J. Phys. Chem. A999,103,6891-6903 6891

FEATURE ARTICLE

Resonance Raman Intensity Analysis of Vibrational and Solvent Reorganization in
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Quantitative analysis of resonance Raman scattering cross sections, together with charge-transfer absorption
and emission spectra, can provide detailed information about the changes in nuclear equilibrium geometry
undergone by both the electron donor and acceptor and the surrounding solvent in photoinduced charge-
transfer processes. The molecular parameters that determine absorption and fluorescence band shapes and
resonance Raman cross sections are summarized, and methods for extracting those parameters through spectral
modeling are reviewed with emphasis on charge-transfer systems. Applications to the determination of molecular
and solvent reorganization parameters to several organic intra- and intermolecular charge-transfer transitions
are then presented, and prospects for further development of the technique are discussed.

Introduction be divided into two groups: those in which light absorption
creates an electronically excited donor or acceptor which
Electron transfer or charge transfer processes are a class o§ypsequently reduces or oxidizes its partner, and those in which
chemical reactions in which the reactants and products arejight absorption produces the charge-separated state directly.
distinguished primarily in differing by one (or occasionally The jatter case is characterized by the appearance of a new
more) units of effective charge, without any making or breaking charge-transfer absorption and/or fluorescence band not present
of chemical bonds. (While physicists often treat electron i, the donor or acceptor alone. The electronic ground and excited
transfer and hole transfer on the same footing, chemists are morestates of the charge-transfer transition are then also the reactants
likely to think of all such processes as electron transfer becauseangd products in the electron-transfer reaction; that is, electronic
the electrons are the real particles with high mobility; the excitation corresponds to formal electron transfer from a ground-
positive charges are attached to the nuclei and do not movegtate DA to an excited-state DA~ (Figure 1).
from reactant to product in reactions normally classified as  The quantitative determination of the various contributions
charge transfer.) Although the nominal bonding arrangement (o the reorganization energy, particularly for these direct charge-
of the atoms is preserved, the change in charge distribution istransfer transitions, is of interest for two basic reasons. First, it
generally accompanied by substantial changes in the equilibriumjows us to test and extend our understanding of the electronic
nuclear geometry of both the electron donor and acceptor andstrycture of molecular ions, the relationship between electronic
the surrounding solvent, particularly if the solvent is a highly - strycture and geometry, the vibrational dynamics of molecules,
polar liquid* Since electronic transitions are assumed to be very the dynamics and energetics of solvation, etc. Second, the rates
fast compared with nuclear motions, the nuclei immediately of electron-transfer reactions are sensitive to the reorganization
following electron transfer find themselves in a geometry far parameterd3 In many cases, the decay of the ion pair state
from equilibrium, and the energy released as the nuclei relax formed by direct charge-transfer excitation is dominated by
to the equilibrium geometry of the products is referred to as ragdiationless transitions corresponding to formal return electron
the reorganization energy, traditionally symbolizedn many transfer, a process whose rate is described by a golden rule
inorganic systems, such as those involving oxidation and expression usually written as the product of a purely electronic
reduction of transition-metal ionS, the internal molecular (“inner' factor and a vibrational FranekCondon facto?_,4*8 The
sphere”) geometry change is minimal and the reorganization is yibrational part depends on the frequencies and geometry
overwhelmingly dominated by the solvent (“outer-sphere”) changes along all of the coupled vibrations and in fact has
contribution. In organic systems, while the solvent reorganiza- exactly the same form as the vibrational part of the fluorescence
tion energy may still be large, the electron transfer is more likely |ine shape extrapolated to zero frequeficy: Thus, it can, in
to involve bonding and/or antibonding molecular orbitals of the princip|e’ be extracted by careful f|tt|ng of the fluorescence
donor and acceptor and the internal vibrational reorganization spectrum, but since Charge_transfer fluorescence is usua"y
is also significant. vibrationally unstructured, it provides no clue as to the
While many electron transfer reactions are purely thermally vibrational modes involved. Resonance Raman intensity
activated, some very important classes of electron transferanalysid2-1° provides, in principle, a way to obtain the complete
processesthose involved in photography, electrophotography, vibrational part of the return electron-transfer probRetHr.18
photosynthesis, and artificial solar energy conversion, to name Knowledge of these parameters should be helpful in determining
a few—are photoinduced. Photoinduced processes may furtherhow to manipulate molecular structures or solvent environments
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Figure 1. Schematic representation of neutral (ground) and ion pair
(excited) state potential energy surfaces for photoinduced electron
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tion spectrum gives, in principle, the frequencies and reorga-
nization energies of all the participating vibrations.

In practice, however, it is rarely possible to obtain the
requisite vibrational resolution in experimental absorption
spectra of charge-transfer transitions for a combination of
reasons. The absorption spectrum may be highly congested
(consist of a very dense forest of lines) due to many thermally
populated initial stategCand a very large number of Franek
Condon active transitions arising from each initial state. When
the charge-transfer molecule of interest is embedded in a liquid
or solid medium, usually the “vibrational” degrees of freedom
of the medium are also strongly reorganized, generating an
essentially continuous distribution of Frare€ondon active
modes. Furthermore, different molecules generally sit in slightly
different local environments within the medium, leading to
inhomogeneous broadening of the absorption spectrum which
manifests itself mainly as a statistical distribution of zerero
frequencies. The latter two effects, which are not always clearly
distinguishable, have the effect of clothing eagh— |v{
transition of the molecule with a line shape that is orders of

transfer and the relationship among the processes of optical absorptionmagnitude broader than the lifetime-limited line widthand

resonance Raman, fluorescence, and nonradiative electron transfer.

to enhance or minimize particular electron-transfer pathways
and/or to understand natural or artificial systems in which this
has already been accomplisHéd?2

Theory

The absorption cross section as a function of incident
frequencyw for transitions between a particular pair of initial
and final molecular electronic states, in the Be@ppenheimer
and Condon approximations, can be writteA*as

op(w) =
4% (eM)’w 1

T 202,

VT (0 + o — wy—

(y/2)|v)ilP
w,)’ + (yI2)

1)

Here, €M) is the electronic transition dipole moment assumed
to be independent of nuclear coordinatéi$)and |v( are
vibrational levels of the ground and excited electronic states

typically obscures most or all of the vibrational structure from
the absorption spectrum. Alternative methods are needed to tease
out the vibrational FranckCondon structure that underlies the
apparently diffuse spectrum. One particularly powerful such
method is resonance Raman intensity anafyfsis.

In a Raman process, the total scattered power (photons
s™1) arising from a particular initial to final vibrational state
transition, integrated over the Raman line width and over all
polarization and propagation directions for the scattered light,
is given by

Pit = I Njog i 2)

where |, is the laser intensity (photons’scm=2), N; is the
number of molecules in statgwithin the illuminated volume,
andog - is the Raman cross section (€molecule’?). Most
experimental geometries actually detect scattering into a range
of solid anglesQ about a particular direction, which is
proportional to the differential cross sectiong(dQ)r i—-. The
relationship between and (&b/dQQ) depends on the scattering

» geometry and the Raman depolarization rétiathe usual

respectively, having vibrational frequencies above the zero point tormyation of vibrational Raman scattering assumes an isolated

of wi andw, , respectively, Pis the Boltzmann population of
initial state|il] wo is the electronic zerozero energy, angt is

the inverse lifetime of the excited state, here assumed indepen

dent of vibrational state. For a polyatomic molecule wih
atoms, each vibrational overlap isN3— 6)-dimensional,

molecule interacting with weakly perturbing incident mono-
chromatic radiation. The molecule starts in a vibrational state
of the ground electronic surfacdil] and time-dependent
perturbation theory is used to calculate the rate of change, in
the steady-state limit, of the probability for finding the molecule

although these are often approximated as products of one-j, g different vibrational statgfollowing one interaction with
dimensional overlaps. Equation 1 describes a superposition ofi incident field and one with the scattered field. The perturbed

Lorentzian vibronic transitions, each having a line widthyof
a center frequency abo + wi — wy, and a relative intensity of
|v|i[?, the vibrational FranckCondon factor. If the ground

wave function resulting from each radiatiomatter interaction
is expanded in the stationary eigenfunctions of the molecular
Hamiltonian, resulting in a summation over paths involving all

and excited electronic states have nearly the same equilibrium;,iarmediate states that are transition dipole coupled to both

geometries and force constants, then the Fra@ndon factor

is significantly different from zero only fofiCl= |v[] that is,
only the zere-zero transition has significant intensity. If the
ground- and excited-state potentials do have very different
equilibrium geometries or frequencies along one or more
vibrational normal modes, then the Frar@®ondon factors for
transitions involving changes of one or more quanta in those

modes can be large. Since the reorganization energy simply
depends on the frequency of the mode and the change in 8n(eM)4a),_a)

equilibrium geometry between ground and excited potentials
along that modé;1® analysis of a vibrationally resolved absorp-

the initial and the final state. When the excitation is resonant
with vibrational levels of a single, strongly allowed electronic
state, it is usually assumed that only those levels contribute
significantly as intermediate states, and the cross section
become®

Oji—f(®w) =

° v i

> 3)
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Here w. and ws are the incident (laser) and scattered photon Absorption
frequencies and the other symbols are as defined following eq ~ °~* Reman spectrum
1. For the fundamentals or overtones of a particular normal mode profile TN

to have intensity in the resonance Raman, there must be some )K\
intermediate state(sy[that have good overlaps with bott]
and |f[] which can occur only if the potential surface for the E
resonant state has a different frequency and/or potential

minimum from that of the ground state along that coordinate.

This is the same requirement for the Fran€ondon factors A 1>
|¥|i(P to be nonzero for v= i, and thus for that mode’s Square of li
frequency to appear in a vibrationally resolved absorption half-Fourier

spectrum. However, the Raman spectrum is usually vibrationally transform

well resolved even if the electronic spectrum is not; as discussed
further below, the factors that broaden the electronic spectrum .

Llimy =
e iHI/f);y

Fourier

transform

T T T 1.0 — T —
affect only the intensities, but not the spectral resolution, of
0.4 Raman overlap 0.8 Absorption overla]
the resonance Raman spectrum. Thus, the resonance Ramag3 |<10(0> |expl-g(D)] 0.6 P P
intensities can reveal the vibrational mode-specific reorganiza- " 0'4 [<0]o(t)>exp[-g(t)]
tion energies even in systems having completely diffuse o ’
absorption spectra. 0.1 0.2
Computational evaluation of eq 3 can be unreasonably time- 0 y ' y 0.0 T

0 20 40 60 80 0 20 40 60 80

consuming because of the number of levelSthat must be Time (fs) Time (fs)

considered for large molecules or those with dissociative ex-
cited states. This difficulty can be alleviated by applying a

simple mathematical transformation to convert the resonance
Raman amplitude to a fully equivalent time-dependent formula- broadening (see below). This is where the resonance Raman

Figure 2. Formally time-dependent picture of steady-state resonance
Raman and optical absorption spectroscopy for a one-mode system.

tion:12.26-28 experiment becomes so useful. The intensity of each Raman
transition depends on the overlap pft)Cdwith a different,
8n(eM)4w 0l identifiable final state, a projection of the complex motion of
LWs . o . . .
O () = ————— x li(tt\Oonto specific ground-state vibrational coordinates (for
RIETL oh2c* fundamentals and overtones) or pairs of coordinates (for

© P combination band intensities). In general, those modes that
ZP‘ U; dt ili(t) Uexpli(w, + o; — wlt — yt/Z]‘ (4) undergo the largest excited-state geometry changes will exhibit

' the highest intensities.

. ) o ) o In polyatomic molecules, each overlapi(t)dinvolves all
whereli(t)[= exp[~iHe/f] [il) with Hex being the Hamiltonian vibrational coordinates. The overlap for a particular fundamental,
govel’ning vibrational motion on the excited-state pOtential for examp|e’ will be |arge on|y at those times Whldm)[lhas
energy surface. The corresponding time domain expression forgyglved enough fromi(0)Oto gain a good overlap with the
the one-photon optical absorption cross section at the same |eVebround-state wave function excited by one quantum in the mode

of approximation is of interest, yet still has good overlaps with the initial state in
all of the other modes. The overall effect of motion along many

4ﬂ(eM)2w vibrational modes is that the wave packet, once it leaves the

Op(w) =———x neighborhood of the ground-state geometry, essentially never
She returns étrictly never returns for directly dissociative potentials),

zPi Re:/;oo dti(t)Cexplilw + w; — wo)t — yt/2] (5) and both the absorption spectrum and the resonance Raman
7 intensities become determined almost entirely by the dynamics
occurring in the first tens of femtosecoA#d’ (see Figure 3).
Figure 2 gives a pictorial representation of eqs 4 and 5. The Thus, the spectra of dissociative molecules, or those with many

electronic absorption band shape and the resonance Ramaifrranck-Condon active modes, depend mainly on just the first
intensity depend on the time-varying overlafii(t)(J and and/or second derivatives of the excited-state potential along
i(t)C) respectively. The time dependence|igf)Irepresents the ground-state normal coordinates; anharmonicities do not
the motion of the nuclei after the potential energy function is influence the intensities strongly.
instantaneously (on the time scale of vibrational motion)  The demonstration that the Raman amplitude could be
switched from that of the ground electronic state to that of the expressed as the half-Fourier transform of a time-dependent
excited state. Thus, the initial, subvibrational period time overlap, requiring no explicit summation over vibronic eigen-
dependence df(t)[Teflects the motions of the atoms from their  states, was a tremendous adva#fe@:2°It made calculations
ground state equilibrium positions toward excited state equi- on large molecules routinely feasible for the first time, as the
librium. If the excited state is bound, the atomic positions will computational effort in calculating and Fourier transforming the
undergo periodic but generally multidimensional motion on that multidimensional overlaps in eq 4, particularly when the
surface, resulting in a complicated time dependence of the dynamics are assumed separable into products of each individual
moving wave packet’'s overlap with itself at time zemmi(t)C] normal mode, is far less than that required to sum over all
The Fourier transform of this overlap, which gives the absorption possible intermediate states in eq 3. It also facilitated calculations
spectrum, should in principle contain peaks at frequencies on large or dissociative molecules by emphasizing that such
corresponding to all the bound excited-state vibrations along spectra are determined by only thmétial motion of |i(t)dand
which geometry changes occur, but these are often not resolvablehus require the excited-state surface only in the region near
due to many-mode and/or solvent dynamics or inhomogeneousthe ground-state geometry.
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1551 only Ri(tataty) = expl—iog(ts +t,) — (7/2){t; + 1) — vt)] x
exp[~g*(ty) — g(ty) — f,(tztxt)] (8a)

Ry(tataty) = expl-iomg(t; — t) — (¥/2)(t; + 1) — ;] x
15 165 only exp[—g*(ty) — g*(t) + fL*(tatxt)] (8b)

2.5 T T

2.0

1

A .
g Ri(tataty) = expl—iwg(t; — t)) — (/2)(t; + ty)] x
v .
¥ 10 exp[—g(ts) — g*(ty) + f_*(t3,t,,t)] (8c)
No solvent
05k = f(tatat) = 9(t) — 9, + 1) — oty + 1) +
g(t, +t, +ty) (8d)
ool All modes . )
' 0 20 m 50 20 T00 fitatat) = gf(t) — g*(t, +tg) —o(t; + 1) +
Time (fs) g(t; +t, +t5) (8e)

Figure 3. Overlap whose Fourier transform determines the zero- The quantityg(t) contains all information about the nuclear
temperature optical absorption spectrymQ|0(t)> |exp[—g(t)], for the dynamics:

HMB/TCNE charge-transfer compléX From top to bottom: overlap
for the 1551 cm* mode only, with lifetime broadening alone; overlap _

for 165 cnt! mode only, with lifetime broadening alone; overlap for 9(t) = Guin() + Geondt) ©)

all 11 Franck-Condon active vibrational modes, with lifetime broaden- . o . .

ing alone; overlap for all 11 vibrational modes with solvent reorganiza- Where guin(t) is the contribution from the relatively high-
tion and lifetime broadening. Each curve is successively displaced frequency intramolecular vibrations of the chromophore and
vertically by 0.5 units. As more degrees of freedom are included, the gs,(t) accounts for all low-frequency (or static) solvent or
time during which the overlap differs significantly from zero becomes  jntermolecular modes that contribute to “pure dephasing” and/
shorter. or “inhomogeneous broadening”, depending on time scale.

. . . Equation 7 imposes no artificial distinction between Raman
The expressions given above assume isolated molecules. More, 4 fl,orescence and assumes no separation of time scales

precisely, they assume that the material system interacting Withamong the various processes that contributegt®). It is,

the light can be described fully by a state vector or wave function however, not very transparent, and its implementation is difficult
that spans all of the.material degrees of freedom. In the solution ¢4, realistic models due to the computational effort required to
phase, the electronically resonant molecules are surrounded byay|yate the three nested time integrals. Fortunately, under many
neighbors that have no resonant interaction with the radiation .jrcumstances it can be simplified considerably. In near-room-
but perturb the chromophores that do. In this situation it is still temperature liquids and solids, where the environmental broad-
most natural and practical to work in a basis of the eigenstatesening of the electronic transitions is severe, the experimental
of the resonant chromophore, but due to the chromophores’emjission spectrum usually appears to consist of readily distin-
interactions with the environment, the physics cannot be gyishable sharp “Raman” and broad “fluorescence” components.
described by state vectors; a density matrix formulation is This implies that the two components ought to be separately
required. The description of any higher-order radiatiomatter calculable, and indeed this turns out to be approximately the
interaction then becomes considerably more involved becausecase. As long as the system is in the rapid fluctuation limit,
the time evolution of the bra- and the ket-sides of the density which means that the time scale for the solvent motions that
operator must be considered separately. Density matrix ap-broaden the electronic spectrum is much shorter than the ground-
proaches to the calculation of monochromatically excited state vibrational dephasing time, one can approximately write
spontaneous emission (resonance Raman and fluorescence) havRe Raman-only part of the total emission in a form very similar
been given by a number of authdfs36 We have adopted the  to eq 4 apart from a change in the form of the electronic
formalism of Mukamel and co-workers, who have developed a broadening functio?2

unified description of a wide variety of linear and nonlinear,

frequency-domain and time-resolved spectroscoffi€er ex- SsLe(@1,09) = Sramad@L.09) + Suelwp.09)  (10)
citation on resonance with a single electronic state in the Condon

approximation, the rate of detecting emitted photons at frequencyWhere

ws, assuming monochromatic incident radiation of frequency 4 3
S?amar(wbws) OMm w g X

L, is
) 3 . 2
s Z| S5 dtmli(texplil, + o; — oglt — gt) - yt/2]| x
4o wogM'e
Og (w09 = WSSLE(CUL*(US) (6) O(w, — wg— wg) (11)
where and Syowy ,ws) describes a usually much broader emission
that underlies the sharp Raman spectrum. Whilejthenction
» - - . is often replaced by some other function representing a realistic
S elw, wg) =2 ReL/; dt, jz) dt, fo dt,{exp(iw t, + ground-state vibrational line shape, the separation that leads to
IR (L1 1) + explio t. + ot )R L) + eq 11 is rigorously correct only in the limit of vanishing
Osla)Ru( s J .e pCioh @s IR L) vibrational line widths? The result of eq 11 is essentially
expl~iot; — i(w, — ot +iods Rttt} (7) Heller's time-domain expression of eq 4, with an additional

factor of expfgson(t)] which accounts for the role of solvent
and dynamics in damping the time-dependent wave packet overlaps.
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Static (inhomogeneous) contributionsg@(t) may also be

incorporated by averaging the entire cross section over a

distribution of electronic transition energies and/or other
parameters. A Boltzmann distribution of initial vibrational states

is handled similarly. The final results for the resonance Raman

cross section and the absorption spectrum become

J. Phys. Chem. A, Vol. 103, No. 35, 1998895

g'(t) = —(A/A)[exp(—At) + At — 1]

g'(t) = (A/A) cothSAI2)[exp(—At) + At — 1] +
A ©expEyt) +yt—1
hp &

(16a)

(16b)
1/,1(1412 - A2)

Herel andA are the Stokes shift and the inverse time scale,
respectively; the time scale for a given Brownian oscillator mode
is related to the frequency of the oscillatargo, and its friction,

v, by A = weo?y. B is 1ksT and the parameter, in eq 16b
is equal to Zn/AS. In the high-temperature limikgT > AA),
eq 15 simplifies to

8r(eM)’w, v
e P [ do G(G) x
o9hc? T

|3 dHliOCexpliCo, + o — 05— 8)t = g 01| (12)

Ori-f(w) =

and
2 Fsonlt) = (ks THA?)[exp(—=Ab) + At — 1] —
ArleMw i(A/IA)[exp(—At) + At — 1] (17)

op(w) = e Zpi S db G(o) x

o _ In this high-temperature, strongly overdamped limit, the solvent-
Re [ dtii(t) Cexpli(w + o; — wy — O)t — gy (D] (13)

induced line shape becomes Gaussian with a standard deviation
given by (2kgT/R)Y2in agreement with classical Marcus theory.

whered is the shift from the central zerezero frequency and o

G(0) describes the inhomogeneous distribution of these shifts. APPlications

In eq 13,n is the solvent refractive inde’2. The requirement Noncovalent Charge-Transfer MoleculesHexamethylben-

for this separation of the total emission into Raman and zene/Tetracyanoethylen@he charge-transfer complex most
fluorescence components is that the “homogeneous” solventwidely studied by resonance Raman techniques is that between
dynamics described lgon(t) are fast compared with the inverse  hexamethylbenzene (HMB) as the electron donor and tetracya-
ground-state vibrational line width, which determines the time npethylene (TCNE) as the acceptor. This system forms a ground-
scale for the entire Raman scattering process, while the state complex with a large equilibrium constant that absorbs
“‘inhomogeneous” broadening is essentially static on this time fairly strongly in the middle of the visible spectrumfux ~
scale. This is a useful separation, although necessarily an540 nm andemax ~ 4200 Mt cm® in CCly), far from any
approximate one. The distinction is that homogeneous broadendocally excited transitions of donor or acceptor. The equilibrium
ing on the Raman time scalaffects the resonance Raman constants and dipole moments of both the 1:1 and the 2:1 (DAD)
amplitude while inhomogeneous broadening contributes to a complexes and the electronic and vibrational spectroscopy of
distribution ofcross section®® this complex have been studied extensively in a variety of

Finally, the band shape of the ordinary fluorescence spectrum,solvents. Several vibrations of this complex were also the subject
assuming complete solvent and vibrational relaxation to thermal of a very early resonance Raman excitation profile sti@ther
equilibrium prior to emission, is given by the same expression resonance Raman studies have focused on the low-frequency,
as for the absorption band shape with the roles of upper andpresumed intermolecular stretching mode of this confland
lower states reverse: related complexes of TCNE with other dondfs.

Our group’s initial study obtained absolute excitation profiles
for 11 fundamentals, which included modes localized on both
the donor and the acceptor as well as the low-frequency
presumed intermolecular stretch mddé number of overtones
and combination bands were also observed (Figure 4). We then
simulated the absorption spectrum and excitation profiles in CCI
with a model that explicitly included all 11 fundamentals plus

() O w® vaf do G(d) x
Re [, dtvIV()CeXpli(—e + o, + 0o+ 0)t = o] (14)

Here,|vs a vibrational level of the upper electronic state, and
Iv(t)Uis that state propagated for tinteby the ground-state  an overdamped Brownian oscillator to represent the solvent.
vibrational Hamiltonian. The original analysis did not make use of the information present
A variety of forms have been used in the literature for the in the fluorescence spectrum; its maximum is near 890 nm and
solvent-induced homogeneous broadening. Probably the mosthe quantum yield is only about 5 1075, making this a
useful simple model for application to charge-transfer transitions nontrivial measurement. The best fit yielded reasonable values
is the Brownian oscillator, which treats the solvent as one or for the internal reorganization energies, but the electroniczero
more coupled vibrational modes each characterized by azero energy of 11 600 cm appeared too low to be consistent
frequency, a ground to excited-state displacement, and awith known oxidation and reduction potentials, and the “solvent”
frictional damping?*37-4° The friction can be varied continu-  reorganization energy of 3930 ciseemed far too large for a
ously from the completely undamped harmonic oscillator nonpolar solvent.
typically used to describe high-frequency intramolecular vibra-  Subsequent incorporation of the weak, far-red fluorescence
tions to the overdamped relaxational degree of freedom generallyspectrum to constrain the model (Figures 5 and 6) resulted in a
used to describe collective solvation modes. For Stl’Oﬂg|y considerably higher zerezero energy (13900 CT]JI) and lower
overdamped modes, the dephasing funcigin(t) becomes total reorganization energy, but the relative weakness of the
observable resonance Raman lines above 100 stifl required
a large amount of electronic spectral broadening, presumably
due to reorganization along unobserved, low-frequency mo-
tions#> This apparent solvent reorganization energy of 2450

Oson) = g'(t) +ig" (1) (15)

where the real and imaginary parts are given by



6896 J. Phys. Chem. A, Vol. 103, No. 35, 1999
%
= Tlw 8
B E|Z £
g BIE 3 2.
e 5 . 5 85
© £ 9 r 3£ € 8 B¢
B |8 . 3% 3§88 1 32
Sy T g g g 88 3 8 82
o |8 £ I _ u . S &3 8 3 28
o " 5 S FE6]= s § §2 8 3 g5
Pt 2 2 LOE |5 [ 8 8% 7 & 8
= 2.1l & Emlge & 28 8
8 |8Eel ¥ |
8 OriT® *
Yy 2 g-lst =
K] T z |z =2
SE 2 2 IS = x5
28 & 8 g 8

2000 3000

Raman shift (cm-1)
Figure 4. Resonance Raman spectrum of the HMB/TCNE charge-
transfer complex in CGlsolvent at 514 nm excitation. Resonance-

enhanced vibrations of the complex are labeled with their approximate
mode descriptions. Experimental conditions are described in ref 44.
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molecular stretching fundamental (165 ¢ and a combination band
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Figure 6. Experimental (solid) and calculated (dashed) absorption
spectra and fluorescence band shapes for the HMB/TCNE charge-
transfer complex in CGl Parameters of the simulations are given in
ref 45.

of some controversy. Some of it may be attributable to the other
five low-frequency intermolecular modes that are not observed
in the Raman spectrum. However, there is increasing evidence
that the true solvent contribution to reorganization energies is
significant even for completely non(di-)polar solvefftd’ Even
rigid aromatic molecules known to have no low-frequency
Franck-Condon active vibrations typically exhibit Stokes shifts
between absorption and fluorescence apparent origin band
maxima of at least a few hundred wavenumbers in room-
temperature liquid solvents. The “viscoelastic” contribution to
solvent reorganization which arises purely from the change in
effective size of the solute upon electronic excitation has been
addressed in detail by Berg both experimentally and theoreti-
cally*®=5%0 and in recent simulations by Schwartz and co-
workers®! This mechanism could be particularly important in
noncovalent CT complexes where the intermolecular separation
might be expected to change significantly upon excitation from
the neutral to the ion pair state. Finally, recent photoacoustic
calorimetric studies by the Braslavsky group indicate a very
large contribution from electrostriction to the energetics of CT
transitions even in nonpolar (alkane) solve¥tsm HMB/TCNE,
the Stokes shift between absorption and fluorescence maxima
is nearly 800 cm? larger in CC} than in cyclohexane, sug-
gesting a significant contribution from the solvent itself to the
total low-frequency reorganization enerffjResonance Raman
studies of molecular ions in polar solvetitz*and intramolecular
charge-transfer molecufes®” also provide a variety of evidence
for coupling of nominally chromophore-localized electronic
transitions to specific internal vibrations of the solvent. The
magnitude and origin of solvent contributions to the reorganiza-
tion energy (or, equivalently, the electronic spectral breadth)
remains a topic of active study in regard to molecular electronic
transitions in general, not only charge-transfer phenomena.
The same model for the vibrational dynamics was used to
calculate the nonphotochemical return electron-transfepérate
for comparison with previous direct and indirect measurements
of the ion pair lifetime carried out both by our group and by
others>?-1 This requires a value for the electronic coupling
matrix element, which can in principle be obtained from the
spectroscopic transition moment following the Mullikeidush

continuum theories (approximately zero), has been the subjectprescription or one of its variatiors:>6263n this system, there
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is a complication in that the radiative rate calculated from the the solvent dependence of the excitation profiles together with
experimental ion pair lifetime and fluorescence yield is about a a variety of other observations, that the ground-state structure
factor of 4 smaller than that estimated from the integrated of the complex in CHCI; is less symmetric than that in C£lI
absorption strength. This breakdown of the StrickiBerg allowing mixing with and intensity borrowing from locally
relations that connect absorption strength with emission lifetime excited states of TCNE in the latter solvent. Indeed, much
and quantum yiekf suggests that the relaxed ion pair state may current thinking in the charge-transfer field calls into question
be very different from the vertically excited charge-transfer state the simple Mulliken picture which considers only two electronic
in these conformationally labile noncovalent complexes. That states, the neutral ground state and the ion pair.
is, there is a significant change in the electronic coupling A lingering question regarding this system is the possible
between the absorbing and emitting states presumably due tocontribution of multiple charge-transfer transitions to the
the large geometry change (a non-Condon effect), which may spectroscopy and dynamics. The HOMO of HMB, from which
be a rather general feature of charge-transfer transitions. In anythe optically promoted electron nominally comes, is degenerate
case, regardless of whether the absorption or the fluorescencen free HMB, but that degeneracy should be broken by
transition moment is used to estimate the electronic coupling, complexation with an acceptor. Many substituted benzene/TCNE
the calculated return electron transfer process is significantly complexes do clearly exhibit two CT bands in the visible region
faster than observed. This nevertheless represents the first timegf the spectruni2-74 Therefore, one might expect the HMB/
to our knowledge, that a serious attempt has been made toTCNE charge-transfer electronic spectrum to consist of two
simulate all four pieces of data (absorption, fluorescence, transitions, both polarized roughly along the internuclear axis
Raman, and return electron-transfer rate) with a common modeland of similar character, but split by some amount too small to
for comparison with experimental results. be evident in the solvent-broadened absorption spectrum. The
We also examined the spectroscopy of the complex with presence of two transitions, assuming both states absorb while
perdeuterated hexamethylbenzene (HEiB®8 in the hope of only the lower one emits, could contribute to the apparent Stokes
shedding some light on the unexpectedly large isotope effect shift and cause the solvent reorganization energy to be over-
on the return electron-transfer rates of this and many related estimated. The resonance Raman excitation profiles exhibit none
system£0:65-68 The vibrations that carry significant intensity  of the interference features often generated by two overlapping
in the resonance Raman spectra are only slightly shifted by electronic state&76but again the spectral simulations suggest
perdeuteriation of the HMB, suggesting that hydrogen motions that this is not inconsistent with the two transitions of similar
are only weakly coupled to the charge-transfer transition. electronic character. McHale and co-workers did observe such
However, both fluorescence quantum yields and direct time- interferences in the 2:1 DAD complex of HMB with TCNE in
resolved pumpprobe measurements of ground-state recovery cyclohexane, and attributed them to the two different charge-
times indicate that perdeuteriation decreases the rate of non-ransfer states originating from the two different localized/®
photochemical return electron transfer by a factor of about 1.6, transitions in the comple¥. Hayashi et al. used the INDO/S
implying more significant participation of modes involving semiempirical method to calculate a splitting of 400 ém
hydrogen motion. Calculations within the harmonic approxima- between the two CT states, and after making assumptions about
tion were unable to reproduce the isotope effects on both thethe relative reorganization energies and transition moments in
spectra and the kinetics with a common set of parameters. Largethe two states, were able to reproduce the experimental
deuterium isotope effects (often much larger than those observedabsorption and fluorescence spectra as well as various ultrafast
here) are seen in the rates of many other organic radiationlessime-resolved dat&’° McHale and co-workers carried out
transitions and have been attributed to anharmonicities of theINDO calculations of the spectra and potential energy surfaces
CH (CD) stretches, which render these important accepting of HMB/TCNE and found that both the splitting between the
modes even though they do not appear to carry FraGadndon two CT states and their relative oscillator strengths are strong
activity in the absorption or emission speci?d® We are, functions of the complex geometry, which is expected to be
however, dubious about this explanation in light of the quite floppy in the solution phase and may vary from one solvent
comparatively small electronic energy gap (as radiationless to the next’?

transitions go) and the extensive Franckondon activity in While charge transfer in complexes involving TCNE has been
many of the non-CH stretching modes. This issue clearly has studied widely by both resonance Raman and other techniques,
yet to be resolved. to our knowledge no one has yet carried out the detailed normal-

McHale and co-workers also examined the HMB/TCNE mode analysis needed to convert the dimensionless normal mode
complex using CkCl, as the solvent! They measured more  reorganization energies into actual bond length and bond angle
detailed excitation profiles, but for only the four strongest changes as described below for 1-aza-adamantane-4-yliden-
resonance Raman lines. These four modes of the complex ancemalononitrile, even though the required normal-mode analysis
a stochastic line broadening function for the solvent were for a molecule as simple as TCNE is fairly straightforward. For
employed to explicitly model the absorption spectrum and a pure quasidiatomic stretch, the relationship between dimen-
excitation profiles. Their experimental excitation profiles all sionless normal mode displaceménand bond length change
peaked above 20 000 crh considerably blue-shifted relative  dr is or = (h/uw)Y?A, whereu is the reduced mass for the
to the profiles measured by our group in G&hd the absorption  vibration andw is its frequency in st. UsingA = wA?%2 (valid
spectra in both solvents, and large non-Condon couplings hadwhen the ground- and excited-state vibrational frequencies are
to be included in the model in order to fit these profiles. They assumed to be the same), wherds the wavenumber of the
also obtained a large low-frequency reorganization energy of normal mode and is that mode’s reorganization energy in
about 6200 cm!, which is probably best considered as wavenumbers, we obtain the relationsbip= (2Ah/uww=)'/2.
representing some combination of true solvent contributions, If the ~1550 cnm? mode of TCNE is taken to be a pure CC
reorganization of the high-frequency molecular modes not stretch and this is assumed to be the only normal mode that
included in the simulations, and reorganization of unseen low- has ethylenic &C stretching character, then the bond length
frequency intermolecular modes. These authors concluded, fromchange in centimeters becomiis= (2.1 x 10-19)A¥2 which



6898 J. Phys. Chem. A, Vol. 103, No. 35, 1999 Kelley

TABLE 1: Summary of Vibrational and Solvent Contributions to Charge-Transfer Reorganization Energies

molecule solvent Av (cm1)a As (cm™1)P Ac=c (cm1)¢
hexamethylbenzene/tetracyanoethylene (ref 45) 4CClI 2266 2450 685
hexamethylbenzene/tetracyanoethylene (ref 71) 2GIH 1567 6200 338
p-methoxybenzyltrimethylsilane/tetracyanoethylene (ref 87) 2@ 2032 2820 860
1-aza-adamantane-4-ylidenemalononitrile (ref 106) ;CH 3490 1032 821
1-aza-adamantane-4-ylidenemalononitrile (refs 82 and 83) ;CCH 2575 225 426

aTotal reorganization energy in all resolved molecular vibratidrigast” part of solvent reorganization energy (not including inhomogeneous
broadening)¢ Reorganization energy 1550 cntt C=C stretch of TCNE or dicyanovinyl group.

ranges from 0.04 to 0.06 A for the reorganization energies given the radical catiof? The pump-probe resonance Raman spectra
in Table 1. These bond length changes are in reasonableof phenylcyclopropane also revealed a number of vibrational
agreement with the values of 0.08 A calculated ab iffitamd frequencies of the radical cation, but they were considerably
0.04 A found from the crystal structure of the salt of TCNE  more difficult to assign in the absence of data on isotopically
with [Fe(GMes)2]*t.8! For the closely related dicyanovinyl-  substituted molecule®. The resonance Raman experiments on
substituted aza-adamantane intramolecular charge-transfer molthe ground-state donor/TCNE CT complexes were, unfortu-
ecule discussed below, we did calculate the geometry changesately, not definitive in either system due to the less-than-ideal
upon charge-transfer excitation in the correct way using the thermodynamic and spectroscopic properties of these complexes.
normal mode coefficients of all the reorganized modes and The combination of small equilibrium constants for complex
obtained a €&C bond length increase of 0.04%in good formation and low molar absorptivities for the complex results
agreement with the simple quasidiatomic estimates for TCNE. in the CT-resonant Raman spectra being dominated by solvent

Methoxybenzyltrimethylsilane/TCNE and Phenylcyclopro- |ines and nonresonant scattering from uncomplexed donor and
pane/TCNEHMB/TCNE was selected for our initial studies acceptor, obscuring a number of potentially interesting Raman
because of its favorable thermodynamic and spectroscopiciines and making quantitative analysis of the spectra uncertain.
properties, not because this complex itself is of intrinsic interest. oyr pest efforts to model the spectramfmethyoxybenzyltri-
The experiments on HMB/TCNE were intended to test funda- methylsilane/ TCNE resulted in reorganization energies of the
mental relationships between spectroscopic observables andrcnE acceptor modes that are similar to those obtained in
electron transfer rates, and the most experimentally tractable yypg/TCNE (860 cnT! in the G=C stretch and 300 cm in
systems for studies of this type are those in which the energy c=N stretching) and a reasonable solvent reorganization energy
of the absorbed photon is ultimately dissipated as heat or 4t 2820 cnt? in CH,Cl,, providing some confidence in the
returned as fluorescence without initiating any chemistry. oqeling result8” Of the five observed resonance-enhanced
However, useful applications of photoinduced electron transfer gjjane vibrations, four are largely localized on the aromatic ring.
often involve harnessing the energy of the ion pair state 0 rhis strongly suggests that the reorganization parameters
initiate a chgmlcal reaction. We the(efore looked to adapt the ,i-inad from analysis of the CT-resonant Raman spectra do
methodologies developed and refined on HMB/TCNE 10 o nronerly describe the structure of the relaxed, solvent-
systems in which one member of the lon pair _formed bY separated radical cation, but we are unable to determine whether
photollnduced charge transfer (the cation in this case) is the mechanism enabling this structural evolution involves an
chemically reactive. - electronic nonadiabatic transition, strongly anharmonic vibra-

The systems chosen for initial study were the CT_ comp_lexes tions of the silane itself such as internal rotations, or coupling
formed between TCNE as an acceptor and benzyltrlalkylsnanesOf the silane geometry to ion pair separation or solvent
olr p:leny(ljcyclopropﬁgﬁsh.ash dﬁnorfs. 'Irhe ra:.dilial cations gf b.?;h reorganization. In phenylcyclopropane/TCNE, we clearly ob-
. e e s S, 1 a0iion 01he TCNEE n G-N sitches, ol

P 9 : Y y 99 three resonance-enhanced vibrations of the donor, all phenyl-

facile cleavage of the €Si bond via a nucleophilic & localized (Figure 7). No effort was made to quantitatively model

mechanisn§? while the phenylcyclopropanes undergo rapid ring - .
. ! . - the very weak and sparse spectra, but qualitatively they are again
5,86
opening* One important goal of this study was to explore consistent with vertical CT excitation being largely localized

the extent to which the radical cation initially formed by CT N the aromatic ring rather than on the eventually reactiv
excitation is the same species that undergoes subsequengubstﬁugn? atic ring rather than o € eventually reactive

chemical reaction. Direct CT excitation is expected to involve )
primarily the molecular orbitals on the aromatic ring; does this ~ Carbazole/TetracyanoethylengVhile some of the useful
phenyl-centered ion radical later evolve to a species having morea@pplications of photoinduced charge transfer result in chemical
positive charge on the reactive silyl or cyclopropyl group, and reactions of the primary electron donor and/or acceptor, many
if so, through what mechanism? others involve only charge transport without any net chemistry.
This question was addressed by combining absorption andIn photosynthesis, for example, the initial light-driven charge
resonance Raman spectral modeling of the donor/TCNE CT separation is followed by a cascade of electron transfer steps
complex, which provides information about the vertically excited that separate the electron from the hole, preventing energy-
CT state, with pumpprobe measurements in which the donor Wasting charge recombination and allowing time for the slower
radical cation was prepared by electron transfer from a photo- chemical steps to proceed. In electrophotography (xerography),
excited sensitizer and the resonance Raman spectrum of theelectrons and holes produced by light absorption are separated
relaxed radical cation was subsequently measured. Thepump by charge hopping in an external electric field, with the separated
probe resonance Raman spectra of phmethoxybenzyltrim- charges eventually being used to charge a platen that attracts
ethylsilane radical cation exhibit more than 20 frequencies the toner electrostatically and produces the image on paper. In
which, assigned through a combination of density functional organic light-emitting diodes, electrons and holes injected at
theory calculations and isotopic substitution, indicate significant opposite sides of the device must migrate toward the center
weakening of the benzyl €Si bond that becomes reactive in  where they recombine to form excitons which emit light. In all
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frequencies labeled are those that appear to exhibit some degree othan that of HMB/TCNE, but it is large enough, and the molar
resonance enhancement. The 1558 tiline is the G=C stretch of absorptivity of the complex high enough to produce a reasonably
TCNE, while the lines at 1024, 1182, and 1604 ¢rare assigned to  gtyong resonance Raman spectrum with only modest contamina-
phenyl-based donor modes. The 1467 &iime is assigned as a donor 4, from nonresonant Raman lines of uncomplexed donor and

mode having some contribution from cyclopropyl ring breathing, which - . . .
is only weakly if at all resonance enhanced. S labels solvent lines and @c¢eptor (Figure 9). One complication with carbazole is the clear

D and A mark vibrations of uncomplexed donor and acceptor, existence of two overlapping charge-transfer electronic transi-
respectively, that do not exhibit resonance enhancement in the complex tions, which are well characterized as resulting from promotion
More detailed assignments of the phenylcyclopropane modes are givenof an electron from the HOMO and the HOMO-1 of carbaZéle.
in ref 88. The absorption and resonance Raman spectroscopic analysis of
this complex therefore required refining the methodologies for
of these systems the important steps involve hopping of electronstreating overlapping electronic transitions which we initially
or holes between nearby molecules in the dark. developed for and applied to the CT and LE transitions of 1-aza-
Although the processes of greatest interest in these systemsidamantane-4-ylidenemalononitrile, discussed below. This analy-
are not the directly light-driven ones, resonance Raman intensity sis has recently been complef&d.
analysis of photoinduced charge-transfer transitions can still  Intramolecular Charge-Transfer Molecules. 1-Aza-Ada-
provide useful information about the material parameters that mantane-4-YlidenemalononitrileNoncovalent charge-transfer
determine these rates. Charge separation in electrophotographycomplexes have the advantage of allowing easy mixing and
for example, involves hole hopping between donor molecules matching of donors and acceptors without synthetic effort. There
D embedded in an amorphous solid ma#fQ*t + D —D + are, however, a number of disadvantages to working with such
D** . The rate of this process depends on the applied electric complexes, including the possibility of multiple ground-state
field, the electronic coupling (orbital overlap) between the active conformers and/or complex stoichiometries and of very large
molecular orbitals on neighboring molecules, the degree of changes in intermolecular geometry between the neutral and
energetic disorder among donor molecules sitting in different jon-pair states. Also, it is difficult to obtain the highly accurate
sites in the matrix, and the reorganization energy accompanyingvalues for the equilibrium constants and molar absorptivities
the hole transfe?? °* The internal reorganization energy for needed for quantitative analysis of the resonance Raman
the donor molecules can be obtained to a good approximationintensities. For these reasons, compounds bearing covalently
from resonance Raman intensity analysis of a CT complex attached electron donor and acceptor groups are quite attractive.
between D and a suitable acceptor, DH&w — D**/A*~ . This A wide variety of such molecules have been synthesized, mostly
analysis will also produce values for the reorganization energy for the purpose of studying the distance dependence of electron-
of the surrounding matrix and for the degree of inhomogeneous transfer rated29 The goal of most such studies is to locally
broadening (i.e., energetic disorder). While these values pertainexcite either the donor or the acceptor alone and measure the
to charge separation in the D/A complex and not to charge rate of decay of the initially excited state or the rate of formation
transfer from one donor to another, they presumably provide at of the ion(s), and it is desirable to have weak electronic coupling
least some estimate of the matrix reorganization energy andbetween donor and acceptor such that direct charge-transfer
energetic disorder parameter needed to calculate the actual ratexcitation does not complicate the picture and so that the
of charge hopping. electron-transfer rate is slow enough to measure accurately. It
With this application in mind, we initiated studies of the is, however, entirely possible to synthesize intramolecular
carbazole/TCNE charge-transfer complex (Figure 8). This donor-acceptor molecules with sufficiently large electronic
system was selected because hole transport in isopropyl carbaeoupling to provide a strong charge-transfer b&d%!Large
zole, as well as polymers containing carbazole side chains, haselectronic coupling is also desirable in the “pugiull” con-
been studied in some det&#?we chose unsubstituted carba- jugated chromophores being developed for their nonlinear
zole because the thermodynamic and spectroscopic propertieptical propertied92-194 Our group has examined several such
of its complex with TCNE had already been repoffednd covalent donoracceptor molecules. 1-Aza-adamantane-4-
because the vibrational assignments were expected to be muclylidenemalononitrile, synthesized by the Verhoeven group,
more straightforward for the unsubstituted moledilélhe shows a fairly strong charge-transfer baag&~ 320 nm and
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Figure 9. Resonance Raman spectra of the carbazole/TCNE charge-transfer complexCia &Hxcitation wavelengths near the red sides of the
absorption band (687 nm, upper spectrum) and near the blue side (488 nm, lower spectrum). Asterisks mark solvent bands. The large excitation
wavelength dependence of the intensities of some lines is consistent with the contribution of more than one electronic transition to the charge-
transfer band of Figure 8.

small. Our initial resonance Raman experiments were carried
out in methanol, a solvent in which the fluorescence is
LE particularly weak (the fluorescence decay was too fast to resolve
by time-correlated single-photon counting, indicating a lifetime
shorter than about 20 ps), and were performed at a single
. excitation wavelength slightly to the red of the absorption
maximumi® The resonance Raman intensities and absorption
. spectra were modeled as described for hexamethylbenzene/
tetracyanoethylene to determine the intramolecular and solvent
: contributions to the reorganization energy accompanying elec-
i tron transfer. The spectral fitting in methanol required a fairly
large contribution from solvent-induced broadening that is
. inhomogeneous on the Raman time scale. Interestingly, calcula-
. tion of the fluorescence spectrum under the assumption that this
inhomogeneous component remains static on the longer fluo-
rescence time scale results in severe underestimation of the
Stokes shift. In the opposite limit, where the “inhomogeneous”
broadening is attributed entirely to solvent oscillators that do
: ! relax completely prior to fluorescence as in the usual liquid-
500 1000 1500 phase Marcus theory, the Stokes shift is overestimated (see
em! Figure 11). This implies that the solvent-induced broadening
Figure 10. Resonance Raman spectra of 1—aza—adamantane—4—yliden—'n methanol has components that fluctuate on a W,'de range ,Of
emalononitrile in acetonitrile solution excited on resonance with the time scales, perhaps related to the hydrogen-bonding dynamics
locally (acceptor end) excited transition (239 nm) and with the charge- in this solvent. The absorption spectrum in methanol also
transfer transition (309 nm). Asterisks mark solvent bands. happens to be somewhat blue-shifted relative to other solvents
€max ~ 4500 M1 cm1) in a region of the spectrum where of comparable polarity, suggesting the importance of more
neither the donor-only nor the acceptor-only analogues absorb,specific hydrogen-bonding interactions. A more detailed analysis
and the fluorescence from this state exhibits the large solvato-was performed on this compound in acetonitrile solué®n.
chromic shifts diagnostic of a charge-transfer transitfRmt Absolute scattering cross sections were measured at five
least 18 vibrational fundamentals exhibit Raman intensity on excitation wavelengths spanning both the charge-transfer (CT)
resonance with this charge-transfer b€ (see Figure 10). band at 324 nm and the lowest locally excited (LE) band at
These vibrations have been assigned through resonant an@®31 nm. The spectra are qualitatively quite different; the LE-
nonresonant Raman and infrared spectra, ab initio calculations,resonant spectra are dominated by tieGCand G=N stretching
and comparison with model compouridéThe donor-only and modes of the acceptor group, while the CT-resonant spectra
acceptor-only analogues were also prepared and shown to exhibishow intensity in a large number of vibrations localized on both
negligible Raman intensity when excited at the same wave- the donor and acceptor groups as well as the adamantane bridge.
lengths used to obtain charge-transfer resonant spectra of thelrhe geometry changes accompanying both LE and CT excitation
donor-acceptor compount® The principal difficulty in work- were quantitated by modeling the absorption spectra and
ing with this molecule was the rather strong relaxed fluores- resonance Raman intensities self-consistently to obtain the
cence, which prevented us from performing Raman experimentsmode-specific reorganization energies accompanying electronic
in nonpolar or weakly polar solvents where the Stokes shift is excitation to both states, using a modification of eq 12 that

CT

Relative intensity
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2 "” I Il I | \ the indicated central atom. The structure shown is that calculated for
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e:'[j As partly frozen 53°. Details are given in refs 82 and 83.
- 4o0F N converted to actual bond length and bond angle changes by
g 20 i making use of a detailed ground-state normal-mode an&lysis
'g i || I ] |, i and by comparing with electronic structure calculations on
oS models for the donor and acceptor ends to reduce the indeter-
@ oo . minacy in the signs of the dimensionless displacem@&&108
© s} s fully relaxed 4 As expected from qualitative inspection of the resonance Raman
© spectra, the geometry changes upon excitation to the LE state
g z°r I i were shown to be dominated by lengthening of the ethylenic
g wol ! C=C bond, while for CT excitation the distortions are distrib-
& 0 500 7000 1500 2000 2500 3000 3500 4000 uted over the donor, acceptor, and adamantane bridge (Figure
Raman shift (cm-1) 12). The G=C bond length change is 0.04 A for CT excitation

and 0.07 A for LE excitation. This is qualitatively consistent

Figure 11. Absorption spectra, fluorescence band shapes, and reso-, i, 4 simple orbital picture in which LE excitation corresponds

nance Raman intensities calculated for 1-aza-adamantane-4-ylidenemaf . lect f th bital of the di invl
lononitrile in methanol employing different assumptions about time 0 moving an electron from the orbital ol the dicyanoviny

scales for solvent reorganization. THe partly frozen” curves partition ~ group into ther* orbital of the same group, while CT excitation
the solvent-induced broadening into inhomogeneous (completely staticremoves an electron from the aza-adamantane nitrogen lone pair
distribution of zere-zero energies) and homogeneous (rapidly reor- and places it into ther* orbital of the acceptor. We believe
ganizing) contributions to best reproduce the absolute resonance Ramarthjs represents the first time that resonance Raman intensity
cross sections (bottom panel). This underestimates the fIuorescencedna|ysiS has been used to quantitate the geometry changes in

Stokes shift (top panel). Thels fully relaxed” curves assign all the
solvent-induced broadening as rapidly reorganizing. This overestimatesboth LE and CT states of the same molecule.

the fluorescence Stokes shift and produces too much damping of the USi
resonance Raman cross sections. Both calculations accurately reproduck©Nclusions

the experimental absorption spectrum (top panel). The conclusion is |y favorable cases, the self-consistent analysis of charge-
that the total solvent reorganization consists of one component that IS transfer absorption band shapes and resonance Raman spectra

fast on the Raman time scale, one that is slow on the Raman time can provide a wealth of detail about the internal vibrational
scale but fast compared with fluorescence, and one that is static on the prov o
fluorescence time scale. Parameters of the simulations are given in refcontributions to the charge-transfer reorganization energy. When

106. absolute resonance Raman intensities and/or the charge-transfer
fluorescence band shape are also available, the analysis can also
includes interference effects between the two states. These werextract considerable information about the magnitudes and time
found to be of minimal importance for this particular charge- scales of solvent reorganization processes. That being said, it
transfer molecule. We did, however, find that non-Condon should also be noted that the corresponding nonradiative return
effects (coordinate dependence of the electronic transition electron transfer rates are not very sensitive to the vibrational
moment) had to be included in order to adequately simulate composition of the total reorganization energy, so this highly
the data. mode-specific information is not needed if one’s only interest
The reorganization parameters in terms of dimensionlessis in calculating the FranekCondon contribution to the rate
normal coordinates, for both the LE and CT states, were then expression. One can reasonably argue that more detailed mode-
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by-mode knowledge of the reorganization parameters should
be helpful in the rational design of molecular or supramolecular
structures with desirable electron-transfer properties, but this

has yet to be demonstrated.

Resonance Raman intensity analysis is a finicky technique
that places rather strict requirements on the photophysical
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