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The response of an intervalence band to an applied electric field, called an intervalence band Stark effect, is
considered in detail. Because the application of an electric field to a symmetric mixed-valence complex will
break its symmetry in a way that depends on the strength of the field and the orientation of the complex in
the field, it is necessary to identify the most general treatment of the asymmetric vibronic coupling problem
for the calculation of intervalence band Stark effects. For this reason three previous treatments of the asymmetric
vibronic coupling problem are reviewed. Each treatment is found to be less appropriate for the calculation of
intervalence band Stark effects than a fourth that we introduce. It is also shown that a common choice of
vibrational basis in these treatments can lead to inaccurate calculations for some mixed-valence complexes;
an alternative is recommended. Particular attention is paid to the effects of the field on the line shapes of
intervalence bands and the sites of charge localization in mixed-valence complexes; both effects of the field
lead us to identify intervalence band Stark effects as examples of a broader class of nonclassical Stark effects.
A wide range of behavior for intervalence band Stark effects is predicted for isotropic samples. The-Franck
Condon principle is utilized to develop a qualitative understanding of this behavior. Two methods of analysis
are developed for determining the values of the vibronic coupling parameters that characterize a mixed-
valence complex in the absence of the field from intervalence band Stark effects measured for isotropic
samples; one of these methods can yield a complete description of the vibronic coupling parameters from an
intervalence band Stark effect when the dipole strength of the intervalence band is either poorly characterized
or poorly understood. The Stark effects of phase-phonon bands are also discussed. A graded description of
charge localization in mixed-valence complexes is emphasized throughout this work, and a simple criterion
for identifying the localized-to-delocalized transition is proposed.

Stark spectroscopy has proven to be a powerful technique AA(F, y) =
for characterizing the electronic and vibrational transitions of B 3 [A®) C A7)
molecules: A Stark spectrum is the change in an absorption f2F {Ay A®) + =7 ( — )+ 2 5V 2( — )} (4)
spectrum under the influence of an applied electric fi€ld, 1ene” v\ v 30hc™ v\ ¥

AA = A(F=0) — A(F=0) (1) where

Stark spectra have generally been interpreted using what We = —Z[lOA“ + (3 CO§X —1)(3A; A” + AIJ )] +
refer to as the classical theory of Stark spectroscopy. Its pr|n0|pal 30m°

assumptions are that perturbs an absorber’s transition dipole

moment,m, and peak positiormax but neither its population — Z[lomBijj + (3 cos y — 1)(4mBy)] (5)
or its line shapé. Each absorber’s transition polarizability, 15m* G

A, transition hyperpolarizabilityB, difference dipole moment,

A, and difference polarizabilityAa, are defined by power g =§Tr(Ao.) + (3cody —1) §Aa — }Tr(Aa) +
series expansions truncated at second ordét. in Lo T 2" 2

_ - . 1
m(F) =m+ AF + F-BF (2 EZ[lomA;Aﬂj + (3 cog y — 1)(BMmAAw; + MAAw)]
= -
(6)
= A5+ (Bco$y —1)(Bcodt—1)] (7)

F-Aa-F ®3)

vmaKF) = Vmax — Au-F —

NI

When the ensemble of absorbers is isotropic and the field
perturbations to the individual transitions are small compared
to their line widths and intensitie2\A can be expressed as a
sum of the zeroth, first, and secomewveighted derivatives of
the absorption spectrum:

In these equation is Planck’s constant andlis the speed of
light, Aom = (M-Aa-M)/|M|2, x is the angle betweeF and the
polarization of the probing light field; is the angle between
Au andm, andf is a scalar approximation to the local field
correction tensor. This tensor is intended to account for a
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f-E. It is generally believed that for most frozen organic or violation, for many MVCs the adiabatic electronic states have

aqueous glasses the value should be between 1.0 and 1.8 g-dependent dipole moments, so it is not clear what physical
The indicesi andj in egs 5 and 6 run over the molecular property the fit value ofAu from a classical Stark analysis
coordinatess, y, andz might represent; if an applied electric field should effect a

Equations 4 and 7 suggest a common mode of analysis ofpopulation transfer between two nearly degenerate wells, a
Stark spectra that we refer to as the classical Stark analysis:situation we refer to as a field-modulated population effect,
Stark spectra recorded at two or more valuey afe fit to a this phenomenon would violate an assumption underlying the
sum of thev-weighted derivatives of the absorption spectrum; classical Stark analysid. Such field-induced switching of
the fit values ofC, as a function of; are then used to determine  electronic states has been of great interest to the field of
the magnitudes ofu andg. This procedure essentially redefines  molecular electronic®
A, B, andAu as fit parameters derived from the coefficients  Since Oh and Boxer published the Stark spectrum of the IVB
of the zeroth-, first-, and second-derivative components, re- of the CreutzTaube ion in 1990213 |VSEs have been
spectively, of a fit to the Stark spectrum. For many electronic measured for a variety of MVC$,both symmetric (i.e., M=
and vibrational transitions, but not all of them, the assumptions M,, u = v, and M; and M, have identical environments for
underlying the classical Stark theory are satisfied; in these casesomeq) and asymmetric, inorganic and organic, and with and
there is a theoretical justification for interpreting, for example, without a bridging ligand. Generally, these IVSEs have been
the fit value ofAu as the linear response faxto F. In these analyzed with the classical Stark analysis, and in some cases
cases we refer to the transitions as having classical Stark effectsthe results have been interpreted with an electronic coupling
Nonclassical Stark effects are thus defined by contrast to the model of mixed-valency when a vibronic coupling model would
assumptions of the classical Stark theory, as when the field have been more appropriate for the reasons described above.
affects the line width of a transition or the population of the Although vibronic coupling treatments of IVSEs have been
absorbing species; nonclassical Stark effects may also be fit topresented4-6to our knowledge no one has provided a unifying
a sum of derivatives, but the information content of the Stark treatment of the complete range of the classical Stark effects

spectrum is different than described by egs74 By this defi- (in some limits of strong and weak mixing) and nonclassical
nition, examples of nonclassical Stark effects include resonanceStark effects (due to BornOppenheimer violation and field-
Stark effects}* field-modulated population effects, and modulated population effects) that can be expected for IVBs

some Stark effects associated with intervalence band absorp-and other charge-transfer transitions. The primary purpose of
tion,” which we refer to as intervalence band Stark effects this paper is to provide this treatment. Toward this end, we
(IVSEs). identify the MVCs that are expected to have classical Stark
An intervalence band (IVB) is a unique vibronic transition effects on the basis of the values of the vibronic coupling
in a mixed-valence complex (MVC) that is not present in either parameters describing them, and we develop and verify different
of the monomers comprising this dinfethis transition arises  expressions foh,, B,, andAu as functions of these parameters.
from the vibronic coupling between the two charge-localized For some MVCs having nonclassical Stark effects, we attempt

electronic statesy. andyr, defined by the pictures to develop an intuition for the kind and extent of nonclassical
behavior that can be observed and suggest experiments for
P =M —B —Mm,M* further investigations of this behavior. One important conclusion
from this work is that some MVCs with similar values of their
Yr= Ml(“)Jr - B - Mz(‘”L/)Jr vibronic coupling parameters may have much more dramatic

differences among their IVSEs than among their IVBs; thus
In most caseg = 1, M; and M, are metals, and B is a bridging  IVSEs can be used to constrain the values of these parameters
ligand. In other cases = 2, M; and M, are functional groups  better than they are constrained from the IVB alone. Also, we
on a bridging organic molecule, or there is no bridge. On account ask if there is any simple relationship between the IVSE line
of the vibronic coupling between these states there is a shape and the localized or delocalized nature of a MVC. Toward
breakdown of the BornOppenheimer approximation for the this end, we develop a useful criterion for identifying the
eigenstates of MVCs between the limits of weak and strong localized-to-delocalized transition in MVCs.
mixing of ¢ andyr.® The adiabatic electronic states

Y,(9) = c(Qy, + c(DYr Theoretical Foundations
P,o(q) = —c,(@)y, + ¢ (Qyg (8) Any interpretation of a Stark spectrum has at its root an
expression for the intrinsic absorption spectrum of a single
and the difference dipole moment between théan(q), thus absorber as a function df, y, and its orientation in the lab
depend on the nuclear configuratign frame!” The field-on and field-off absorption spectra for the

The Born-Oppenheimer violation that occurs for the eigen- ensemble are then determined by integrating this expression over
states of many MVCs is necessarily ignored when mixed- the orientational distribution of absorbers present, Ardis
valency and IVB absorption are treated with a purely elec- calculated according to eq 1. When field-modulation at fre-
tronic coupling model instead of a vibronic coupling motfel.  quencyw is coupled to lock-in detection for recording Stark
Electronic coupling models of IVB absorption can also fail to Spectra, expressions faxA(2w) and the higher order Stark
recognize that some MVCs have a double-welled adiabatic spectr&® AA(nw) require additional considerations for their
potential energy surface corresponding/gq), which can give derivation, but this does not change the underlying physical
rise to two distinct, though generally overlapping, absorption picture.
spectra. Thus a failure to recognize the intrinsically vibronic ~ Vibronic Coupling Models of IVB Absorption. As de-
nature of the coupling betweep, and yr could lead to a scribed by Piepho, Krausz, and Schatz (PRIpe physical
misinterpretation of the results of a classical Stark analysis of picture for IVB absorption yields an expectation that the
an IVSE for two reasons: on account of Ber@ppenheimer nuclei around M and M, should reorganize in a precisely
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opposite manner in response to the transfer of a charge betweer

M; and My within a symmetric MVC. These coordinated

reorganizations are represented by combining the normal modes

of vibration within the two halves of the MVQyu, and gu,,
to yield antisymmetric normal modes of vibration for the
dimer:

Gani = (G, — Gt )/V/2 ©)

Asymmetric MVCs are represented in the PKS model by the
vertical displacement of the quadratic potential energy surfaces
corresponding tap. and yg, denoted here bAv. The PKS
model calculates IVB spectra as a function of this vertical
displacementA»), the unitless horizontal displacement along
Oanii Of the . and yr surfaces dant), the force constants of
these surfaced4n), and the electronic coupling between them
(Vo). In the limit of largeAv one expectsj, andagw, to decouple
such that a description in terms of antisymmetric modes is no
longer strictly appropriate. Nevertheless, the algebraic treatment
of vibronic couplings in this limit is generally identical to that
of the vibronic coupling togani for the symmetric vibronic
coupling problent® Thus the PKS model can be used to fit
IVBs for MVCs of all manner of asymmetry, but whether the
fit values of displacement correspond to individgal andqy,
modes or to combination modes such @sg; is difficult to
determine.

Although the PKS model argues that reorganizations along
the symmetric modes

Osym= (G, T Gy )/v/2 (10)

are insignificant in the context of calculating absorption spec-
tra, Hush first noted that significant reorganizations are plau-
sible along another symmetry-preserving mode, one which
could not be constructed fromm, and qu,.2* In the limit of
strong mixing betwee, andyr the adiabatic electronic states
are

Y=+ ’PR)/\/E

Y=y +yIV2 (11)
In this case it is expected from the physical picture of a bonding
to antibonding transition that the separation betwegnakid

M3 should increase in responsepo < 4. This mode is also
denotedgsym because it belongs to the general class of modes
that do not lower the symmetry of the MVC.

Thus the PKS model has been modified by Piepho to include
the effect on the IVB of the unitless horizontal displacement
along anyqgsym of the ¢4 and y- surfaces,dsym and the
corresponding force constantfssym.22 However, the Piepho
model treated symmetric MVCs exclusively. Two recent models
of the asymmetric vibronic coupling problem that, unlike the
PKS model, include vibronic coupling to both symmetric and
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Vanti

Tn(q) + T(qanti - Rd.a\nti)2 + 1_)an'uéanuqami + RT/Symésqusym

[z
SZym(qsym + 6syn‘)2

Vanti
2
Veym

2 (qsym - 6sym)2
(1

(qanti + Réanti)2 +

1_/amuéantiqami + R1_}symé squ$ym 2V0 + Tn(q) +

L

whereTy(q) is the nuclear kinetic energy, the electronic energy
is defined equal to zero at the minimum of the surface, and

g is defined equal to zero at the nuclear configuration about
which the displacements of theg, andy, surfaces are equéf.
Calculations with the RH model also begin by projectidg
onto a diabatic basis that is not necessarily eifhar, ¥} or
{y+, v-}; the fixed values ofc; and c; in this case are
determined by ignoring the contribution of symmetric modes
to the problem and diagonalizingpi|Hr|yjlr at dani = O.
Vibronic couplings to symmetric modes are then added to the
diagonal ofl@;|Hr|y;Hy:

17anti 2
Tn(Q) + T(qanti - dami) + QantYanti
Vsym
2)’ (qsym + 6syrn)2
17anti 2
0'a\nthami Q0 + Tn(q) + T(qanti + dantD +
Vsym
2y qsym - 6syrr*)2
(14)
where
Av
dan'(i = 6antig_0 (14)
_ 2V0
Qanti = Vant@anti? (15)
0
Q,= (AW + 4V )" (16)

Comparison of the antisymmetric displacements ofithend
1, surfaces in eqs 12 and 13 suggdltean be expressed as
AvIQo, which is approximatehAv/2Vo whenR < 1.

Both models thus agree with each other and with that of
Piepho in their treatment of the symmetric vibronic coupling
problem, where the diabatic basis is chosen td e, y-}
because eitheR = 0 or Av = 0, but they differ between each
other in their treatment of the asymmetric vibronic coupling
problem, such as pertains to symmetric MVCs in an applied
electric field. These differences exist because the symmetry
considerations revealing the dynamic matrix of the symmetric
vibronic coupling problem cannot provide any direction for
constructing the dynamic matrices of the asymmetric vibronic
coupling problent223 Before considering which of these

antisymmetric modes are those of Gasyna, Schatz, and Boyledynamic matrices, if any, is more appropriate for calculating

(GSB) and Reimers and Hush (RH)° Calculations with the
GSB model begin by projecting the total Hamiltoni&h, upon

a diabatic basig i, y2} defined by fixed values of the
coefficientsc; andc; (eq 8). The values of these coefficients
are determined by an asymmetry paramef®e(R < 1). This
projection, denotedsi|Hr|y;d> to indicate that the states;
andyj run over the stateg andyy, is given as

IVSEs, it is important first to consider the ways in which an
applied electric field might perturb the values of the vibronic
coupling parameters introduced above.

The Stark Effect. Becausey, andyg have electric dipole
moments that differ by the product of the chargand the
difference between the positions of;Mind M, a product
denoted byAzicr, F will perturb the value ofAv according to
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AV(F) = AV — ApifF a7
For example, if M and M, are separatedyltb Aand/=1, an
applied field of 1 MV/cm aligned along the M, axis will
perturb A¥ by 400 cnt! whenf = 1.0. The second-order
response ofAv to F is proportional to the difference between
the polarizabilitiesAacr, of . andyr. Aacr arises from field-
dependent interactions @fi andyr with electronic states we
have otherwise ignored in the vibronic coupling problem.
Common molecular group polarizibilities are at most tens of
A329 |f Accr were as large as 1003Aa field of 1 MV/cm
would perturbAv by only 5.6 cnt™. Thus, for experimentally
obtainable field strengths, the perturbation dueAtacr is
generally negligible compared to that dueAacr.

Measurements of vibrational Stark effects suggest that the
sensitivity of a vibrational frequency to an electric field is
generally very smafi®37The largest sensitivities that have been
measured so far are less than 3éftMV/cm). For a field of
1 MV/cm, this amounts to, at most, a 1% change for a
vibrational frequency of 300 cm.

If F were to affect eithedan:i or dsym, this would be another
way by whichF would influence the reorganization energies
defined by
62

anti”anti

A =20 (18)

anti

— 9= 2
j's;ym - 2Vsym5 sym

Conversely, because the effectfolipon eithemwsym O Vang iS
negligible, if one could estimate its effect upénone could
also estimate its effect upah One important contribution to

(19)
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dXY is generally modeled as an exponential de¥ay:

Vo' Oexp-pdad /2] (21)
Because group polarizabilities are generally not more than tens
of A3, the change irdY} due to a 1 MV/cm electric field is
inherently small. If the states corresponding to localization of
the charge on sites X and Y have the same polarizabilities (i.e.,
the difference polarizabilithoxy = 0), then the field will not
influencedg at all. For a large net difference polarizability of
100 A3, the effect da 1 MV/cm field is to changel’! by only
0.07 A. If B is as large as 2.8 A&, its theoretical maximum
value (the one attributed 0 in a vacuum), this amounts to a
change inVgy" of roughly 10%. For the smaller values gf
more appropriate to condensed phases, the field dependence of
Vo due to this mechanism will be less significant.

V55q) arises from the coupling ofy. and yr to a third
state,ys, which is defined by the chargéoeing localized on
the bridge.VcS,E(q) is inversely proportional to thg-dependent
energy differences between staggsandyg and between states
ywr andyp.*® These energy differences can be perturbed by the
interaction of the field with the difference dipole momenmtg, g
andAuge. According to the calculation at the beginning of this
subsection, a difference dipole moment represgninA of
charge-transfer would result in a 400 chperturbation taAvxy.
Thus a typical small, conjugated bridging group (such as
pyrazine or cyanide) and a d-orbital on a metal would have a
value of Avxy roughly 100 times larger thaR-fAuxy. Thus
the field dependence 0¥35(q) could often be insignificant
compared to the already small field dependencvw"'z.

When these estimated perturbationg\tg ¥sym, Vani, 0, and

reorganization energy is the electrostatic interactions among thev0 are considered in the context of egs 12 and 13, one finds

dipole moments of bonds in a MV&;the sizes of these dipole
moments and their interaction energies vary with nuclear
configuration, giving rise to potential energy surfaces that can
be approximated as harmonic in a neighborhood about their
minima. Another important contribution is the interaction of
these dipole moments with dipole moments in the frozen
solvent?® Thus the field can affect by interacting with the
electronic polarizabilities of any of these dipole moments. If
these polarizabilities were as large as 160 &field of 1 MV/

cm would perturb these dipole moments by as much as 0.3 D.
Because common group polarizabilities are at most tens®of A
and common group dipole moments are on the order of D,
a 1 MV/cm field should not affect the values éfby more
than a few percent. However, if an applied electric field
should affect the coupling between ttypg, andgu, modes, this
could influence the values @f in complex ways, as discussed
below.

Vo is the least well understood of the parameters in the
vibronic coupling problem, so it is more difficult to estimate
the magnitude of its dependence BnTwo origins forV, are
frequently identified, although there may be others. One
contribution toV; is from the direct overlap of orbitals on M
and M, V§™225 The other is ag-dependent superexchange
contributiorf® from the overlap of orbitals on Mand M, with
orbitals on B,V3q):

Vo= Vg™ + V5 (20)
F may influence both contributions due to its interactions with
group polarizabilities in the MVC that modifgtX, , the edge-
to-edge distance between sites X and Y (XY, M or B).
The dependence of the coupling between these sﬂég,on

that the first-order perturbation tav will generally have the
most significant effect on the adiabatic surfaces defined by the
g-dependent diagonalization of the coupledandy, surfaces.
These observations justify fitting most IVSEs using eq 17 as
the only effect of the field within some vibronic coupling model
of IVB absorption. However, as when fitting IVBs, one may
question the nature of the coupled vibrational modes whose
displacements are fit; additionally, the field may alter the
coupling of thegu, andgu, modes, in which case the values of
0 may be altered by this alternate mechanism. Such changes
may be significant because, according to the PKS model for a
symmetric MVC, the displacements along the antisymmetric
and symmetric modes defined by eqs 9 and 10 are constructed,
respectively, as 4/2 and zero times the equal displacements
alongqgm, andqu,.?® Despite having these limiting values &f
it is not at all clear how a field would affect displacements
through this mechanism; thus we suggest fitting IVSEs using a
description in terms of antisymmetric and symmetric modes with
field-independent values of displacement, noting that this
remains an important area for investigation.

Choosing a Dynamic Matrix. Considering which dynamic
matrix to use for fitting IVSES, we first note thap;|Hr|y;4:
in the GSB model (eq 12) resembles a rotatiofjafH|y;L -
for the symmetric vibronic coupling problem through a small
angle equal taR in all respects except in its treatment \¢f.
Because a rotation of the diabatic basis should not affect the
calculated IVB, any field-perturbation to the IVB of a symmetric
MVC in this model can be traced to either its exceptional
treatment oV, under this rotation or to a violation of the small
angle condition. Because the range of asymmetries that both
satisfy the small angle condition and result in significant
perturbations to the IVB of a symmetric MVC is very small,
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this treatment of the asymmetric vibronic coupling problem
should not generally be used for fitting IVSEs.

To the credit of the RH model, its identical algebraic treatment

of vibronic couplings alon@jani and dsym in the limit of large

asymmetry echoes the expectations noted above that vibronic

couplings to the decouplegy, and gu, modes in this limit
should behave asni in the symmetric vibronic coupling

problem. However, it does not make sense to treat the symmetric

mode describing the M-M, separation distance in this way
because it cannot be decomposed into a combinatiogvf
and gu, modes. More appropriate, it would seem, is to treat

this symmetric mode exactly as it was treated in the symmetric

vibronic coupling problem, as justified by the physical picture
of a strongly mixed MVC, treating asymmetry strictly by
entering Av off the diagonal offi|H|y;0- as in the PKS
model. According to this model of the asymmetric vibronic
coupling problem, previously unexplored in the literature to our
knowledge'® the dynamic matrix@pi|Hr|y;0 - is

To(@) + Vzn“q;nu + % + VantOantant
G+ O’
~ (22)
% + VantOantVant 2Vo T To(0) + Va?”“qimi *
L G~ Oy’

In contrast, rotation of either eqs 12 or 13 into the., v-}
basis would yield a contribution of eithéfy or dsym re-
spectively, to the off-diagonal elements @fi|Hr|y;-. Ac-
cording to this model the projection éfr onto the{y., yr}
basis is

1_/sym 2 _
Tn(q) + 2 qsym + _Vo + 1’symésqusym
Vanii
%I(qanti - 6anti)2
) (23)
7 AT+ T () + -2, +
Vot Vsymé symAsym v 2C) 2 Gsym
Vanii
%I(Qanti + 6an192
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Figure 1. Selected cross-sections of diabatic potential energy surfaces
for the vibronic coupling problem defined by eqs 22 and 23. Panel A
illustratesV,+(q) andV-_(q) alonggsym Whendani = 0. The horizontal
displacement of the surfaces Bdsym respectively; the vertical
displacement oV/__(q) is 2Vo. Panel B illustrate®/;.(q) andV-_(q)
alongdani Whengsym = 0. The horizontal displacement of the surfaces
is zero; the vertical displacement ¥f_(q) is 2V, V++(q) is offset
from zero byAsyn/4. Panel C illustrate¥,. (q) and Vrs(q) along dsym
when gani = 0. The horizontal displacement of the surfaces is zero;
the vertical displacement ofrr(q) is Av; Vi.(q) is offset from zero

by Aand/4. Panel D illustrate¥, (q) andVre(q) alonggani Whengsym =

0. The horizontal displacement of the surfaces&ug, respectively;
the vertical displacement &fzr(q) is A7.

the elements of this equation onto vibrational basis functions
and to calculate the intensities of the transitions between each
pair of eigenstates of the resulting matrix. As for the dynamic
matrices above, different methods have been utilized to treat
these other aspects of the vibronic coupling problem. To identify
the best of these treatments for calculating IVSEs, here we
review some often neglected peculiarities of the vibronic
coupling problem with regard to the choice of vibrational basis
and the calculation of transition intensities.

Choosing a Vibrational Basis. Implicit in the calculation
of the matrix elements above is the use of the Born
Oppenheimer approximation for constructing vibronic basis
functions

W(r,q) = [y(Nn@]s

where r denotes electronic coordinateg; is either of the
electronic basis stateg: or y—, andg,, is a vibrational basis
state of quantum numberassociated withy;. Because the

and y_ surfaces have been assumed parabolic, harmonic
oscillator wave functions are a clear choice for these two
vibrational manifolds. What is less clear is which nuclear

(25)

where we have redefined the zero of energy upon transformationconfigurations to choose as their origins. Many different choices

from eq 22 to 23 to highlight the similarity of these matrices.

have been used to treat the vibronic coupling problem, each

Thus, of particular relevance for the calculation of IVSEs, and yielding a different expression for thg-independent matrix
in contrast to the treatment.aﬁfsym in the RH model, in this . elementszyji¢L|HT|w,-¢ijL from the same-dependent matrix
model a fixed value of.the dlsplapgment along any symmetric elementsgi|Hr|y;0—. Although one might expect the vibronic
mode has an appropriately negligible effect on the adiabatic coypling problem to be invariant to these translations, here we
surfaces oHr in the limit of large asymmetry because it occurs  ghow that these different projections Ig§ can yield different

off the diagonal in eq 23. Cross-sections of the diabatic sur]‘z;\cesspectra from the sani@;|Hq|y;0 . For some of these projec-
corresponding to the diagonal elements of egs 22 and 23 areijgns we argue that the spectra are wrong.

illustrated in Figure 1; these surfaces are denoted by labels
derived from the following compact notation for the elements
of the dynamic matrix in any diabatic basis:

i IHly; 0= To(@) oy + Vy(a)

One choice for the origins of thé, and ¢, manifolds are
the two g corresponding to the minima of the, and y_—
surfaces, respectivef§. The drawback to this choice is that the
matrix [@ig,|Hrlyi¢l - has fewer zeros than when thege
are the same. Thus it is tempting to choose identical origins for
In this equation the stateg and; can run over eithep, and ¢, and ¢, because this leads to selection rules that greatly
Yr, Y+ andy_, or 1 andy,. Having justified the use of eqs  simplify the calculation of the matrix elemean(p;Dand
22 and 23 for calculating IVSESs, we choose to use eq 22 to l})s:|q|¢>r;|]and shorten the computation time for diagonalizing
representy for subsequent calcualtions. It remains to project Hr.

(24)
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Both the Piepho and GSB models ugg, dsym) = (0, —0sym) incomplete, such that these calculations of IVBs may be
as a common origin, presumably because this configuration iscompromised in ways that are difficult to determine. Being
close to that of maximum probability density in the ground state unaware of a vibronic basis whose completeness has been
of the strongly mixed MVC. The RH model instead usggf formally proven, we use théy., y_} basis withqg = 0 as
Osym) = (0,0) as a common origin. That these two choices can defined for eqs 22 and 26 as a common origin for the
yield different spectra for the santér is readily apparent for  calculations below because of its agreement with the Franck
the case wherdv = 0 anddani = 0, such that the eigenfunc-  Condon principle in the example just described.
tions of Hr are Borr-Oppenheimer functions. In this case the Calculating the IVB Intensity. On account of the vibronic
dynamic matrix of eq 22 is equal to coupling, the eigenfunctions ¢,

T (q) + antiqz + 0 (I)t = zcstlps (28)
n 2 anti S
Vs%“ Ogym + 5sym)2 with eigenyalues‘zt generally violate the BomOppenheimer
26) approximation used to construct the basis functions of eq 25.
5 ( As a result, it is not clear how best to calculate the transition
0 2y + T(Q) + %“qgmi + dipole matrix elements in the vibronic coupling problem:
Vym 2 @M |®,(= Y CCep[Wm, W[ 29
> (Geym — Oeym) dm, | Py ) sCor (WM, [V (29)
. . . wherem, is the leading term in a Taylor’s series expansion of
which can be written instead as the g-dependent electric dipole moment operator:
1_}anti 2 1
To(@ + 5 G + 0 my(q) =m, +m/'q+ Emy”q2 + ... (30)
1_}sym 2
2 Usym andy = x, Y, or z. Talaga and Zink have even demonstrated
(27) how different choices of diabatic basis can lead to different
Vanti » calculated polarizations for some IVB5Where the Borr
0 2y + Ty(a) + 7Qanti + Oppenheimer approximation is satisfied, the Condon ap-
Veym ) proximation is usually applied, such that
2 Osym — Zésym)

(W m, | W C= [yl T, m, |y, 0 (31)

if, as is done by both Piepho and GSB+ 0 is defined as the
configuration corresponding to the minimum of the surface.
Although these representationstbf are related by a translation, only on the electronic parts of the wave function, and the

a consideration of the energy of the-0 band fory— v+ in transition is referred to as an electronic transition. With regard
each case reveals that they yield different spectra, regardless ofq Mmvcs. it is usually supposed that

basis size. Becausk,m perturbs the energies of the vibrational

The [@}|¢! Dare vibrational overlap integrals or Franek
Condon factors. Thus, using the Condon approximatiprgcts

manifolds on thep; andy_ surfaces identically in eq 26 (the @, Im |ypg0=0 (32)
difference in the sign of this perturbation is inconsequential),

the energy of the ©0 band for this choice of vibrational origin  such that

is independent of the size dfym On the other hand, because

Osym perturbs the energies of the vibrational manifold on the b My _O= Aligr/2 (33)

- surface alone in eq 27, the energy of theQband for this

other choice of vibrational origin does depend on the size of where Azcr is the same difference dipole moment that
Osym; this point is illustrated in Figure 3c of ref 22. Which of  determines the field dependence/f (eq 17). Thus it is the
these two behaviors is appropriate can be inferred from the mixing between thep. and yg states that is the source of
Franck-Condon principle, because the Ber®ppenheimer oscillator strength for the IVB, and it is expected that the angle
approximation is applicable to this example of transitions Ecr betweenm and Ajicr is zero.

between the uncouplegd; andy_ surfaces. As discussed later, However, because the Condon approximation is inapplicable
the value ofdsym should have important consequences for the to many vibronic coupling problems, in general one must
envelope of an IVB, both its peak position and line shape; consider other contributions to the transition dipole matrix
however, according to the FranelCondon principle, its value  elements in addition to the electronic contribution. These other
should not affect the energies of the individual transitions contributions may be vibrational in nature, as inferred from the
underlying this envelope. Because the choice of common origin g-dependent terms in eq 30. Truncated at first ordeg,im
employed by Piepho and GSB leads to a change in the energygeneral expression for the transition dipole matrix element is
of the 0-0 band for this example, we conclude that this choice then

is generally inappropriate. By extrapolation, any choice of o . )
common origin that is not the nuclear configuration midway —[Wm, ()| W= ;| m, [0y ¢t O+ Gy m,' | Mby | g,
between the minima of the diabatic surfaces is inappropriate (34)

for calculating IVBs. The fact that the treatments of the vibronic

coupling problem reviewed here are not translationally invariant Wong and Schatz have estimated the siz&gfm,’|y;0 - for
hints that any choice of BorOppenheimer basis may be the case of a single antisymmetric mddm the rest of this
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paper we will assume this term is zero, in accord with the
treatments of PKS, Piepho, GSB, and RH.

For an ensemble of MVCs at thermal equilibrium at temper-
atureT, the amplitude of the transition fromp; to ®¢, with
energyvy — 7, is influenced not just by the transition dipole
moment matrix element for these states but also by the
populations of these state®); and Ny, respectively. This
amplitude is given by

\M Figure 2. Adiabatic surfaces and the Frare€ondon principle. The
|E1Dt|m|fl>t.[ﬂ2 (35) lengths of the vertical arrows approximate the peak positions of the
absorption bands in each case. The slopes of the illustrated tangents
yield estimations of the peak widths of these bands. The two surfaces
where V1(q) andV,(q) in panel A do not interact in the absence of the light
field. In panel B the diabatic surfacd(q) and Vj(q) (solid lines)
N, = expn/k,T) (36) interact weakly in the absence of the light field to yield the adiabatic
surfaced/1(q) andVx(q) (dashed lines). In panel C the diabatic surfaces
N=SN (37) Vii(g) and Vji(g) (solid lines) interact strongly in the absence of the
Z t light field to yield the adiabatic surfaceg;(q) and Vx(q) (dashed
lines).

N, —

N

andk, is Boltzmann’s constant. Thus, if an electric field can be

shown to influence the energies of these states, it may also affect =~ ] )

the absorption spectrum of an ensemble of MVCs by affecting dualitative insight can be gained by applying the Franck

the populations of these states. To calculate the extent of thesé=0ndon principle to transitions between the adiabatic surfaces

population changes, in addition to the vibronic coupling Ccorresponding tapi(q) andy2(q) given by

parameters of the MVC it will also be important to consider v

the available thermal energy and the time scale defined by the _v, 2 2 i1 2 211/2

field-modulation frequencyg.]y g Vi(@) = 5(a7+ 0% + 5 = 2200 = Vy)" + 4V (39)
Summary of Vibronic Coupling Model Recommended for

Calculating IVSEs. The IVB of a single MVC, oriented with

respect to the axes defined by bdthand the polarization of

the probing light field-themselves defining an angje-can

be calculated by first incorporating eq 17 into the dynamic Here we have useW; in place of Aw/2 or Vo andVj in place

matrix of eq 22. Choosingy = 0 for the origins of our of 2Vp or Av, respectively, to express the generality of this

_ V. 1
Via) = (e + 09 + 2+ 51200 — V;)F + 4V, A2 (40)

vibrational wave functions, the matrix elementstdf in the approach for any diabatic basis (egs 22 and 23).
{w+, p-} basis are then Underlying the FranckCondon principle is the Condon

. . approximation, itself resting upon the Bof@ppenheimer
@l Heltp - = 03 { [2Vo0; - + Varil(Nans T 0.5) + approximation. As discussed above, the eigenfunctions of the

vibronic coupling problem generally violate the Ber®ppen-
heimer approximation, so that the FrargRondon principle
does not strictly apply. Nevertheless, this approach leads to

+05)P, .. 0

Veymr(N
Sym( sym anti Manti~ NsymMsym

Y max (N, /21996 o 4 useful qualitative estimates, and in some cases quantitative
( Symasy"[ ( Sym msym) ] 5) Panis e~ Nsym msyml,l} estimates, of howr will affect the position and width of an
A(F) IVB.

In this regard there are two important elements of the Franck
Condon principle as applied to the two noninteracting potential
energy surfaces in Figure 2A (i.&/;(q) = 0, i = j). First, the
17‘,Mm<§ami[max(n{.m,r‘narm)/Z]o"r’é‘n ~m 100, m, } (38) peak position of the IVB can be estimated as the energy
R difference betweervy(q) and Vz(g) evaluated at the nuclear
whered;; is the Kronecker delta. configuration having the largest probability density in the ground
This matrix is diagonalized and line spectra are calculated state. This particular nuclear configuration can itself be estimated
using eq 35 for all possible transitions between eigenstates.as the nuclear configuration corresponding to the minimum of
These line spectra are broadened with a Gaussian and the resul1(g). Second, the width of the IVB can be considered to
is weighted byv to produce the final IVB absorption spectrum. increase monotonically with the slope\sf(q) evaluated at this
To calculate the absorption spectrum for an ensemble, thissame nuclear configuration; this slope is illustrated by the line
calculation is repeated for different orientations of the MVC drawn tangent t&/,(q). Thus increasing the horizontal displace-
with respect td= and the polarization of the probing light field, ment between the surfaces increases the broadness of the
and the results are combined to yield an orientational averageelectronic absorption band.
as described elsewhe¥e?3 To calculate the IVSEs presented It is thus straightforward to determine the consequences of
in this paper, field-on and field-off absorption spectra are both imposing the FranckCondon principle upon the adiabatic
calculated according to this method and entered into eq 1.  surfaces in the general vibronic coupling problem (\g(q)
Adiabatic Surfaces and the Franck-Condon Principle. = 0). In Figure 2B, the surfaceg;(q) and V;(q) are weakly
For a given set of the frequenciggm andvang, a great diversity interacting, leading to adiabatic surfaces that follow these
of IVSE behavior is possible for different combinations of the surfaces closely except in a small neighborhood about their
values oflsym, Aani, A7, andVo. Although the diabatic model  crossing point. In Figure 2C, the surfaces are strongly interact-
presented above is used to calculate IVSEs quantitatively, muching, leading to adiabatic surfaces that deviate significantly from

(1 - 6IJ){ 2 MantMani~ NsymMsym +
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these surfaces except at valuescpthat are far from their the difference dipole moment betwegn andyg, we can get
crossing point. In either Figure 2B or 2C, the Fran€kondon a sense of how significantly some of the nonclassical Stark
principle suggests that the peak position of the ¥Ry can effects predicted by the vibronic coupling model deviate from
be estimated by the length of the vertical arrow drawN/ @) the classical Stark effects predicted by this electronic coupling
from the minimum ofV(q). The effect ofF on vmax can thus model.
be approximated by its effect on the length of the vertical arrows  Because many measurements of IVSEs have been used to
in Figure 2. In both Figure 2B and 2C, the Franckondon address the localized or delocalized nature of a MVC, we also
principle suggests that the width of the IVB increases monotoni- address this issue here. However, we note that the question of
cally with |dV»(g)/dq| evaluated at the nuclear configuration of whether the chargés localized or delocalized is one of degree.
the minimum ofV1(q), gmin. If this slope is insensitive té&, If v andyr do not mix,/is completely localized on either M
there will be insignificant changes in the line shape of the IVB, or My; otherwise/could be said to be delocalized to an extent
and classical Stark effects will result, so long as there are no that depends on the degree to whigh andygr are mixed. If
field-modulated population effects. Alternatively, this slope can this degree is difficult to characterize, it is reasonable to search
be influenced significantly by the effects Bfon Av, resulting for a criterion for delocalization that, when satisfied, defines a
in interesting nonclassical Stark effects. delocalized MVC (or when not satisfied, defines a localized
The effect ofF on Ay can also affect an IVB in two other  MVC). However, as discussed in detail by Demadis, Hartshorn,
ways. First, the perturbation tov can affect the transition dipole  and Meyer, even criteria based upon experimental observables

matrix element: can lead to the situation of a MVC being both localized and
_ _ delocalized®? Because such intermediate behavior is common,
[ (@Ml () = cy(a) C(AAkicr (41) it is important to define a criterion for delocalization that will

. . . . . _identify such intermediate cases from the values of the vibronic
by perturbing the mixing between the d!apatlc basis states which coupling parameters of an MVC.
leads toys(q) and y»(q). Because it is unclear how to Symmetric MVCs will exhibit localized behavior on the
appropriately eliminate the dependence of this matrix element  gnortest time scales W.(q) has a double minimum and the
for estimating the intensity of the IVB, it is common to use its  parrier atg = 0 is larger than the zero-point energy of the MVC
value atgmin for the same reasons thafax is estimated at this  anq the thermal energy available. Yet on longer time scales, if
configuration. Second, the double minimum\4(aq) in Figure the barrier can be crossed quickly enough, the behavior of the
2B suggests that the perturbationA® can influence an IVB  same MVC may appear to be delocalized. For example, the same
by perturbing the populations of these two wells. MVC may have both a vibrational spectrum showing signs of
symmetry breaking due to hole localization and an EPR
Results and Discussion spectrum showing hyperfine couplings to nuclei in the ligands
of both My and M, that are precisely halved with respect to
In this section we develop an intuition for calculated IVBs their values in the monomeric species from which the MVC is
and IVSEs by applying the FranelCondon principle to the derived. Such interesting intermediate behavior, defined in this
adiabatic surfaces in the vibronic coupling problem. In each case by behavior consistent with both localization and delocal-

case stick spectra are calculated usigg = Vani = 300 cn?, ization, will not exist when the barrier iW1(q) is either high
T=77K,y =90, f=1.0,Aucr = 30 Debye, and= = 1 enough to confer localization on all time scales or nonexistent,
MV/cm. The corresponding value df-fAuct = 500 cnr?! so as to confer delocalization on all time scales. Thus the

provides an important benchmark for comparison with the values localized-to-delocalized transition for symmetric MVCs can be
of Av and other parameters in these calculations. For the single-associated with the single- to double-welled transition of
mode calculations, the vibronic basis contains thex2A states V1(q),? and intermediate cases lie close to the transition defined
lowest in energy on the ;. andy_ surfaces; for the two-mode by the curvature ofVi(g) equaling zero when evaluated at
calculations, the vibronic basis contains the lowesk5Bstates. qg=0.
Gaussian broadening with a full width at half-maximum of either ~ Symmetric MVCs for which this curvature equals zero are
700 or 70 cm! is applied to transitions above and below 300 cases of severe BorrfOppenheimer violation; thus they are the
cm™1, respectively. same MVCs that have nonclassical Stark effects due to field-
We have defined nonclassical Stark effects by contrast to thedependent line widths. Thus we decide that any criterion for
assumptions of the classical Stark theory, including the implicit delocalization that we might use to identéigymmetridMVCs
assumptions of field-independent line shapes and populations.that are intermediate in the sense of having field-dependent line
To identify the presence of nonclassical behavior in some IVSEs, widths should reduce to the criterion identifying this single- to
calculated IVSEs are analyzed using the classical Stark analysisdouble-welled transition fosymmetricMVCs. However, one
to determine the fit values @&, B,, andAu (with ¢ = 0°). In important reason we cannot use the single- to double-welled
the figures below, calculated IVSEs are illustrated with solid transition itself as this criterion is that some asymmetric MVCs
lines; the fits to these curves using the zeroth, first, and second(e.g., those withAv > A,y will have a single-welledvi(q)
v-weighted derivatives of the calculated 1VBs are illustrated with whether or not the value o%, is large enough to yield
circles. We then use the fit value @& and the calculated  delocalized behavior.
transition dipole momentn to calculate By setting the second derivative of eq 39 #i(q) equal to
zero atg = 0, we find that symmetric MVCs for which

Aty = (Au® + 4m?)2 (42)
. . . 4Vo2 1
Aue is the value of the difference dipole moment betwgen S 525 (43)
andyr that might be inferred from the fit value @fu according Mot AV 2

to a purely electronic coupling model of mixed valency
developed first by Reimers and H#8land then elaborated by  have either negative or zero curvaturegat 0. Thus this is a
Shin et aP! By comparingAze with Aucr, the true value of mathematical expression of the previously defined criterion for
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delocalization for symmetric MVCs. Using eq 41 for the
transition moment, one can show that MVCs satisfying this
inequality also satisfy

Aur
8

=
anti

|Gy (@Ml o), =5 (44)

In other words, symmetric MVCs that are delocalized according
to eq 43 have a value of?(g) evaluated atjan; = dang that is
greater than or equal to one-half its value upon full delocaliza-
tion. When this statement is applied to asymmetric MVCs, we
get a criterion for delocalization that is widely applicable for
identifying MVCs that are intermediate, both in the sense that
there is substantial but not complete mixing betwggnand

g and in the sense that they have significantly field-dependent
line widths:

AVAS
=
(AV + Ag)® + 4V,

(45)

NI

Although we will refer to MVCs satisfying this inequality as

delocalized (and conversely, we will refer to those MVCs not
satisfying this inequality as localized), we will also refer to
any MVC lying close to this line of demarcation as inter-

mediate. Because this new designation introduces a need for . L .
d According to the FranckCondon principle, we estimate the

yet more lines of demarcation (e.g., between localized an
intermediate/localized), we also choose to discuss localization
in terms of the percentage localization of the hole op %4L.
This finely graded description of a MVC can be estimated
simply by calculating the probability density af_ in y1(q)
at gmin:

%L = |Cy(Gyi)|> X 100 (46)
Using both the absolute criterion for delocalization and this value
of the percentage delocalization, we ask if there is any simple
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Figure 3. IVBs (A) and IVSEs AA) for delocalized and intermediate/
delocalized MVCs assuming linear vibronic coupling to only a single
symmetric mode:V, = 2000 cn1?, Asym = 500 cnt?, andvsym = 300

cm™L. Whereas the value @v is 500 cnt? for MVC 1 (left), its value

is 2000 cm? for MVC 2 (right). T= 77 K, F = 1.0 MV/cm, andy =

90°. Solid lines are calculated using the numerical procedure outlined
in the theoretical foundations section. Dashed lines are the second-
derivative contributions to the fits of the calculated IVSEs using sums
of the zeroth, first, and secondweighted derivatives of the calculated
IVBs; these sums are illustrated with circles and are indistinguishable
from the calculated Stark spectra. Calculated transition dipole moments
mand fit values ofAu are indicated in units of Debye. IVBs have been
scaled to an optical density of 1.0 at their peak for ease of comparison.

expression foWmay asVo(—0sym) — Vi(—dsym). Thus
Tmax = [V + Agy)® + AV =Q, (47)

The transition dipole matrix element evaluated at this same
nuclear configuration is

— 2VO + }*sym —-
|zj(}l(_ésym) | mwjz(_ésym) = TAﬂCT (48)

When the dependence afv on [= (eq 17) is inserted into eqs

relationship between either of these quantities and the line shape,7 and 48 and the expansion coefficients of the power series

of an IVSE. To address this question, we overlay the calculated
IVSEs in the figures below with a dashed line corresponding
to the v-weighted second-derivative contribution to the Stark

effect.

One Symmetric Mode. To isolate the effect on IVSEs of
linear vibronic coupling t@sym We setlani = 0. Because linear
vibronic coupling togang plays a significant role for the IVBs
of localized MVCs, we will here consider only delocalized and
intermediate MVCs, as identified by eq 45.

In the limits of a small field perturbation and substantial
delocalization A¥(F) mixesy+ andy— weakly for all orienta-
tions of the MVC in the field. In this caseV,(q)/dg| evaluated
atgmin is insignificantly affected by. According to the Franck
Condon principle we thus expect the IVB line shape to be
independent of. BecauséV,(q) is additionally single-welled

are determined, the nonzero elements of these tensors are

Av
Au, =g Bicr (49)
AV 1 2
Aa,,= ol o, Aucy (50)
(Vo + Ag) AT,
=——A 51
z 2917 luCT ( )
(ZVO + Asym)r?)AT/Z 1 3
= - Au (52)
222 CT
4 @8 o

in this case, these two conditions together predict classical Stark

effects; i.e., eqs 47 should describe both the line shape and
information content of the Stark spectrum, as well agitnd
x dependences. Becauge(q) ~ v+ andya(q) ~ y- for all
values ofq in the neighborhood ofjmin &~ —dsym, the Born-
Oppenheimer approximation is satisfied, apgdq) andy»(q)
have ag-independent difference dipole moment in this neigh-
borhood that should be equal to the fit value/gi.

For this delocalized case, the value &jfi, as well as the
values ofAa, A, andB as defined by eqs 2_and 3, can be
estimated from power series expansionef(F) and m(F).

Substitution of these equations into eqs 5 and 64pandB,
yields predictions for the fit values of these coefficients. The
values of these coefficients when= 90° are denoted\gp and
Bgo.

Figure 3 shows two calculated 1VBs and IVSEs for the case
whereAani = 0, Asym = 500 cn?, andV, = 2000 cnt. The
left panels were calculated for MVC 1, a delocalized MVC with
Ay = 500 cm! and %L = 56; the calculated value ofi is
14.9 D and the fit value ofAu is 2.3 D, making the value of
Auel equal to 30 D. The right panels were calculated for MVC
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TABLE 1: Vibronic Coupling Parameters for MVCs 1 —8, with Comparison of Fit Values of Agy, Bgg, and Ag to Their Values
Calculated Using Egs 47 and 49-52

Ago Boo (cm™Y) Au (Debye)
Asym(CmM™)  Aani(cm™)  Av(cm™)  Vo(cm?) calc fit calc fit calc fit
MVC 1 500 0 500 2000 —24x10°% —-23x10° =79 —76 3.3 2.3
MVC 2 500 0 2000 2000 —-71x10% —-59x10* —14 -30 12 11
MVC 3 0 500 500 2000 -29x10°% —-3.6x10°3 —87 —94 3.7 5.3
MVC 4 0 500 2000 2000 —51x10% —45x10+* 0.0 70 13 15
MVC 5 0 4000 0 2000 —-32x10°% —59x107? —95 —405 0.0 14
MVC 6 0 4000 500 2000 -29x10°% —-93x10°% —87 360 3.7 Im
MVC 7 0 4000 0 100 -1.3x 10 -1.1x 10t  —1900 —2700 0.0 30
MVC 8 0 4000 500 100 4.3 101 14x 1072 2300 570 28 36
5200 MVC 3 MVC 4
'g 5000 | 1 1.0t m=14.91 10} m=13.11
~ 4800 | . i ] I ]
3 < osf . 05} .
155 4600 i l i |
4400 0.0 0.0
0 1000 2000 t t t } t t
N » 0.01}F 4 0.02f E
|Av‘ (cm™) L |
_ _ _ < 000 414 0.00
Figure 4. vmaxVvs |A¥| according to eq 47, usingym= 500 cnT* and < L i ] -0.02 ¢ -
Vo = 2000 cnt™. Horizontal and vertical lines that intersect on the -0.01F 1 004t i
) i i Au=5.3] : Au=15
curve are used to understand the evolution of band-shifting line shapes ) X ) ) . ]
3} Ig\iv values ofA¥ into band-broadening line shapes at larger values 0 5000 10000 0 5000 10000
V. — _
v (cm™) v (cm™)
Figure 5. IVBs (A) and IVSEs QA) for delocalized and intermediate/
2, an intermediate/delocalized MVC witkiy = 2000 cnt! and delocalized MVCs assuming linear vibronic coupling to only a single

%L = 70; the calculated value ofiis 13.7 D and the fit value  antisymmetric mode:Vo = 2000 cmv L, dang = 500 cn?, andvani =
of Au is 11 D, making the value ok equal to 30 D. In both 300 cmrt. Whereas the value &fv is 500 cm® for MVC 3 (left), its

. . value is 2000 cmt* for MVC 4 (right). T = 77 K, F = 1.0 MV/cm,
cases the IVSEs are fit so closely to a sum of #heeighted andy = 90°. Solid lines are calculated using the numerical procedure

derivatives of the IVB absorption that the fit (circles) overlays oijined in the theoretical foundations section. Dashed lines are the

the calculated IVSE (solid line) everywhere. The observation second-derivative contributions to the fits of the calculated IVSEs using

that Auel = Auct in both cases also suggests that both MVCs sums of the zeroth, first, and secomeveighted derivatives of the

1 and 2 have classical Stark effects. calculated IVBs; these sums are illustrated with circles and are
Whereas the IVSE for MVC 1 has a first-derivative-like line indistinguishable from the calculated Stark spectra. Calculated transition

; ; i dipole momentsn and fit values ofAu are indicated in units of Debye.

§hape (ie., one zero-crossing located close .to the p.osm'on OfIVsz have been scaled to an opt{f:al density of 1.0 at their pe)allk for

Vmax)s th_e IVSE for MVC 2 has a second-derivative-like line ease of comparison.

shape (i.e., two zero crossings, with the peak of the central band

located close to the position 0fnay. In the latter case the

overlaid second derivative (dashed line) closely follows the delocalization, this agreement supports the description of both

IVSE. These different line shapes can be understood by MVCs as delocalized. Thus we conclude that there is no simple

analyzing the effect ofF onvnax for two extreme orientational  relationship between the line shape of an IVSE and the localized

subpopulations of MVC$:population 1 is defined byicr or delocalized nature of a MVC.

parallel toF, and population 2 is defined icr antiparallel One Antisymmetric Mode. To isolate the effect of linear

to F. In Figure 4 we plomax vs A¥ according to eq 47, using  vibronic coupling togani on IVSEs, we seflsym = 0. The

Asym = 500 cnT! and Vy = 2000 cntl. As evident from this discussion is broken into three parts on the basis of a comparison

figure, whenAv = 500 cntl, an applied field of 1 MV/cm between the values dfyni and V.

interacts withfAuct = 30 Debye such thatnaxincreases much Aanii/4 << Vo: This comparison defines a regime whergq)

more for population 247(F) = 1000 cnT?) than it decreases =~ 4 andy(q) ~ - for all values ofq in the neighborhood

for population 1 A¥(F) = 0 cm™Y); thus the IVSE of MVC 1 of gmin =~ 0 whenAv = 0. Thus in this regime we expect similar

has a first-derivative-like line shape because the absorptionbehavior as for MVCs 1 and 2 described above. Figure 5 shows

maximum of the ensemble experiences a net shift to higher the IVB and IVSE for the case whereym = 0, dani = 500

energy by application of the field. In contrast, wh&n = 2000 cm~1, andVp = 2000 cnT. The left panels were calculated for
cm ™, ymaxincreases for population 2¢(F) = 2500 cnt?) to MVC 3, a delocalized MVC withAv = 500 cnt! and %L=
a similar extent as it decreases for populatioAZ(F) = 1500 60; the calculated value aofiis 14.9 D and the fit value ohu

cm™1); thus the IVSE of MVC 2 has a second-derivative-like is 5.3 D, making the value ohue equal to 30 D. The right
line shape because the band is essentially broadened bypanels were calculated for MVC 4, an intermediate/delocalized

application of the field. MVC with Av = 2000 cnt! and %L= 76; the calculated value
Table 1 compares the fit values 8§o, Bgo, and Au to the of mis 13.1 D and the fit value oAu is 15 D, making the
values predicted by combining egs 5 and 6 with eqs3®. value of Auel equal to 30 D. In both cases the IVSEs are fit so

Absolute agreement is good for both MVCs 1 and 2, despite closely to a sum of the-weighted derivatives of the IVB
their distinct line shapes and different values of %L. Because absorption that the fit (circles) overlays the calculated IVSE
these equations were derived for the limit of significant (solid line) everywhere. The observation thete = Aucr in
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Figure 6. IVBs (A) and IVSEs AA) for intermediate/delocalized and 0 025 0-520 075 1.0
intermediate/localized MVCs assuming linear vibronic coupling to only cos”(x)
a single antisymmetric modeVo = 2000 cnm?, Aans = 4000 cm, Figure 7. F andy dependences for the IVSE of MVC 5 (solid lines).
andvan; = 300 cni*. The expanded scales from O to 300 ¢roontain In the upper panel the amplitude of the Stark spectrum at 4100 cm
phase-phonon bands and corresponding Stark effects. Whereas the valuig plotted againsF? for values ofF between 0 and 1 MV/cm. In the
of Av is 0 cn* for MVC 5 (left), its value is 500 cm! for MVC 6 lower panel the amplitude of the Stark spectrum at 4100¢splotted

(right). T = 77 K, F = 1.0 MV/cm, andy = 90°. Solid lines are against co%y for values ofy between 0 and 90Dashed lines illustrate

calculated using the numerical procedure outlined in the theoretical examples of thé andy dependences of classical Stark effects viith
foundations section. Dashed lines are the second-derivative contributions= g°,

to the fits of the calculated IVSEs using sums of the zeroth, first, and
ﬁlecct’”eth_"&"’eigthhted_dle”VatB’el_SkOf t’\:‘\?/éa'cifte% IVBs; these sumz are g0; the calculated value ofiis 14.8 D and the fit value ohu
Hiustratea wi circies. nlike S s ese sums can be ; H :
distinguished from the calculated Stark spectra. Calculated transition is 14 D, making the value ol\ue equal _to 33 D._The ngh_t
dipole momentsn and fit values ofAu are indicated in units of Debye. panels .Wel'67 calculated for MVC 6, an intermediate/localized
IVBs have been scaled to an optical density of 1.0 at their peak for MVC with A» =500 cnT*and %L= 84. The calculated value
ease of comparison. of mis 13.3 D and the fit value oAu is imaginary; i.e., the fit
value ofCyg is negative. Assumingyu = 0, the value ofAug
both cases also suggests that both MVCs 3 and 4 have classicak then equal to 27 D. For both MVCs 5 and 6 their calculated
Stark effects. The first- and second-derivative-like line shapes IVSEs (solid lines) can be easily distinguished from a sum of
of MVCs 3 and 4, respectively, can be explained in the same thep-weighted derivatives of the IVB (circles). That both MVC
manner as was done for MVCs 1 and 2. 5 and MVC 6 have nonclassical Stark effects is further supported

In comparison to the IVBs of MVCs 1 and 2, those of MVCs by their values ofAue being different than the value @ucr.

3 and 4 are narrower. This is expected according to the Franck ~ We can use the FranelCondon principle to understand not
Condon principle because the horizontal separation between theonly this nonclassical behavior but also some other details of
minima of V1(q) and V(q) is nearly 2 for the first two, but the IVSEs of MVCs 5 and 6. AR\Y| increases, the horizontal
considerably less for the others. The classical Stark effects aredisplacement between the minima\a{q) andV(q) increases.
correspondingly narrower for MVCs 3 and 4 than for MVCs 1 This increased displacement results in an increased value of
and 2. Despite these differences in the IVBs and their IVSEs, |dV»(g)/dq| evaluated atjmi,. For this reason the absorbers that
the fit values ofAgg, Bgo, and Au in Table 1 are not much  experience a shift to higher energy also experience a significant
different in an absolute sense and are again similar to the valuesroadening. Accordingly, the higher energy band in the IVSE
predicted by combining egs 5 and 6 with eqs42. Although of MVC 5 is noticeably broader than the lower energy band.
the fit values ofBgyo have different signs for MVC 2 and MVC  Moreover, because the field causes the mixing betwgeand

4, this difference is negligible when one considers that the g to decrease afmin, the absorbers that are broadened also
absolute magnitude of both fit values are small compared to suffer a loss of intensity. Accordingly, the integrated intensity
other fit values ofBgp in Table 1. of the IVSE of MVC 5 is negative.

As was noted for MVCs 1 and 2, the success of eqs3® Because classical Stark effects sometimes require higher order
derived in the limit of delocalization, suggests that MVCs 3 derivatives to be fit well1-33 it is important to note that the
and 4 are indeed delocalized. Thus, as with MVCs 1 and 2, the nonclassical Stark effects of MVCs 5 and 6 could not be fit
distinct line shapes of the IVSEs of MVCs 3 and 4 suggests much better if one were to include higher order derivatives in
that there is no simple relationship between the line shape ofthe classical Stark analysis. These derivatives oscillate strongly
an IVSE and the localized or delocalized nature of a MVC. in the vicinity of vmaxand have much smaller intensities at higher

Aani/4 ~ Vo: This comparison defines the regime of most energies, where the quality of the fit is poorest; thus, any attempt
severe Borr-Oppenheimer violation whed\v = 0. Thus to increase the quality of the fit in this region by including these
nonclassical Stark effects due to field-dependent absorption linehigher order derivatives will significantly decrease the quality
widths are expected. Here we consider a case wWigi®large of the fit in the vicinity of 7max Also, in contrast to classical
enough in comparison tb,ni/4 thatVi(q) is single-welled for Stark effects that require higher order derivatives to be fit well,
all values ofAv, such that no field-modulated population effects the F andy dependences of these IVSEs are similar to those
are expected. Figure 6 shows the IVB and IVSE for the case predicted by eqs 47 when{ = 0°. Figure 7 illustrates the
whereAsym = 0, Aani = 4000 cnm? andVp = 2000 cm'l; the similarity of this prediction (dashed line) to the and y
expanded features below 300 chare another consequence of dependences for MVC 5 (solid lines).

Born—Oppenheimer violation and are discussed in the following  Aani/4 > Vo: This comparison defines a regime wheygn
section. The left panels were calculated for MVC 5, an is insensitive to small changes in the value/of, such that
intermediate/delocalized MVC withv = 0 cntt and %L = absorption line widths are unaffected by these changes. For
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Figure 8. IVBs (A) and IVSEs QA) for localized MVCs assuming 0 025 050 075 1.0
linear vibronic coupling to only a single antisymmetric modé; = COSZ(X)
100 cnT?, Aani = 4000 cnt?, andvayi = 300 cnTt. Whereas the value
of Av is 0 cnt? for MVC 7 (left), its value is 500 cm'* for MVC 8 Figure 9. F andy dependences for the IVSE of MVC 7 (solid lines).

(right). T = 77 K, F = 1.0 MV/cm, andy = 90°. Solid lines are In the upper panel the amplitude of the Stark spectrum at 2800 cm
calculated using the numerical procedure outlined in the theoretical is plotted againsF? for values ofF between 0 and 1 MV/cm. In the
foundations section. Dashed lines are the second-derivative contributiondower panel the amplitude of the Stark spectrum at 2800'¢splotted

to the fits of the calculated IVSEs using sums of the zeroth, first, and against co¥y for values ofy between 0 and J0Dashed lines illustrate
secondv-weighted derivatives of the calculated IVBs; these sums are examples of thé& andy dependences of classical Stark effects with
illustrated with circles and are nearly as difficult to distinguish from = 0°.

the calculated Stark spectra as for MVCs4l Calculated transition
dipole momentsn and fit values ofAu are indicated in units of Debye.
IVBs have been scaled to an optical density of 1.0 at their peak for
ease of comparison.

2 and 3 atF? that results in the expectdélandy dependence
of a classical Stark spectrum, eq 53 suggests that these
expectations should not be met for MVC 7.
many values ofA7 less thaman/4 in this regimeVi(q) will be It is this nonlinear nature of the field-modulated population
double-welled, such that field-modulated population effects are effect that results in the curious observation that the fit value
expected. Figure 8 shows the IVB and IVSE for the case where of Au for MVC 7 is as large ad\ucr, yet the Stark effect has
Asym= 0, Aani = 4000 cn1?, andVp = 100 cnv . The left panels a first-derivative-like line shape. In contrast, for MVCs 1, 3,
were calculated for MVC 7, a localized MVC withy = 0 and 5, the first-derivative-like line shapes of their IVSEs result
cm1 and %L equal to either 100 or O depending on which of not so much from the enormity of the first-derivative contribu-
the two degenerate minima ¥f(q) is used to calculate its value;  tion to the Stark effect, but from the smaller valueg\pf These
the calculated value ahis 1.15 D and the fit value afu is nonlinear field-modulated population effects are also present
30 D, making the value ofiue equal to 30 D. The right panels  for MVC 8, but to a smaller extent, as judged by its second-
were calculated for MVC 8, a localized MVC withy = 500 derivative-like IVSE. The different IVSE line shapes of the
cm~t and %L = 100; the calculated value ofiis 0.74 D and localized MVCs 7 and 8 suggest yet again that there is no simple
the fit value of Au is 36 D, making the value ohue equal to relationship between the line shape of an IVSE and the localized
36 D. In both cases the IVSEs are fit so closely to a sum of the or delocalized nature of a MVC.
v-weighted derivatives of the IVB absorption that the fits  In the limit whereAv > F+-fAuct and Av > kyT, only one
(circles) overlay the calculated IVSEs (solid lines) everywhere. well of Vi(q) is significantly populated for all orientations of a
In addition to the good quality of this fit, the equality between MVC in a field. Because, in this limity1(0) ~ y. andy2(q)
Aue and Auct for MVC 7 might also suggest that it has a = r for all values ofq in the neighborhood ofjmin ~ Jant
classical Stark effect; however, other aspects of its IVSE indicate the Born—-Oppenheimer approximation is satisfied, apgq)
that nonclassical Stark effects are present. andy(g) have ag-independent difference dipole moment in
To more fully characterize these nonclassical Stark effects, this neighborhood. Thus classical Stark effects are predicted
Figure 9 illustrates that the IVSE of MVC 7 (solid lines) has for localized, asymmetric MVCs. Just as valuesi\af, Ao, A,
neither theF nor they dependence characteristic of classical andB were derived above for the classical Stark effects of some
Stark effects that are fit well by a sum of zeroth, first, and second delocalized MVCs, their values can be derived for the localized
v-weighted derivatives wherf = 0° (dashed lines). One  case in this limit where there are neither any field-dependent
important consequence of these facts is that the fit valutuof line widths nor field-modulated population effects. According
reported above (and thus the value’gf, as well) depends on  to the Franck-Condon principle, the expression ffaxin this

the value ofF underlying the Stark effect. The unusiaknd limit is estimated as/2(dant) — Vi(dani). Thus
x dependences can be attributed to the often severely nonlinear
nature of field-modulated population effects. Because the field- Vmax = [(AV + Aon)® + AV = Q (54)
dependent equilibrium constant for the populations of the
two wells of Vy(q) is, in the limit of weak mixing betweeg, The transition dipole matrix element evaluated at this same
andyg nuclear configuration is
E = — v — Q- m V
Keq(F) eXp[ (AV F fA/lCT)/ka] (53) Elyl(éanti)|m|w2(6anti)['= Q_;A/_iCT (55)

if F-fAuct > koT, as is the case here, the field perturbation to _
the populations cannot be well-approximated by a quadratic When the dependence &fv on F (eq 17) is inserted into eqs
polynomial. Because it is the accuracy of the truncation of eqs 54 and 55 and the expansion coefficients of the power series
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are determined, the nonzero elements of these tensors are  ways in which the equations developed above can be applied
to the determination of the values of vibronic coupling

Ay — Av + lamiA 56 parameters from IVSEs.
Hz Qr Her (56) If a MVC is known to be delocalized (eq 45), eqs 47 and 48
for the peak position and transition dipole moment of its IVB
AV + 24,07 1 . may be used to constrain the values\df, Vo, Asym andAucr;
2= 3 — =—|Auct (57) if a MVC is known to be localized, egs 54 and 55 may be used
Qg LR instead to constrain the values &¥, Vo, Aani, and Aucr. In
either case the system of two equations is not large enough to
V(A7 + ) uniquely determine the values of the four vibronic coupling
- a— AV (58) parameters that are sought; moreover, if a MVC is known to
QR be intermediate, or if the localized or delocalized nature of an
MVC is unknown, neither set of equations should be used.
Vo[3(AT + A0 1 3 Additional relations betweea and the line width of an IVB
222 Q—ER - Q_E‘R Aucr (59) have been derived for these two limiting ca&é%but the

resulting systems of three equations and four unknowns are still
underdetermined; moreover, other sources of broadening may
prohibit the accurate determination bffrom these relations.

A fourth constraint may be assumed for some symmetric MVCs,

For MVC 8, with Av = F-fAucr, the fit values ofA,, B,, and
Au predicted by combining these equations with eqs 5 and 6

flf)hr Ay andlE;Z arel 0.0(1‘)74i\/I%/3C? é:rﬁ, l;inld ?’g _D,Tr eks)lpe;tively. because one expects the differences between the standard free
th e aﬁtllja it Vﬁ ules ort th ' tal u atteh mt atlh el ar%_o? energies ofy andyr to be zero, but the solvent may act such
b € whno i;nsu; goser 0 eﬁe va Uef ﬂ?n 0 I_c:se F;"ih.'c eOlthat the value oA on the time scale of electronic absorption
a)g;r:eqr?]ent caﬁ bessﬁv:wr\:v?gincfé(gseecxésngegggsly O IS is not in fact zero and is thus unkno®hA more generally
o applicable method for determining the values of vibronic
Phase-Phonon Stark EffectsMVCs 5 and 6 (Figure 6) have coupling parameters from an I\*Bone that does not rely on

absorption bands be."’.W the vglue m?f"“ that exist in stark expressions developed for limiting cases or other assumptions
cqntrgslt to thc\e/ predlcgc\)/ns Ofl |mr|§)osmg the Fran(ikf)ndon | is numerical modeling of the IVB, for example, using eq 38.
Fgl?ﬁéprﬁa?r?%r;nlég) r?gar jg%)o QF:agsire\tgf\l/zelzn%gebr;z? 223' Numerical modeling of an IVB can, in theory, capture additional
the bands below 300 cr are known variously as “ph’ase- mfc_;rm_atlon contained W|th_|n the skewness _and higher moments
phonon bands?? “tunneling transitions® or “dimer charge of its line shape for any kind of MVC, but in many cases this
oscillations”8> hbwever it has been su,ggested that the term |r}format_|on ha_s proved difficult to fit uniquely. Sth dege_nera—
' ’ cies of fit quality can even extend from the localized regime to

epnlise'frzcr)]g%gr?sa?;”nbet:stsvs ;V_e d }2 ::j’g”pzrj:ésthtgf ,[Sheelow'the delocalized regime, thereby prolonging debates over the
9y 9 Ofant ant localized or delocalized nature of MVCs such as the special

term “tunneling transition” be reserved for transitions occurring __- . . . . ; .
much closer to zeré Thus tunneling transitions occur only in pair rasfgca' cation, P, in bacterial photosynthetic reaction
' centers

the limit whereVy < 1ani/4; they are quite intense whexv = ) . .
0 but have almost negligible intensity otherwf&®hase-phonon ~ Measurements of IVSEs can provide the additional quantita-
bands have considerably less intensity than tunneling transitions V& constraints needed in such cases to uniquely determine the
but their properties are not as strongly dependent on the valueValues ofAv, Vo, 4, andAucr. We have demonstrated that the
of A, as illustrated by the phase-phonon bands of MVCs 5 Shape of an IVSE is sensitive to changes in the valuesiof
and 6 in Figure 6. Vo, and; its size is sensitive also tucr. In particular, as is
Itis interesting to note that for both MVCs 5 and 6 the phase- €vident from Figures 6 and 8, a change of only a few hundred
phonon Stark effects have the same first- and second-derivative-Wavenumbers tdw can cause much larger changes to the peak
like line shapes of their respective IVSEs. This correspondencePOsitions and line shapes of an IVSE than to those of an IVB.
could be useful for distinguishing some phase-phonon bands, s demonstration suggests that IVSEs can be especially useful
which arise from the purely electronic part of the electric dipole fOr studying series of MVCs with slightly different energetic
moment operator (the first term on the right-hand side of eq @symmetries. For example, special pair radical cations in mutant
30), from purely vibrational transitions, which arise from the réaction centers, many of which have been shown to have very
g-dependent part of the electric dipole moment operator (the Similar IVBs38 may nevertheless have dramatically different
second term on the right-hand side of eq 30). The modeling of IVSEs** The additional constraints imposed by an IVSE can
phase-phonon Stark effects may provide additional constraintsP€ applied either by a classical Stark analysis or by numerical
to fitting the values of the vibronic coupling parameters for a Modeling. Like the two methods just described for constraining
MVC. the values of vibronic coupling parameters using an IVB alone,
Determining the Values of Vibronic Coupling Parameters the first is simpler to use, but the second can be used more
from IVSEs. The parameters that determine the size and shapegenerally.
of an IVSE-Av, Vo, 4, and Aucr—are the same parameters When the values of the coefficierds, B,, andC, (eqs 4-7)
that determine the size and shape of an IVB. Although the are combined with the values ofandvmay the values of\u;,
intensity, position, and line shape of an IVB contain enough Aoy, Az andB,;;can be uniquely determined using either eqs
information to uniquely determine the values of its vibronic 47—52 for delocalized MVCs or eqs 549 for asymmetric,
coupling parameters in theory, in practice there are many localized MVCs. For delocalized MVCs these values can, in
complications preventing the determination of these values from turn, uniquely determine the values A%, Aucr, and 2/ +
an IVB alone. Such complications have motivated much of the Asyn; for asymmetric, localized MVCs these values can, in turn,
previous use of Stark spectroscopy for characterizing M¥Cs. uniquely determine the values &, Auct, and AV + Aani.
Here we discuss some of these complications and describe twoCombined with the appropriate equation for the line width of
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the IVB as a function ofl, in each limiting case the values of of the Stark spectra in these limits. In both the limits of strong
the vibronic coupling parameters are thus completely deter- and weak mixing betweeq andyg we find that the second-
mined. In other words, the limiting expressions we have derived derivative contribution to the IVSE line shape can be either
for A,, B,, andC, provide important analytical relationships to  insignificant or dominant, demonstrating that there is no simple
supplement those for the intensity, position, and line width of relationship between the localized or delocalized nature of a
the IVB; however, the resulting systems of equations apply only MVC and its IVSE line shape. Nevertheless, for a wide range
to delocalized MVCs or asymmetric, localized MVCs, and they of weakly and strongly mixed MVCs there is a general trend
encounter some of the same complications as described abovefrom first-derivative-like line shapes for symmetric MVCs
Although we know of only a few delocalized systems for study, toward second-derivative-like line shapes for increasingly
such as the triarylamine systems recently described by Coropceanasymmetric MVCs.
et al.;/% nearly all charge-transfer bands arise from asymmetric,  Born—Oppenheimer violation and field-modulated population
localized systems. It is interesting to note that if we impose a effects are seen to be separate mechanisms that underlie the
value of zero forl the equations foAuz, Az, Az, andB,,,for nonclassical Stark effects of many IVSEs. We have shown that
both delocalized and asymmetric, localized MVCs would reduce some nonclassical Stark effects arising from Be@ppenheimer
to the same equations developed by Shin et al. using a purelyviolation can have line shapes that are impossible to fit using
electronic coupling model of mixed valengy. the classical Stark analysis, yet hdvandy dependences that
Numerical modeling of IVSEs is an especially powerful are as predicted from the classical Stark analysis; some
method for uniquely determining the values of vibronic coupling nonclassical Stark effects arising from field-modulated popula-
parameters. In fact, the line shapes of an IVB and its IVSE, tion effects can have line shapes that are well-fit using the
taken together with their relative sizes, can provide enough classical Stark analysis, yet thé&irandy dependences are not
information to uniquely determine the values/#, Vo, 4, and as predicted using the classical Stark analysis.
Aucrt even if the dipole strength of the IVBrg) has not been An awareness of the possible failures of the classical Stark
determined. This method was recently applied to the charac-analysis for IVBs and their Stark effects is important for the
terization of P39 Its IVB was first measured in 1992, when it design of experiments and the interpretation of data. For
was noted that its low dipole strength suggested this MVC was example, we have shown that MVCs that are localized and
localized** After EPR and Raman measurements suggested P symmetric, or nearly symmetric, can give rise to field-modulated
was instead intermediate/delocalized, with %L70, Reimers population effects having unusuil and y dependences that
and Hush used matrix elements derived from eq 13 to calculateshould be investigated. If a field-modulated population mech-
two equally good fits to the peak position and line shape of its anism may influence an IVSE, one should also investigate how
IVB, corresponding to these two degrees of localizatiof.  the IVSE changes with the temperature and time scale of
When the IVSE of P was recently measured, eq 38 was used observation because these factors can affect an IVSE by
successfully to distinguish the two sets of fit parameters, lending affecting the extent to which an ensemble of MVCs can relax
additional support to the claim that %& 70 for P, It is to its equilibrium population distribution in the presence of the
important to note that, because the fit to its IVSE suppotts P field.8 Whereas we have conducted our calculations above in
as a case of significant BorrOppenheimer violation, it proved  the limit of infinite time, many intramolecular charge-transfer
inappropriate to analyze its IVSE using the classical Stark processes are effectively shut off at the low temperatures that
analysis. Additionally, the modeling yielded a value Afcr are most convenient for forming a glass for Stark experiments.
that implied its observed dipole strength is roughly an order of However, the intermediate MVCs that are interesting because
magnitude less than the value predicted by eq 55. Whether thisthey lie on the localized-to-delocalized transition are the same
unexpectedly small dipole strength is due to intensity borrowing MVCs that are likely to have rates of intramolecular electron
by other transitions in the RC or whether it is due to some of transfer that are accessible on experimental time scales.
the shortcomings in our understanding of this property, as Although some MVCs on the localized side of this transition
discussed above, this discrepancy is a clear warning against thehave been studied using Stark spectroscopy, to the best of our
use of the simpler methods that rely on the dipole strength asknowledge there is no published account of the effect of either

a constraint for analyzing either IVBs or their IVSEs. temperature or time upon the Stark spectra of these MVCs.
Higher order Stark spectfd,which have yielded important
Conclusions information for characterizing both resonance Stark effeatsl

field-modulated population effectdmay also prove to be useful

Using a new vibronic coupling model of mixed valency, we for characterizing IVSE$!

have illustrated the diverse behavior that can be expected from . .
P Although we have referred to these interesting Stark effects

IVSEs as a function of the values of the vibronic coupling ) S
parameters describing a MVC. We have shown that both the as intervalence band Stark effects, it is important to note that
' the results here have been derived from a general treatment of

line shape and magnitude of an IVSE are sensitive to the values - > ) .
of the electronic coupling, reorganization energy, and energeticthe vibronic coupling problem. Thus they are appl_u_:able to the
asymmetry of a MVC, suggesting that this vibronic coupling Stark effects of any kind of charge-transfer transition.
model can be used to determine the values of these parameters .
for an observed IVSE. As predicted also by an electronic . Acknowledgment. T.P.T. is supported by a predoctoral
coupling model of mixed valency, we have shown that the fit fellowship from the Fannie a}nd thn Hertz Foundation and a
value of Au is generally not equal to the value dfucr; Stanford Graduate Fellowsh|p. This work was supported_ by a
however, we have also shown that in some cases the fit valuedrant from the NSF Chemistry Program. We thank Jeff Reimers
of Au cannot be used to determine accurately the valugef: and Noel Hush for very helpful comments.
in the manner prescribed by this electronic coupling model.
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