman transitions involve those vibrations from the
antisymmetric direct square of the coordinate representation.
Thus there are cases when antisymmetric tensor resonance
scattering and the Jahn-Teller effect are mutually exclusive.
If a Jahn-Teller active state can be observed optically (i.e., if
the symmetry is that of the degenerate coordinate represen-
tation) then antisymmetric tensor scattering should not be
enhanced unless by vibronic coupling with some other state.
In a recent paper?? describing the resonance Raman spectrum
of the iridium hexachloride ion a relationship between the
appearance of an anomalously polarized Raman peak and a
Jahn-Teller effect in the resonant excited state was suggested.
We can suggest on the basis of the foregoing that the appear-
ance of an anomalously polarized vibrational Raman transition

is more likely to signal vibronic coupling between nuclear
coordinate fixed electronic configurations whose species direct
products contain an antisymmetric component.

(3) Raman Excitation Profile. Because of the different
mechanisms of resonance enhancement of fundamentals and
combinations in Raman scattering we expect different exci-
tations profiles in the two cases. Raman fundamentals which
derive intensity from both the 0-0 and 0-1 resonances can be
expected to display an excitation profile that peaks close to the
0-0 and 0-1 transitions for the appropriate mode, provided the
energy separation between the two absorption regions exceeds
one-half the half-widths. In the excitation profiles, symmetry
and energy dependent deviations from the simple absorption
profiles are expected as a result of quantum interferences be-
tween the 0-0 and 0-1 contributions!413 and, if the resonant
electronic state is nearly degenerate, between the x and y
components of the resonant and near resonant levels.!” The
combinations on the other hand can be expected to present a
Raman excitation profile that primarily follows the absorption
profile of the contributing 0-1 transitions with modifications
due to interference and half-width considerations (|e(i; |e(i;1,)
— €(i;1,)| > (v/2) for resolution of the two 0, 1 absorptions).
Because a relatively small fraction of the total number of vi-
bronic levels contribute to any one excitation profile involving
vibronically active modes it is possible thereby to map out
structure in absorption spectra that are diffuse and struc-
tureless as a result of level congestion. Of course if there is a
complete absence of structure due to lifetime broadening (/2
> Ae), then the profiles presumably will not display any ad-
ditional underlying vibrational structure.

We now illustrate how most of these principles can be ap-
plied in the relatively well studied resonance Raman spectra
of cytochrome-c.

IIL. Ferrocytochrome-c Combination and Overtone
Scattering:

Excitation of ferrocytochrome-c with visible laser radiation
generates resonance enhanced Raman spectra®714.16.24-29 that
involve those ground state modes that correspond to vibroni-
cally active modes of the resonant excited state. Modes of the
four symmetry types ay, a3, by, and by (assuming D4 symmetry
for the porphryin chromophore) are permitted in the spectrum
along with e modes due to vibronic coupling with A; states; the
scattering tensor either transforms as an antisymmetric rep-
resentation of the point group of the molecule or it contains an
antisymmetric component (which can be excitation energy
dependent), For vibrational Raman (as opposed to electronic
Raman) scattering, the presence of an antisymmetric scat-
tering tensor is associated with either actual degeneracy or an
effective degeneracy due to the particular choice of excitation
energy. Typically one would have [Q,) and |Q,) electronic
states (corresponding to the components of the Q or a band)
and each of these adiabatic states can be expressed as a su-
perposition of the respective equilibrium components |Q, %)
and |Q,°) with the equilibrium states |S,°) and [Sx°) (cor-
responding to the components of the Soret band). For the
combinations, the antisymmetric contribution to the scattering
tensor transforms as the antisymmetric direct product involving
the components [S,0) and [S,©). For those point groups where
there is x, y equivalence it is relatively straightforward to
distinguish between a> and b modes on the basis of Raman
polarizations of the fundamentals but one cannot readily dis-
tinguish between the b; and b, fundamentals both having a
depolarization ratio ({) of 0.75. We report spectra below which,
when analyzed according to the principles enumerated in the
prior sections, results in the model dependent distinction be-
tween b; and by modes.34

In particular we focus on the resonance enhanced 752 cm™!
ground state b mode (¢ = ;). We observe that for this mode
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at 0-1 resonance there is significant enhancement of the fun-
damental (752 cm™!), the overtone (2 X 752 cm™1), and the
various combinations with other vibronically active modes
(Figure 1). The symmetry of the possible combinations
straightforwardly derived from group theory for D4 symmetry
are:b;®b;=b,®by;=a;;b1®by=as,b;®a;=bs;and b,
® a> = by. In a first approximation the resonant adiabatic
electronic state |Q) is degenerate and we can expect by ® by
= a; antisymmetric combination scattering to be diminished
or absent from the spectra to the extent that the resonance state
has equal admixtures of x, y components. Since it is known that
the x and y intensities are quite closely equal we predict that
the overtone of 752 cm™! (having a; total symmetry), combi-
nations of 752 cm™! with b modes of the same symmetry (a,
total symmetry), and combinations of 752 cm™! with a; modes
(b total symmetry) will be distinctly apparent in the spectrum
while combinations of the 752-cm™! mode with b modes of
different b symmetry (having a total symmetry) should be
weak in comparison. Examination of Figure 1 reveals that most
of the observed b mode combinations with the 752-cm~! mode
are both intense and polarized consistent with these modes
having the same b symmetry assignment. The intensity of the
combination of 752 with the 1367-cm~! b mode3? is extremely
weak in comparison and the value of ¢, although difficult to
measure very accurately, is between 0.75 and unity (i.e.,
>0.75). These results are suggestive of the 1367-cm™! b mode
being of different symmetry than the 752-cm~—! b mode.

The actual assignment of the b modes requires a further
appreciation of the resonance Raman scattering mechanism.
It is known that the metalloporphyrins frequently deviate from
D4 equilibrium symmetry. Whereas for the D4 point group the
scattering tensors of a, symmetry (| g la,) < |g; 0) for ex-
ample) and of by symmetry (|g; 1,) <—|g; 0)) are purely an-
tisymmetric and symmetric, respectively. For lower symmetries
the tensor representations that correlate with a; and b, in the
D4 point group contain an excitation energy dependent sym-
metric and antisymmetric component, respectively. The var-
ious symmetric and antisymmetric contributions to the scat-
tering will exhibit energy dispersions provided the half-widths
of the contributing levels are not excessively large. With the
5308-A excitation which is situated between the Qg (« band)
and Q, (8 band) transition regions we have (eq; — ¢p) = —(eqQ,
— ¢p). Thus with respect to the higher frequency modes (>1000
cm~1) a resonant state is generated that is a superposition of
nearly equivalent contributions from the Qg (or 0-0) and the
Qy (or 0-1) x and y components. It is in this excitation regime
that we expect to see and do see manifestations of quantum
interferences between the two groups of resonances. A germane
aspect of this interference phenomenon is that the symmetric
component of the Raman tensor for fundamentals destructively
interferes, while the corresponding antisymmetric component
either constructively interferes or remains relatively constant
without a significant dispersion. Therefore for by modes, but
not by modes, we can anticipate seeing a { in excess of 3 in this
excitation region. As reported previously'® we also observe a
¢> 3, for the 1367-cm™! mode but not for the other b modes
for this excitation. This result strongly suggests that the
1367-cm™! mode is a b, mode while the other b modes in-
cluding the 752-cm™! mode are of species by. This observation
that combinations of the 752-cm™—! mode with various a; modes
results in a Raman peak having values of { near unity is also
consistent with a b, assignment for the 752-cm~—! mode. The
reason is that the resulting b, combination (a2 ® b; = b,) will
have an antisymmetric contribution for the known deviation
from the D4 symmetry.

Recently Stein, Burke, and Spiro3? have reported a pre-
liminary normal mode analysis of the porphyrin chromophore
in heme-proteins from which they suggested assignments for
the various b modes: Our experimentally determined assign-
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Figure 1, The 5308 A (150 mW) RR spectrum of ferrocytochrome-c is
shown. The top spectrum was not analyzed with a polarizer while the
bottom two spectra are the perpendicular and parallel contributions to the
scattered light. Experimental conditions as in ref 5. The broad background
seen here is primarily the 1-0 relaxed fluorescence emission from ferro-
cytochrome-c.!4

ments based on the simple model set down here are consistent
with these results.

Conclusion

In this paper we examine some of the consequences to the
resonance Raman spectrum of adopting a model for resonant
adiabatic vibronic states that consist of describing the nuclear
displacement averaged electronic configuration in terms of
nuclear coordinate fixed electronic configurations that are
coupled via linear displacements of the normal modes of the
molecule from their equilibrium position. This model is spe-
cially convenient since we can assign specific symmetries to
the various electronic configurations at the equilibrium ge-
ometry. With regard to those normal modes that are involved
in the above described coupling the following selection rules
are obtained.

1. Scattering onto the fundamentals can be enhanced with
0-0 and 0-1 resonances.

2. Scattering onto the combinations and overtones of these
vibronically active modes can be enhanced only with 0-1 res-
onances.

3. Resonance enhancement of the fundamentals occurs
through radiative coupling to two different fixed geometry
electronic configurational components of the resonant elec-
tronic state,

4. Resonance enhancement of combinations and overtones
of these modes occurs through radiative coupling to the same
two fixed geometry electronic configurational components of
the resonant adiabatic electronic state.

5. As a consequence of (3) and (4) the fundamentals but not
the combinations of vibronically active modes can have sig-
nificant antisymmetric scattering tensors when the coupled
electronic configurations are effectively degenerate.

6. The appearance in the scattered spectrum of manifesta-
tions of an antisymmetric tensor is likely to signal vibronic
coupling of two different fixed geometry electronic configu-
rations and consequently is not an indication of or a manifes-
tation of a first-order Jahn-Teller effect in the resonant vi-
bronic state.

7. The resonance Raman excitation profile for the funda-
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mentals of vibronically active modes can be expected to be
modified by interference effects between the 0-0 and 0-1
resonances. These interference effects are expected to be very
different for modes of different symmetries.!*

8. As a consequence of (7) the depolarization ratio can be
expected to display a dispersion for some modes over the 0-0
and 0-1 resonance regions when the coupled electronic con-
figurations are nearly degenerate, provided the homogeneous
widths are not too large.
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spectrum of the combinations and overtones of these modes that appear
for 8 band (0- 1) resonances (see ref 5) suggesting that the linear approx-
Iimation Is certainly valid in that case.

To obtain the closure relation in eq 9 we are making the assumption that

¢, is the only equilibrium configuration electronic state that couples to ¢;°

via V, and V.

Equations 10-12 are not equivalent to eq 1 of ref 26. The treatment leading
to eq 10-12 invoives resonance with a single adlabatic vibronic state, and
therefore, there is only one resonance denominator in the scattering am-
plitude. The energies of the basis states, €% °,, and thelr differences do
not contribute to any resonance profile. They are not readily related to the
energies of the observed absorption peaks since they are assoclated with
very large energy uncertainties (based on lifetimes) and energy comrections
due to off diagonal elements In the scattering matrix. in our expressions
they are constants resulting from treating the resonant state as an electronic
configuration averaged over the many periods motion of the nuclel that
occur during the photon molecular interaction. Detailed reasons for
choosing the resonant state to be an adiabatic state were given in ref 7.
in our model, the predictions as to which modes and which harmonics are
expected to be enhanced are based exclusively on the numerator of the
scattering amplitude when considering a single resonance or bunch of
resonances, i.e., Qo or Q, band. in marked contrast to ref 26 we do not
expect a weaker resonance with the Qp band since the resonance de-
nominators are expected to be very nearly the same in our model. Differ-
ences are expected if one takes into account nonadiabatic contributions
to Qo and Q, from S, and S,, respectively.

The symmetry arguments used by Pezolet, Nafie and Peticolas?® do not

imply the symmetry arguments we make in this paper since they specifi-
cally stated that both mixing and nonmixing processes yield the same se-
lection rule, i.e., 'y X T'. Neither do these authors present a discussion
of the mechanism or selectlon rules for scattering onto the higher har-
monics of the nontotally symmetric modes.
The reason that for certain small deviations from D4 symmetry the b, mode
fundamentals but not the by mode fundamentais can have scattering tensors
with an antisymmetric component is that the XY and YX tensor elements
for b, are then unequal and it is possible to write their scattering amplitude
tensor as follows:

0 XY 0 0 t+n 0
YX 0 o0 (=79 0 0
0 0 o0 0 0 0
0 ¢ o0 0 7 0
0 0 -
¢ N AN
0 0 0 0 0 0

For the b, modes there may be no off diagonal tensor elements introduced
by certain distortions and no antisymmetric part. As discussed in ref 14
and 17 the resuit of having both the 0--0 and 0-1 transitions contributing
to the scattering process for the a, b, and b, (in D,) fundamentals resuits
in constructive interference for the antisymmetric component in the res-
onance regime between the 0-0 and 0-1 with concomitant destructive
interference for the symmetric component. The reverse pattern occurs
outside that energy regime. Consequently for deviations from x, y equiv-
alence the depolarization ratio for the b, (D,) mode fundamentais can
display maxima of greater than 0.75 in the resonance region between the
0-0 and the appropriate 0-1.

There is also a 1362-cm™" a, mode In this region of the spectrum but it
becomes enhanced via a Franck-Condon mechanism involving resonance
with either the adlabatic states giving rise to the intense Soret absorption
or via the nonadiabatic state between the Q, band and the Soret.®



