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Intervalence electron transfer spectra in mixed-valence molecules are frequently modeled by an interacting
pair of adiabatic potential energy surfaces. The presence or absence of a double minimum in the lower surface
is correlated with trapped or delocalized charges, respectively. The coordinate involved in this interpretation
is the asymmetric normal coordinate representing the nuclear motions taking the molecule from one extreme
to the other. In this paper, a model is developed involving both a symmetric and an asymmetric coordinate
on an equal footing. The time dependent theory of electronic spectroscopy is used to calculate both absorption
and resonance Raman spectra. The model uses physically meaningful interactions in the mixed-valence molecule
including the electronic coupling, vibrational coupling, vibrational force constants, and bond length changes
as a result of the electron transfer. The effect of these interactions on the relative intensities of symmetric and
asymmetric modes in both the absorption and resonance Raman spectra are examined. The quantitative
calculations are discussed in parallel with the physical meaning. The calculations show how the spectra can
smoothly go from domination by one type of mode to the other. The most important effects are caused by the
bond length changes, the electronic coupling, and the force constant changes.

1. Introduction Z

An intervalence absorption band is caused by a transition that
is present in molecules containing two redox centers with X
different oxidation states. It is absent in molecules where the
two sites have the same oxidation St]até)'A large number of Figure 1. Schematic representation of an intervalence transition
examples are known where the two sites are metal atomspeqyeen trapped valence states. The coordinate system used in this paper
connected by a bridging ligartd-1” A common representation s shown at the left.
of the transition is shown in Figure 1. This trapped valence
picture emphasizes vibrational modes that interchange themode was interpreted in terms of a three site bonding pttife
molecule from one limiting representation of the location of because the usual two-state model is based on motions along
the charge to the othé#-2? If the model system depicted above only an asymmetric coordinaté!® These new studies empha-
is viewed as nonlinear triatomic molecule, the normal coordinate size the need for a theoretical and interpretive picture that
that is depicted above would be called the asymmetric stretchincludes both the localized/delocalized extremes and the sym-
and the two forms shown at the left and right sides would metric and asymmetric normal modes on an equal footing. The
represent the two limiting extremes of the motion. model should smoothly carry over from one limiting form to
This paper is motivated by recent experimental results and the other.
theoretical treatments on mixed valence compounds that dem- The actual motions of large molecules that display inter-
onstrate the importance of the symmetric normal coordinate. valence electron-transfer spectra will be distributed over a
The necessity of including the symmetric mode is well number of coordinates and will, in general, be much more com-
recognized® 26 Recent experimental studies on the Creutz- plicated417:37.38 Methods for calculating electrorfit*> and
Taube ion indicate that symmetric bridging vibrations are resonance Raméf’spectra involving coupled electronic states
enhanced in the resonance Raman spectrum of the intervalencand multiple vibrational modes have been developed. However,
band?7-31 Other observations involving pyrazine-bridged dimers in considering the symmetry aspects of this problem, the pseudo
suggest that for valence localized molecules the symmetric triatomic picture in Figure 1 is quite useful. This view implicitly
pyrazine stretch at 15801590 cnt! is present in the IR assumes that the structure passes through a nuclear configuration
spectrum but that this band is not present in delocalized having equal bond lengths and that the appropriate point group
systemd#1532 A new class of mixed-valence molecules was for discussing the normal coordinatesGs,. This symmetry
proposed (named “class+llI”) that have properties associated reveals a disquieting problem: a normal coordinate of motion
with both class | (localized) and class lll (delocalized in the thatis orthogonal to the asymmetric stretch must exist in which
Robin and Day nomenclatur&Resonance Raman studies on both bond lengths are equal and elongate or contract equally
other mixed valence iron and ruthenium compounds containing and simultaneously (the symmetric stretch.) But this description
bridging ligands different from pyrazine showed that symmetric of the symmetry of the motion is only valid if the equilibrium
modes are enhancé®!” The enhancement of the symmetric internuclear bond lengths are equal, a situation that only occurs
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as the molecule drawn above passes from one limiting form to Energy (e}
the other. Of course, the molecule could be interpreted as having e o o 15000 TR
equal bond lengths in the ground state (the “delocalized” ‘““‘“‘“iﬁ@%;{%i%ﬁ;iiijéj o000 i&t@i\ig\%%iézéw )
structure), but then the importance of the asymmetric mode and ' i\i&&g‘%ﬁﬁ?éﬁ;l \‘\ﬁ‘é\\\i‘&iéééfé
electron transfer is deemphasized. Contributions from both t Nl TR
_ zed. ypes N 3000 NSk

of modes are in general possible, and a model that places both || ; \ g‘{l‘g«g.gjg . 0
modes on an equal footing is required. gy -\ Lo s

This paper explores a model in which both the symmetric 1 / 1 “\ \%BB‘:;*F{ /
and asymmetric modes are treated equally such that there is a / / \ \QO({‘/ /
smooth transition from one extreme to the other. The model 5 N & S 03

uses two individual “local” metatligand modes. The inter- B-M Bond R(A) B-M Bond R(A)
actions that couple the two local modes to produce the normal
coordinates are discussed to provide physical insight. We begin

with an overview of the two vibrational coordinate, two
electronic state diabatic model which we use to examine
simultaneously the factors that influence the relative contribu- 0.4
tions of the symmetric and asymmetric modes in an intervalence
electronic transition. We discuss the various mathematical 02
parameters in the model together with their physical meanings
and molecular properties. Following the introduction to the
model, we present in brief the procedure used to carry out the
calculations using the time-dependent theory of electronic
spectroscopy. Then in the next section we examine the influence = 02
of the bonding changes and the coordinate dependence of the
diabatic coupling on the contribution of the symmetric and 04
asymmetric modes to thépolarized absorption and resonance
Raman spectra. The trends fopolarization are identical. The

i %’4(,

0.0

—B Bond Q(A)

final section treats the parameters that are associated with local 08 T

and normal mode coupling. By exploring these parameters, we 06 -04 02 0.0 02 04 0.6

determine their influences on the contribution of each mode to B—M Bond R(A)

the absorption and resonance Raman spectra. Figure 2. An interacting pair of potentials that forms the basis in which
the calculations are carried out (see text). The upper left part illustrates

2. The Model for Representing Mixed Valence Species a cross section along the symmetric mode of the two-dimensional
diabatics. The upper right part illustrates a cross section along the

A. The Diabatic Potential Energy Surface Bass.In general asymmetric mode. The bottom part is a contour plot of the same

there is no unique way of representing an interacting pair of potential with illustrations of the bond length distortions arising from
electronic state®49However, the coordinate-displaced model different electronic configurations.
provides a simple and natural starting point for representing

the intervalence electron transfér?2149Therefore we will evolve in time according to the time-dependent Sdhrger
focus our attention on the coupled, trapped valence picture of equation. If the motion remains parallel to the line connecting
the diabatics. the minima of the two surfaces, the molecular motion is the

The basic ideas of this paper are shown schematically in asymmetric stretch: i.e., one bond elongates while the other
Figure 2. Before we examine the details of the various forms contracts. Any motion that develops perpendicular to the line
of coupling and their effects on the potential surfaces and the connecting the minima (bisecting the axes) corresponds to the
spectra, we show in broad perspective the basis of the effectssymmetric stretch of the molecule.
that we calculate. In Figure 2, potential surfaces representing Analyzing the forces and interactions in the molecule that
the two valence localized forms are labeled A and B. For the affect the direction of wave packet motion is one of the major
moment they are represented as circular wells. One diabaticpurposes of this paper. The diabatic potentials in Figure 2 at
potential energy surface represents a single valence-localizedirst glance imply that the asymmetric stretching motion is
form of the molecule as shown in Figure 1; the other surface dominant because the vertical transition places the wave packet
represents the other trapped valence form. The presence of amn the circular well potential surface at a position where the
extra electron results in the two states having equal and oppositemotion will be along the line connecting the minima. Indeed,
distortions in one or more asymmetric coordinates. For simplic- the cross section of the two-dimensional surfaces in our
ity we focus on one of them, the metal-bridging ligand stretch schematic formed the basis of our initial application of time-
coordinate. The vertical axis represents the-B1coordinate dependent theory to the intervalence absorption spectrum
labeledQ and the horizontal axis represents theNd coordinate  problem, and also was the basis for most other calculations in
labeledR. Wave packet motion along each of these coordinates the literaturex18-22.254%-51 However, both electronic coupling
represents the appropriate local bond stretching motion. and vibrational mode coupling prevent the problem from being

The intervalence electronic transition places the wave function separated into one-dimensional cross sections. Furthermore, as
from one of the surfaces (multiplied by the transition dipole we show later, symmetric motion of the wave packet can
moment) on the other surface. A vertical transition from one dominate. In the following sections, we delve into the intricacies
state to the other corresponds to moving an electron from oneof the intramolecular forces and interactions that modify the
site (M") to the other (M) without a change in nuclear simple schematic in Figure 2.
position. The vertical transition places the wave packet on the B. Effect of Different Force Constants.We now examine
other surface far from its minimum and the wave packet will in more detail the potential energy surface of a single trapped
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Figure 3. lllustrations of the effects of the coupling terms on the potential energy surfaces. (A) The basic two-dimensional undisplaced harmonic
oscillator wells with equivalent force constants. (B) DisplacemenAgyof the basic circular wells in the asymmetric direction. (C) The effect of
coupling k. between the local coordinates on the shape of the potential. The surfaces become elliptical. (D) The effect of rogatonthoy
potential. (E) The effect of anharmonic mode coupling terms on the shape of the potential.

TABLE 1: Symmetry Relationships that Determine the
valence form of the molecule and then use the symmetry Signs of Mol)écular I%/arameters fc?r the Two States by

properties of the molecule to derive the surface for the other gynctional Form of the Potential Energy
state. The molecule with equal M8 bond lengths (the

nonmixed valence form of the molecule shown in Figure 1) is function coeff. sign
the reference configuration for the examination of mixed valence Q*+R? same
states and defines the zero of the configurational coordinate. QZJ:RRZ opposite
Localizing an electron on one site will cause a distortion along Q same

i Q—-R opposite
that coordinate because of bond-order changes and/or electro- OR same

static effects. The bond length change is represented by the

parameterApo. The surface shown in Figures 2 and 3b g hia)) js /2 for no coupling. This limit is appropriate for the
repreients a longer bond aloRgwhen the metal is reduced 540 \where the mode mixing between coordinates on each site
(Apot > 0)- is small. As the anglep is changed from—x/4 to 7/4, the

Once the mqlecule is mixe.d valence, the force constants of “symmetric” and “asymmetric” modes swap order energetically
the two sites will usually be different. If the “extra” electron is  for the isolated diabatic potential. When= —/4, vasym >

in a bonding orbital it will cause an increase in the force constant Vsym and wheng = 71/4, vsym > Vasym Whene = 0 veym =

k for the reduced site by the amouatand a decrease inbond ' The limit of ¢ = +/4 is appropriate for strongly coupled
length. Adding an electron into an antibonding orbital results |ocal modes. In this cases(= +x/4) there is effectively no

in a reduction in the force constakiby the amounk: and an  rotation when the wave packet hops surfaces due to diabatic
increase in bond length. The effect of the change in force glectronic coupling.

constant is to change the potential energy surface from circular f there are anharmonic effects, that is if the force parameters
to elliptical as illustrated in Figure 3c. The slope of the potential fo andfr depend on the coordinate, then terms which depend

surface is decreased (weaker force constant) alon& toeal on @3 andR8 must be included. If the force constant representing
coord!nate and increased (strong force constant) alon@the ihe interaction between local modésy, depends on coordinate
coordinate. then terms proportional 192R andQR2 must be included. These

In general the localization of this extra electron can also cause parameters cause the surface to lose its ellipticity as illustrated
bond length and force constant changes on the other site thain Figure 3e. We will suppress the cubic and higher order terms
will change the force constant and equilibrium nuclear position for the remainder of this study though their inclusion does not
of the other coordinate. However, because of interchange increase computational effort.
symmetry, these changes merely represent a change in the There is a symmetry relationship between the two potentials
reference force constant and equilibrium position from the gye to the equivalence of the two interchangeable sites. As a
nonmixed valence species and therefore will not affect the result the sign of the coefficients depends on the function of
calculation of mixed valence spectra. the coordinates they precede. The symmetry relationships

C. Local Mode Coupling. The local coordinates on sit€» between the parameters of the two sites are summarized in Table
and R can interact via couplindor. If Kor is @ constant 1.
independent of coordinate then the interaction enters into the D. Diabatic Coupling. The diabatic coupliny/ag is the most
potential energy as a term proportional@® which causes a  important part of the Hamiltonian in governing the rate at which
rotation of the potential energy surface by 2 arctankor/(ko the electron is transferred from one site to the other. The
— kr)) = arctankqr/(2k;). The effect of the coupling on the  electronic coupling results in a break-down of the Bern
rotation of the potential energy surface is demonstrated in Figure Oppenheimer separablility of the electronic and nuclear wave
3d for kqr > O. functions. The concept of potential surfaces (diabatic and

The rotation of the surface changes the relative contribution adiabatic) is no longer applicable. Diabatic coupling allows the
of the local coordinate from each site to the diabatic normal electron to hop from one state to the other and is a measure of
coordinates. The anglemeasures the degree to which the local the strength of interaction between the two sites. Large couplings
coordinates couple. The two diabatics, then, have oppositecorrespond to large interactions that result in strong mixing of
definitions of the amount of each local coordinate that contrib- the orbitals on each site. The result is delocalized behavior.
utes to a given normal coordinate. A wave packet that would Weak couplings correspond to localized behavior. Two param-
be an eigenfunction on one uncoupled diabatic once transferredeters,e and Acoup, together determin®ag and its influence on
via coupling to the other surface will find itself on a potential the spectra. The parametermeasures the strength of the
that has undergone a rotation@® — 2¢. The angle between  coupling at the origin of the coordinate system and serves as a
the major axes of the ellipses (coordinate of the lower frequency measure of the overall coupling strength in the system. The
mode or the reduced site for an electron in an antibonding electronic coupling will also, in general, be coordinate depend-
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TABLE 2: Summary of Parameters Used in Model Hamiltonian of Intervalence Electron Transfer in Two Coordinates

parameter typical values description effect
€ 1400 cn1t constant coupling between states large values delocalize the electron
k 1.02x 10° cnmr /A2 force constant giving rise to the stated vibrational changes spacing of vibrational progression
(frequency= 450 cnT?) frequency (mass- 17)
ke 0, 25, 50, 100 cmt coupling between local coordinates increases contribution of symmetric coordinate
¢ 0, 15, 30, 48 rotation angle of diabatic surfaces reduces effedt of
Apot 0,0.03,0.06,0.12,0.18 A bond length distortions in asymmetric coordinate increases contribution of asymmetric coordinate
Acoup 0,0.03,0.06,0.12,0.18 A dependence of coupling onthe symmetric coordinate increases contribution of symmetric coordinate

ent. As the molecule vibrates and the sites come closer togethewibrational mode. No motion develops in the perpendicular
the coupling will increase and vice versa. We account for this direction (the symmetric mode) and the absorption and reso-
behavior by using a coupling that is linear in the symmetric nance Raman spectra will only contain intensity from the
coordinate. The parametéro,, measures the degree to which asymmetric mode. The couplings that exist in the molecule (both
the diabatic coupling depends on symmetric nuclear displace-vibrational and electronic coupling) can cause motion to develop

ment. in the direction of the symmetric stretch. These effects are
E. The Model Hamiltonian. The final coupled potential  developed in detail in the following sections. The following
energy operator is discussion is based on exact calculations for the non Born

Oppenheimer system: we will show how the spectra can

7 — Va Vae smoothly go from symmetric to asymmetric domination as the
Vea VB couplings change.
1 1 X The usual expectation in resonance Raman and absorption
Vo= Ek(Q +R) + §k° cos()(Q* — R) + spectra is that the symmetric modes will dominate. However
1 for the simplified picture of intervalence transitions shown in
k. sin(2p)(QR) + éApmkC cos()(Q+ R) + Figure 1 the symmetric mode is not considered. Our model starts

with two (uncoupled) local modes (neither symmetric nor
%Apo (k— k. sin(2$))(Q — R antisymmetric)..The parameters that control the inte.raction of

the local coordinates to produce the normal coordinates are
defined in Table 2 and illustrated in Figure 3. To develop
physical insight into how the various couplings affect the motion

Vo = 2K(Q? + R) — 3K, cos(@)(Q” — R) +

) 1 along the coordinates and hence the symmetric and asymmetric
ke SIN(2B)(QR) + SA50k COS(2)(Q + R) — contributions to the spectra, the discussion will emphasize the
1 _ direction of the wave packet motion.
S8pok — ke Sin(2))(Q — R) B. Methodology. Intervalence Absorption Spectralhe

1 equation to calculate the frequency domain spectra from time
. i &5
Vyg= Vg =€ — Q(Acou;(k — k. sin@))Q+R) (1) dependent quantum mechanic¥i8§

® iwt

In the 2 x 2 matrixes, each diagonal element operates on (@) 0 wf*we [Pulue (Ot )
the nucllear part of the wave functpn from a single diabalic e are three important quantities in this equation. The first
electronic state whereas the off-diagonal elements transferg yhe initial wave functionb, the lowest energy eigenfunction
population from one state to the other. of the coupled system. For intervalence transitions involving
two coupled diabatic potentials, each eigenfunctioh=at0 is
an array with two components corresponding to the two diabatic
potentials that form the basis in all of the calculatiéh4’.56.57
The second important quantity is the electronic transition dipole

A. Overview and Scope of the CalculationsThe model is moment operataqe: this function operates on both components
designed to incorporate a small number of physically intuitive of the coupled system and promotes the wave packet to the
and calculationally tractable parameters. The five parameters“excited state.” The specific functional form of the electronic
that affect the observed spectra &re\pot, €, Acoup Ke, ande. transition dipole moment operator depends on the symmetry of
A listing of the parameters, their physical meanings, and their the molecule involved and the polarization of the light with
effects on the intensities of the symmetric and asymmetric respect to the molecule. Details of the treatment of the

3. Analysis of the Contributions of the Symmetric and
Asymmetric Modes to Electronic and Resonance Raman
Spectra

modes in the spectra is given in Table 2. In this papger; polarization of light and the symmetry considerations have been
1.02 16 cm YA2 and the mass= 17, such that the vibrational ~ published®94958For the axis system defined in Figure 1, the
frequency in the diabatic potential surface is 450 &nThe polarization requires an even dipole function whereasXhe

values ofk; are chosen such that the resulting frequencies changepolarization requires an odd dipole function. The final important
by the stated number of wavenumbers, ke= 25 cnT! means quantity is the time evolving correlation function which is
that the resulting vibrational frequencies are 425 and 475 cm  calculated using a split operator fast Fourier transform
The physical insight into the relative importance of the algorithm>39-62 For two coupled diabatic potential surfaces, the
symmetric and asymmetric modes is obtained by interpreting wave packet is a vector quantity with a component for each of
the direction of the motion of the wave packet on the surfaces the electronic states and is a function of the configurational
in Figure 2. For example, in Figure 2 (bottom) the initial wave coordinate Q. As a result, two wave packets moving on the
function is found in the minima of the circular potential surfaces. two coupled diabatic potential surfaces are needed.
When it is promoted to a high energy part of the other circular  Intervalence resonance Ram&esonance Raman excitation
potential, the motion will be along the line connecting the profiles are calculated in a manner similar to that for absorption
minima of the potentials. This line defines the asymmetric spectra. The Raman polarization tensor as a function of
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excitation wavelength is given By 67

(©6) D 0w — @) f; €@, |0OT  (3) A n ]|, . Symmetric only

Again, both the propagating wave packet and the dipole moment
are important factors. In this case, the dipole “up” is the B L L‘ “1 L oo = 115
orientation of the incident light whereas the dipole “down” is

the orientation of the scattered light. These dipole functions are
the same for the spherical Raman tensor elementgz but C BporBeoup = 12

are different for the Raman tensor elements which give

depolarized scatteringZ, zx). The resonance Raman excitation A A =11
profile is the intensity of the Raman scattering of a single D il .
vibrational mode as a function of excitation wavelength.

Typically the resonance Raman excitation profiles will follow E n A By, = 1:0.5
the profile of the absorption spectrum with the intensity of the b P
profile being proportional (to first approximation) to the slope

of the excited potential in the Condon region. However, the P "

asymmetric bands violate our usual intuition regarding resonance
Raman spectra. ]

Intensity

Apm:Acoup =1:0

C. Analysis of the Effects of Bond Length Changes and G Asymmetric only
Electronic Coupling on the Intensities of the Modes in SRELALAN BLELELE ELALLE ELEL AL B LR B
Absorption and Resonance Raman Spectralhe parameters 2 4 6 8 1o 1214
that have the largest effect on the presence or absence of the Absorption wavenumber (em x10°)
symmetric and asymmetric modes &gy, Acoup @ande. An Figure 4. Absorption spectra generated for various ratio#\gf and

increase inAp results in an increase in the presence of the Acoupas labeled in the figure. In each case the largehgfandAcoup

asymmetric mode in the spectrum. This increase is expectedis 0-15 A. Trace Ais a one-dimensional harmonic oscillator calculation

because an increase i,y causes the surfaces to become for a displacement in the symmetric direction equivalent to that implied
PO

. . S . . by the value ofAcup= 0.15 A. Trace G is the one-dimensional coupled
displaced further in the asymmetric direction which results in calculation of the absorption spectrum using the asymmetric mode and

increased motion along the asymmetric coordinate. neglecting the contribution of the symmetric mode. The values of the
The effect of Ay, however, is modulated by the electronic  other parameters ake= 1.02 x 105 cmYA2 (frequency= 450 cnt?),
coupling; an increase in the coupling will decrease the effective m= 17 amu,e = 1400 cn1?, and$ = 0°. The value ok, = 50 cnr*
Apor. This change occurs because the increase in the couplingfor B— F and zero for A and G. For AC the value 0fAco, = 0.15
increases the delocalization of the system and the nuclei have With Apetgiven by the ratio, and for BF the value ofAx = 0.15
. . - I~ . with Acoup given by the ratio.
an increasing share of their probability centered at the origin of
the coordinate. Thus, even though the local orbitals involved increase irAcup The resonance Raman excitation profiles for
in the transition may have large changes in the bonding for the three illustrative cases are shown in Figure 5. (Note that these
modes of interest, strong electronic coupling will “wash out” are the scattering cross sections that would be obtained after
the nuclear position over the values for both electronic states, the absorption kernel from the other displaced modes has been
effectively reducing the distortion along the asymmetric coor- deconvoluted from the excitation profile.) The resonance Raman
dinate and preventing motion of the wave packet from develop- spectra calculated for excitation near the absorption band
ing in the asymmetric coordinate. The result is that the width maximum are shown in Figure 6 for the same ratiosAgf:
of the absorption spectrum will decreasecdacreases due to  Acoup as those in Figure 5.
this reduction in the effective\pe. The resonance Raman excitation profiles provide an experi-
The symmetric mode intensity increases with increadig, mental method of determining the relative importance of the
This parameter is a measure of the change in coupling as thecoupling term. The wavelength dependences of the profiles
molecule vibrates along the symmetric coordinate. As the sites shown in Figure 5 illustrate this point. When the contribution
are brought close together, the coupling increases. As the sitesof the Acoyp term is negligible (Figure 5, bottom), the profiles
move apart, the coupling decreases Ms,pis increased relative  for the symmetric and antisymmetric modes are “nested” and
to Apor, the symmetric mode becomes increasingly important the ratio of the intensities is uniform across the band. The
as shown in Figure 4. The top (Figure 4A) and bottom (Figure asymmetric mode is the most intense (contrary to the usual
4G) parts show the corresponding 1d calculations for the expectation of resonantly enhanced modes). In contrast, when
symmetric and asymmetric modes, respectively. These 1dAcoypis significant, the ratio becomes a strong function of the
calculations were performed on cuts through the origin along excitation wavelength. An intermediate case is shown in Figure
the symmetric and asymmetric coordinates. The absorption5 (middle). The maxima of the symmetric and asymmetric
spectrum shows an increase in the presence of the symmetrigrofiles do not coincide and the ratio of the intensities changes
mode with an increase if\coup NoOte that the spectrum is very  across the profiles. When the coupling is even larger (in the
sensitive to small increases f&oyp (€.9., from part F to E of direction of increasing valence delocalization), the symmetric
Figure 4 and from part E to D of Figure 4) because wave packet mode becomes the most intense and the maxima in the excitation
motion increases significantly in the symmetric direction as is profiles are strongly shifted relative to each other.
discussed more fully in the final paragraph of this section.) In A more intuitive physical basis for understanding why the
the limit of largeApot Acoup the spectrum is well modeled by a  coordinate dependence of the coupling causes an increase in
1d asymmetric mode calculation. In the limit of Sm&loc Acoup the presence of the symmetric mode is available by unitary
the spectrum is well modeled by a 1d symmetric calculation. transformation of the diabatic basis. We showed previously that
The resonance Raman spectra follow this behavior; they showa unitary transformation takes us from the localized diabatic
increased scattering intensity for the symmetric mode with an picture that we have discussed here to a delocalized picture
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Excitation wavenumber (cm'x10” ) Figure 7. Effect of the coupling on the absorption spectrum.

Absorption spectra are calculated uskag= 0, 25, 50, and 100 cm
Figure 5. Resonance Raman cross sections calculated for ratios of as labeled in the figure. The ratio of the asymmetric (A) (2,0) to the
Apor @nd Acoyp Of 1:2 (top), 1:1 (middle), and 1:0 (bottom). The symmetric (S) (2,1) band is given at the left of each spectrum and
corresponding absorption spectra are shown in Figure 4C, 4D and 4F,illustrates the increasing contribution of the symmetric mode with
respectively. The solid line is the profile for the asymmetric mode and increasingk.. The values of the other parameters are 1.02 x 10°
the dashed line is that for the symmetric mode. Note that the positions cm~%/A2 (frequency= 450 cntl), m = 17 amu,e = 1400 cn1?, and
of the maxima of the profiles are shifted relative to each other when ¢ = 0°.
Acoupis large. The values of the other parameters are the same as those
in Figure 4C-F. between the two sites as the molecule is stretched along the
symmetric combination of local coordinates.
D. Effects of the Nonequivalence of Local Coordinate
A Force Constants.The next parameter that is examinedkis
the difference between the force constants of the local coordinate
on the oxidized site and the local coordinate on reduced site.
c ApoiBoonp = 1:2 For large values of this parameter the wave packet experiences
a large change in local force constant as the electron moves
from one site to the other (that is, as the wave packet moves
from one surface to the other). As a simple example, when the
3 L wave packet is placed on the opposite potential surface in Figure
D BporBooup = 11 3c, the motion is no longer purely in a straight line toward the
minimum along the asymmetric coordinate, but also develops
motion along the symmetric coordinate. Thus, the intensity of
features from the symmetric coordinate will increase as the
surfaces become more elliptical with increaslkag
. The absorption spectra generated by varjnguch that the
T T T T T T T T T T T changes in the vibrational frequencies are 25, 50 and 100 cm
500 1000 1500 2000 are shown in Figure 7. This figure demonstrates the increase in
Raman shift (cm™) the contribution of the symmetric coordinate. The= (0,2)
Figure 6. Resonance Raman spectra calculated for the ratiag,of ~ and v = (1,2) bands are marked with an “A” and an “S”
and Acoup that were used in Figure 5. The excitation wavenumber is respectively in the spectra. As the contribution of the symmetric
that corresponding to the absorption band maxima in Figure 4C,D, and mode increases the intensity of S will increase with respect to

Intensity

L

1:0

Apot:Acoup =

5o}
v

4F, respectively. The values of the other parameterscarel.02 x A.
;26 dfpmjlo’&oz (frequency= 450 cnT), m = 17 amu,e = 1400 cnt, Resonance Raman excitation profiles provide a more sensitive

measure of the relative contribution of each mode. An unstruc-
) ) tured absorption spectrum is rather insensitive to ke
where theApo; parameter no longer measures a distortion, but parameter; the overall width of the spectrum is only slightly
measures the strength of the diabatic electronic coupfiy. affected. The resonance Raman spectra generated by varying
analogy, the reverse transformation from the delocalized picture i sych that the changes in the vibrational frequencies are 25,
to the localized picture results in the distortion along the 50, and 100 cm! are shown in Figure 8. Whek, = 0 the
symmetric coordinate becoming the slope of the coupling with asymmetric band is the most intense and the symmetric band
respect to the symmetric coordinate in the localized picture. js not observed. A& increases, the symmetric band grows in
Similarly, unitary transformation to the adiabatic representation (ca. 500 cm? in Figure 8).

results in displacements of the surfaces along the symmetric The coupling parametermodulates the effect d¢. because
coordinate by+Acoup Therefore,Acoup measures an effective it reduces the localization of the system. When the system is
coordinate displacement in the symmetric coordinate and servesdelocalized, the lowest energy eigenfunction has most of its
also to measure the coordinate dependence of the couplingprobability amplitude near the crossing region and therefore has
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Figure 8. Effect of the coupling on the resonance Raman spectrum.
The spectra are calculated usikg= 0, 25, 50, and 100 cm. The
asymmetric band is the intense band at ca. 300'cthe symmetric
band grows in (ca. 500 cm) ask; increases. The values of the other
parameters arfgoup = 0.15 A Ay = 0 A, k = 1.02 x 105 cm VA2
(frequency= 450 cnTt), m = 17 amu,e = 1400 cn1?, and¢ = 0°.

a more averaged local force constant. For the value thiat
we use for this comparison (1400 ch), the system is

intermediate between localized and delocalized. Therefore there

is significant probability amplitude both in and away from the
crossing region.

E. Effect of the Nonequivalence of Normal Coordinate
Force Constants.The last parameter we will examinegsthe
rotation of the diabatic surfaces. As the surfaces rotate, the
relative contributions of the symmetry coordinates to the normal
coordinates for a given diabatic change. If there is no difference
in force constant the rotation of the diabatic has no effect. For
k. causing a change in the vibrational frequency of 50m
we examine the effect of changirgfrom 0 to z/4 (¢ = 0°,
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Figure 9. Effect of the rotation angle of the diabatic surfaces on the
absorption spectrum. Absorption spectra are calculated using values
of = 0°, 15°, 30°, and 48 as labeled in the figure. The values of the
other parameters areoup = 0.15 A, At = 0 A, k = 1.02 x 10°

cm YAz2 (frequency= 450 cnl), m= 17 amu,e = 1400 cm?, ¢ =

0°, andk; = 50 cnT.
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15°, 30°, and 45.) Because this parameter reduces the local rrrr T T
effective force constant change that the nuclei experience when
the electron changes sites, the amount of symmetric coordinate
contribution (absorption) and enhancement (resonance Raman}igure 10. Effect of the rotation angle of the diabatic surfaces on the
will decrease ag increases from 0 tor/4. This decrease is resonance Raman cross Sfection.s. .Cross sections for the symmetric
observed in the absorption spectra in Figure 9. In Figure 10 the (dotted lines) and asymmetric (solid lines) normal modes are calculated

. o . e .. using values ofp = 0, 15, 30, and 45as labeled in the figure. The
:f;r?:ance Raman scattering excitation profiles exhibit a similar, -, =" & 00" S o parameters agu, = 0.15 A, Ay = 0 A, k =

1.02 x 10° cmYA2? (frequency= 450 cnT?), m= 17 amu,e = 1400
Effects of the Interaction of:land ¢. The parametek: is a cm %, andk; = 50 cn.
measure of the difference between the force constants. In effect
it is the measure of the amount of change in bonding interaction The paramete¢ modulates the effect d§; by reducing the
that occurs on one site when the electron is removed from the local mode behavior and returning normal mode behavior. Since
orbital in question. Thus it is also a measure of the degree to the wave packet is aligned increasingly along normal modes
which the electron transfer is coupled to the motion of the nuclei. with an increase in the magnitudegto n/4 there is less motion
As was discussed earlier, an increase in this parameter increaseslong the symmetric coordinate until ultimately @at= +x/4
the local mode behavior of each electronic state and results inthe motion along the symmetric coordinate is completely
an increased intensity of the symmetric mode in the spectra.suppressed. Note that an increase in coupéiradso reduces
The increase effectively causes a force constant change in thehe effect ofk. but cannot completely eliminate it.
local coordinate directions after the transition to the other F. Limiting Spectra. When only the constant coupling term
surface. That force constant change allows wave packet motione is used to calculate the spectrs.§,,= 0) and all interactions
to occur along the symmetric direction because motion in that between vibrational modes are ignorégd<£ 0 andg = 0), the
direction must occur if the wave packet is to “relax” to is the spectra take on the form expected from one-dimensional
favored geometry in the new electronic state. calculations that use only the asymmetric coordif&t&8:#>

4 6 8 10 12 14

o B
Excitation wavenumber (cm x107 )
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A . 4. Summary

Both symmetric and asymmetric normal modes can contribute
to intervalence absorption spectra. In addition, both types of
modes can have appreciable intensities in resonance Raman
spectra taken in resonance with the intervalence transition.

Depending on the interactions in the molecule, either type of
l mode can dominate the spectrum. This result is surprising
AA h,_ because the standard approach to treating intervalence transitions
places emphasis on the asymmetric coordinate whereas the
standard approach to electronic and resonance Raman spectros-
copy predicts that highly displaced symmetric modes will
B dominate the spectra. Generally, the intervalence absorption
spectra are broad and do not reveal the relative importance of
the two types of modes. In contrast, Raman spectra are very
sensitive and provide much more information about the sym-
metry of the modes and thus the interactions in the molecule.

The relative intensities of the symmetric and asymmetric
modes are most sensitive to the interplay between the electronic
coupling between the sites)(the changes in bond lengths that
occur when the electron is transferreh4) and the sensitivity
C of the coupling to the distance between the electron-transfer
centers QAcoyp. In strongly delocalized systems (largp the
symmetric mode will be prominent. For a giventhe more
sensitive the bond length to the change in the charge after
electron transfer the more intense the asymmetric mode. The
more sensitive the coupling to the distance between the sites,
the more intense the symmetric mode. The physical meaning
of these trends are readily visualized by the direction of the
motion of the wave packet on the coupled potential surfaces.

) o ) The relative intensities are dependent upon, but are less sensitive
Figure 11. Examples of limiting spectra. (A) Spectra for a localized * {q, the |ocal vibrational mode coupling. The trends required for
system € = 10 cnt!) when only the constant coupling teris used an increase in the symmetric mode are an increade the

to calculate the spectraA = 0) and all interactions between . . . .
vibrational modes ;Ere ignoéﬁésalc(= 0) andg = 0). (B) Spectrum of a _ difference in the force constant, and a decrease, ithe rotation

delocalized systeme(= 9000 cntl) when only the constant coupling ~ Of the diabatic surfaces.
terme is used to calculate the spectri.4,, = 0) and all interactions Quantitative fitting of spectra must be approached and
between vibrational modes are ignorég= 0 andg = 0). An extreme interpreted carefully because of the large number of important
(e = 15000 cm?), is shown in the insert. (C) Spectrum of a delocalized  gnq interacting parameters present even in a simple two-
molecule when the coordinate dependent coupling is nonzZ&& (  gimensional model. However, the trends that are measured in a
Acoup = 1:5) ande = 9000 cn1l. The values of the other parameters . . : .
in A—C areAno = 0.15 A k = 1.02 16 cm YA? (frequency= 450 series of compounds can reveal the most important interactions
cml), m= 17 amu, anck = 0 cnT'L, in the molecules. The most general result from our calculations
is that the more delocalized the system, the more important the
Spectra that are calculated for z polarization using two values contribution of the symmetric modes to the spectra, and vice
of the Coup"ng’ one Smajk(: 10 Crn—l) and one |arge6(: Vel’Sc'.i. Detailed Un.derlstanding of mixed valence mpleCUleS will
9000 cnl) are shown in Figures 11A,B, respectively. The require the combination of multiple spectroscopies to fully
spectra are dominated by the asymmetric mode. As the couplingdetermine the vibronic Hamiltonian.
increases, the spectra become increasingly narrow and the
transition energies approach twice the coupling plus the differ-
ence between the zero-point energies. An extreme ease (

15,000 cml) is shown in the inset to Figure 11B. When the i _ ) i )
) Supporting Information Available: Calculation of inter-

constant coupling is large (representing a delocalized molecule . .
and the coordinate dependent coupling is nonzero, the spectra/&€Nce spectra using the time-dependent theory of spectroscopy.

become dominated by and broadened by the progression in thel his material is available free of charge via the Internet at http:/
symmetric mode. An exampléMfoiAcoup = 1:5 ande = 9000 Pubs.acs.org.

cm~1) is shown in Figure 11C. These trends can be interpreted
in terms of the direction of the motion of the wave packet as
discussed above. Whef, = 0, the wave packet motion is (1) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochen967, 10,
primarily between the minima of the potential surfaces and along 247- _ .
the asymmetric coordinate (Figure 11A). When the coupling is gg i{lzvr‘]mg'g ',MdﬁesiVsleggfozon%?gﬁzf{ggf rgrchr;t, 1980.
large, very little wave packet motion occurs and the spectrum  (4) Hush, N. SChem. Phys1975 10, 361-6. T

is sharp. Thus when the constant coupling is large and there is  (5) Hush, N. SCoord. Chem. Re 1985 64, 135.

also coordinate dependent coupling, increasing the latter in-  (6) Creutz, CProg. Inorg. Chem1983 30, 1.

L " . (7) Crutchley, R. JAdv. Inorg. Chem.1994 41, 273.
creases wave packet motion in the symmetric direction and the (8) Blasse, GStruct. Bondingl991, 76, 153.

symmetric stretch becomes increasingly important in the (9) Taylor, P.; Beattie, J. K.: Hush, N. Siorg. Chem1976 15, 992.
spectrum. (10) Bersuker, I. B.; Borshch, S. Adv. Chem. Phys1992 81, 703.
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