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Optical Spectra of Push—Pull Chromophores in Solution: A Simple Model
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We extend the self-consistent two-state model, already proposed to describe linear and nonlinear spectral
properties of pushpull chromophores in solution, to describe vibrational spectra and to account for
inhomogeneous broadening effects occurring in polar solvents. The model, not relying on perturbative
expansions of the solutesolvent interaction, offers a simple and internally consistent description of electronic
and vibrational spectra. Exotic and apparently unrelated phenomena, like the narrowing of time-resolved
emission bands and the dispersion of resonant Raman frequencies with the excitation line find a natural
explanation in the proposed approach.

Introduction The intrinsic nonlinearity of the DA dimer is responsible for
The so-called pushpull chromophores are molecules made the large amplification of static NLO responses as due to the
up by electron donor (D) and acceptor (A) moieties connected coupling of electronic degrees of freedom to molecular vibra-
by anr-conjugated bridge. The charge separated staté (Dis tions'® or, equivalently, to the orientational polarization of polar
then easily accessible. These molecules are widely investigatect©vents:* The slow degrees of freedom can be dealt with in

in several, apparently unrelated fields. Pughll chromophores the gdiabatic approximatioq, and the resulting model, the self-
are the molecules of choice for second-order NLO applica- consistent DA dimer model, is amenable to an exact soldfiéh.

tions12 are typical solvation probést and are useful model The most prominent ad_\/ar_n_age of exac_t res_ults is that they can
systems for electron transfeAll these applications exploit the P used to check the reliability of approximation schemes: quite
presence of a low-lying excited-state characterized by a different Predictably we were able to prove that linear perturbative
electronic distribution from the ground state. Good solvation @pproaches to the interactions are inadequate to describe the
probes have an electronic absorption and/or emission band well-nighly nonlinear behavior of pustpull chromophore$!-**This
separated from the other transitions, with good intensity (i.e., a has important consequences, since the sum-over-state approach
sizable transition dipole momentcr), and whose position 0 the vibrational contribution to NLO responses, as commonly
strongly depends on the solvent polaffyhis last requirement ~ adopted in quantum chemical calculations, being based on a
is easily fulfiled if the mesomeric dipole moment, i.e., the linear perturbative treatment of the electron-vibratior &)
difference between the excited and the ground state (gs) dipolecoupling, is in general inadequate, and must be substituted by
moment, is large. A large mesomeric dipole moment implies a finite-field methods.
large charge redistribution on excitation, so that the absorption In a recent papée? based on exact results for the self-
process basically models a photoinduced electron trabsfer, consistent DA dimer, we demonstrated that nonlinearity plays
whereas the emission process models a nonradiative electroran important role also in linear absorption and emission spectra.
transfer> On the other hand, large transition and mesomeric The nonlinearity of the solutesolvent interaction stems out
dipole moments are a guarantee of large NLO respdhses. apparently from the nonlinearity of the Stokes shifts with the
The interesting behavior of pusipull chromophores is  solvent polarity, from the dependence of the absorption and
dominated by the lowest excited state, and a simple two-stateemission band-shapes on the solvent, and from the observation
model has indeed all the ingredients needed to catch the essentiabf nonspecular absorption and emission bands. The standard
physics governing these molecules. The relevant two-stateapproaches to solvatochromigtallow for linear corrections
model, the DA dimer, was proposed in the 50’s to describe of the solute energies as due to the interaction with the solvent,
charge transfer (CT) complexésAnd in fact CT complexes  but postulate that the solute wave functions are independent of
too are actively investigated as model systems for electron solvation. This rigid-solute, perturbative approach fails for most
transfer28 Their investigation as NLO chromophores is certainly of push-pull chromophores in view of their large linear and
worthwhile. When extended to include the interaction with the nonlinear polarizabilities: the solute properties largely depend
surrounding and/or the coupling with vibrations (Holstein on the solvation medium.
coupling) the DA dimer model is the simplest model for the s nonlinearity has disruptive effects on our standard
neutral-ionic phase transition as observed in CT organic salts \nqerstanding of spectral data, that is mainly based on pertur-
with a mixed stack motif. The peculiar behavior of the  aive arguments. An impressive example is offered by absorp-
interacting model opens new perspectives in modeling electron oy ang emission bands: in the standard picture, the vibronic
transfer, and, for what concerns us here, demonstrates the larggcure underlying the two bands is the same, so that exactly
nonlinearity of the response of the DA dimer to the relevant (e same info can be extracted from the analysis of either of

i i 10,11 ..
Interactions: them5 This is not true for pushpull chromophores: after
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freedom. Absorption and emission processes then involve
different states and are governed by different parameters: the E
Huang-Rhys factors relevant to the two processes are indeed
different!? Extracting microscopic information from spectral oo ID'A)
results is therefore a complex task in pugull chromophores €i I
and requires a careful analysis of a large set of data, properly - i
accounting for the nonlinearity of the system. Since in a i
nonlinear picture microscopic parameters are not directly related 22p :
to any single experimental feature, it is important to cross check |
the reliability of the model and the accuracy of the parameters \ /'/ IDA)
by a careful study of as many spectral data as poskibfe. '

In this paper we extend the analysis of spectral properties of : —>
push—pull chromophores in solution to vibrational spectra. The 0 L O
e—ph coupling affects vibrational properties of coupled modes, Figure 1. Potential energy surfaces relevant to the two basis states
that appear in both infrared (IR) and Raman spekt@pecif- (see text).
ically the interaction with electronic degrees of freedom softens
coupled vibrations, and affects their intensities in a way that We allow for the coupling of electrons to molecular vibra-
strongly depends on the molecular charge distribution, and tions, Q,, by assigning the two basis states two harmonic
therefore on the solvation medium. This dependence is also thepotential energy surfaces (PES), with equal frequencigs (
key to understand the large inhomogeneous broadening effectdut displaced by;, as sketched in Figure 1. The corresponding
appearing in vibrational spectra of molecules dissolved in polar Hamiltonian read$
solventst®16 A careful analysis of vibrational spectra gives Ny
important information on €ph coupling strength, and, more . R
generally, if complemented with the analysis of absorption and H =270 - \/}[Ox + Z{ Ewiz Q- 2‘”igiQip} 1)
emission spectra, allows for the estimate of the microscopic =
parameters of the model. This analysis must properly account
for the nonlinearity of the chromophore: in pusbull chro-
mophores, resonant Raman (RR) and steady-state emissioth > f the t tates. Unl h it
spectra are governed by different HuariRhys factors, for € mixing of the two states. 1Inless when energy units are
exactly the same reason why absorption and emission bandseXp“C'tIy g|yen, n th_e following we measure the energy |_n
are nonspecular. This is an important observation pointing to V2t =1 units. Adopting the standard notation for Pauli spin
the need for a careful reconsideration of the analysis carried ©Peratorsdxy), the ionicity operatorp = (1 — 02)/2; measures
over electronic and RR spectra of a few model systems for € Polarity of the molecule, i.e., the weight @A LI The
electron transfet1718Hopefully some of the apparent discrep- summation in eq 1 runs on théto_tally symmetrlc V|brat|ons_
ancies in these data can be settled in the new picture. that couple to el_ectrqns. The flr_st term in the .summatu.)n

In the next section we briefly review the self-consistent DA accounts fo_r the V|brz_it|on_al potential energy (pons_|stently W't.h
dimer model as the simplest model for a pustull chro- the adiabatic approximation we neglect the ylbrathnal kinetic
mophore in solution, with special emphasis on its application energy). The secor]d term modelsp.h coupling, withg: =
to linear absorption and emission spectra in the visible region. 'iwi_w/‘/_é representing the-éph coupling constant, as usually
In section 11l we apply the model to vibrational (IR and Raman) defined in the I_—|o|s_te|n modé? A useful measure of the strength
spectra. In section IV the analysis is extended to account for Of €~Ph coupling ise; = Gi%w;, that corresponds to the energy
inhomogeneous broadening as observed in polar solvents. TheJained by the system due to the relaxatiorpfollowing the
implications of the proposed model on the interpretation of charge separation (cf. Figure 1). The total vibrational rel_axa_1t|on
spectral data are discussed in the last section. In the companiorgNergy,esp = Zii, corresponds to the small polaron binding
paper (the following article) we apply our model to a specific €Nergy of the Holstein modét. o
chromophore, phenol blue. This is an interesting molecule, with _ 1"€ Very last term in the above Hamiltonian introduces a
large measured nonlinear respon&sor this molecule witha  linéar dependence al on the Q's, and then accounts for
highly nonlinear behavior, the standard analysis of spectral datadifferent equilibrium geometries in the two basis states.
is bound to fail, and in fact its spectra are characterized by Quadratic term.s would also account for different forqe cqnstants,
several anomalous features, the most prominent one being the2nd then for different curvatures for the two PES in Figure 1.
large dispersion of RR frequencies with the excitation fhe. The role ofqgadrat_lc couplmg |n_HoIste|n-I|ke Hamiltonian _has
We will demonstrate that the exotic spectral behavior of PB is P€€n extensively investigated in ref 21. In the analysis of

naturally understood based on the simple model we present hereYiPrational spectra of CT salts, quadratie-gh coupling is
provided its nonlinearity is fully exploited. routinely introduced to properly define reference vibrational

frequencies for states of intermediate ionid@hy? For these
systems reliable information on the parameters required to model
quadratic coupling are easily extracted from vibrational spectra

The electronic structure of pustpull chromophores can be  of isolated donor and acceptor molecules and of the correspond-
described based on two states, the fully neutiah[] and the ing ions (D" and A", respectively). This information is not
charge-separatetD™A~Ustates. These two states correspond available for puskpull chromophores so that introducing
to the neutral and zwitterionic resonance structures of the quadratic e-ph coupling is not difficult per se, but adds the
molecule, or, in the context of charge transfer (CT) complexes, Hamiltonian several freely adjustable parameters. Since the basic
to the fully neutral and ionic states, as introduced by Mulliken. physics of the problem is described by the linear té&¢mwge
Following Mulliken, we neglect the small dipole moment of neglect quadratic -eph coupling in our model, adopting the
|IDADOwith respect tquo, the large dipole moment gD*A~[] simplest relevant Hamiltonian.

wherez is half the energy difference between the two basis
r§tates, measured & = 0 (see Figure 1), and'2t allows for

Simple Model for Electronic Properties
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The simplest model for the solutsolvent interaction is the  explicitly enter any equation. The total Hamiltonian for a push
reaction-field modet323 Basically, a polar solute molecule pull chromophore immersed in a solvent is then given by eq 1,
polarizes the surrounding medium and therefore feels a reactionprovided the summation extends from ONd*
electric fieldFr. In the plausible hypothesis that the solvent is In the adiabatic approximatic§, an effective electronic
an optically linear medium, and then responds linearly to an Hamiltonian can be obtained from the total Hamiltonian in eq
applied field, the reaction field is simply proportional to the 1 by substituting theQ; coordinates with the corresponding
dipole moment of the solute molecule. The reaction field has equilibrium values. The resulting two-state model has the same
in general two componentd230One component originates from  form as the original model, but witlzy self-consistently
the deformation of the electronic clouds of solvent molecules. depending om, the expectation value of the ionicity operatbr.
This “electronic” component of the reaction field is characterized The self-consistent DA dimer model can be solved exactly to
by a very fast response time: itis in fact related to the electronic get, e.g., the ground-state ionicity. Its dependence @ fairly
polarizability of the solvent, with typical frequencies in the UV interesting: the slope of the S-shapp(i) curve strongly
region, to be compared with typical frequencies of pughll increases witler = €sp + €or. Since the successive derivatives
chromophores occurring in the visible region. The electronic of the p vs z, curve are proportional to the static optical
polarization is the only contribution to the reaction field for susceptibilities, one immediately recognizes a large amplification
nonpolar solvents, but in polar solvents a second contribution of static NLO responses as due to the coupling to slow degrees
arises due to the reorientation of the polar solvent molecules of freedom?0.11
around the solute. This orientational component of the reaction In a two-state model a single parameter (eig@nr p) defines
field has characteristic frequencies in the far-IR or microwave not only the gs, but, in view of the orthogonality requirement,
regions and is very slow with respect to both electronic and also the excited state. Specifically, the vertical excited state has
(internal) vibrational degrees of freedom of the solute. ionicity 1 — p, so that the vertical absorption energy and the

The coupling of electrons to the fast solvent degrees of corresponding transition dipole moment are
freedom can be dealt with in the antiadiab&figr sudden

relaxation?®> approximation. Since the fast degrees of freedom _ 1 _ [
readjust instantaneously to the charge distribution of the solute @er (L — p) Her = oy (1= p) ®)
molecule, the coupled problem can still be described in terms

of a two-state model, but with renormalized parametéihe In the harmonic approximation, the HuarBhys factors for

amount of the renormalization can be evaluated given a ne apsorption process are simply proportional to the difference
microscopic model for the solutesolvent interactio! How- of ionicity in the two states, as followsS™ = g(L — 2p)/
ever we adopt a different strategy, trying to extract all the ;.12 The dependence ofcr '#CT and of the absorption band-
relevant parameters from experimental data. For sure theshape on the solvent stéms out quite naturally from the
parameters that describe the electronic structure of the SOIUtedependence g6 (the chromophore polarity) on the solvent.
(z0 and V21, or better their ratio) are expected to depend  The vertical excited state reached on photon absorption has
strongly on the solvent refractive indéxi.e., the square root i, general a different polarity, and hence a different dipole
of the dielectric constant as measured at optical frequencies,moment, than the gs. Immediately after absorption, the slow
that offers a rough estimate of the electronic polarizability of gegrees of freedom (internal vibrations and the solvent orien-
the solvent. Then these “solute” parameters are actually transfer-ational modes) readjust themselves in response to the new
able only among solvents with similar characteristics, specifi- charge configuration of the solute. But, as long as the slow
cally similar refractive index. o degrees of freedom relax, the solute molecule itself feels a new
The orientational component of the reaction field at the gsyrrounding and in turn readjusts its polarity. Whereas this
equilibrium, For, is proportional to the solute dipole moment  picture holds true for all chromophores, the rearrangement of
via a proportionality factom,. Given a microscopic model for  the solute polarity during the slow-mode relaxation is certainly
solute-solvent interactionror can be easily estimatéd but, large and nonnegligible for molecules with large NLO responses.
once more, we prefer extracting it from experiment. Eventually, The nonlinear, self-consistent relaxation problem can be solved
the agreement between empirical and theoretical estimates willexactly in our simple picture to calculate the equilibrium ionicity
confirm the internal consistency of the proposed model. In the 4f the fully relaxed excited state, 4 p*, as detailed in ref 12.
simplest picturet,r depends on both the solvent refractive index The steady-state emission is once more a vertical process, that
and the (static) dielectric constant, vanishing for nonpolar starting from the relaxed excited state at ionicity J*, drives
solvents. By assimilating the solvent to an elastic medium, the {he system to the orthogonal gs, at ionicify. The emission

following solvation term adds to the Hamiltonian in ed*1: frequency and transition dipole moment, are still given by the
1, same equations governing absorption, see eq 3, but ptith
Heon =5, For — Fodl ) substitutingo. The Huang-Rhys factors for emissior§®™ =
or

0i(1 — 2p*)/ wi, are always smaller, in absolute value, than those
relevant to absorption, then explaining the observation of
narrower and less structured emission than absorption Ba#s.
The same argument also naturally explains the narrowing of
emission bands as observed for several chromophores in time-
resolved emission measuremehts.

where the elastic constant is fixed by the equilibrium condi-
tion: For = roe @andu represents the expectation valueiof
Basically, in this approximation the orientational component of
the reaction field acts as an additional Holstein vibration. In
fact, in the Mulliken approximation, the dipole moment operator
is simply proportional to the ionicity operatai, = uop, and
we can define an additional Holstein coordin&dg, accounting
for the solvent orientational degrees of freedom, whose char- It is fairly obvious that e-ph coupling largely affects
acteristic relaxation energy s = rou¢2.** Of course the vibrational properties of puskpull chromophores. In fact the
corresponding frequency and coupling constant are not well- vibrational properties of the DA dimer with Holstein coupling
defined, but, as we will see in the following, they do not have already been investigated to model vibrational spectra of

Vibrational Spectra



11044 J. Phys. Chem. A, Vol. 104, No. 47, 2000

\ IR NRR

08 +—% 1 - 1
0.6 : 1 :
04 {

02 ! L

|

e, | ; -
0.8 +— ! R :
0.6 +—1 ! 1 i
04 +—H4 i : !
02 g : 4

0 } — T
1400 1500 1600 1500 1600

1700

Figure 2. Equilibrium vibrational properties for a chromophore with
two coupled internal vibrationsw; = 0.19,¢g; = 0.15,w, = 0.21,0:

= 0.29; upper and lower panels referzo= 0.8 and 0.7, respectively.
By choosingﬁt = 1 eV, the x-axis is in cmt. Dotted lines show the
dependence of equilibrium vibrational frequencies on solvent polarity
(eor). For selected,, values, the vertical lines show the equilibrium IR
and NRR intensities.

CT salts with a dimerized mixed stack mdt¥fHere we simply
review the relevant results for puspull chromophore&? The

Hamiltonian in eq 1 defines the two harmonic surfaces relevant

to IDAOand|D*TA~Oas having the same frequencies, but with
finite coordinate displacements (see Figure 1). The mixing of

the two states into the electronic ground and excited states will

in general lead to a deformation of the originally harmonic
surfaces. At the first order, the mixing only implies a shift of

the two surfaces to the new equilibrium positions, the conse-
quences of this shift on electronic spectra having been discusse
in the previous section. At the second order, the mixing implies h
a variation of the harmonic frequencies relevant to the two states,
and at higher orders anharmonic terms appear. Whereas anha

monic corrections can be important in pugtull molecules,

here we discuss harmonic results, as a first guide to understan

spectral properties.
The vibrational force constant matikcan be calculated from

the second derivatives of the gs energy with respect to the

vibrational coordinate€); in eq 12!

Qo
Fij = w005 — 20,9, 4/ 0;0;—,
0

(4)

wheredj is the Kronecke® andag = 2u?p(1 — p)]%? is the

I-
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chromophore 4, = 0.8), the bottom panels to a chromophore
of intermediate ionicity 4, = 0.7). Force constant matrices of
the same form as in eq 4 are typically obtained in models
accounting for linear eph coupling. Ifag/ue? is assigned the
role of a general electronic susceptibility, then eq 4 has already
been written to describe vibrational properties of several classes
of CT salts, of inorganic Pthalogen chains, as well as of
conjugated polymer& In particular, curves similar to those
presented in Figure 2 have already been drawn for polyacetylene
(PA)2° with the major difference that in that case the ordinate
axis measures the electronic susceptibility, and in the present
case the solvent polarity. Since the electronic susceptibility
depends, via, on the solvent polarity, the appearance of the
two figures is similar. We underline that, just as it occurs in
PA, by increasing the electronic susceptibility, the softening
becomes more and more important for the lowest mode. The
hardening of vibrational frequencies calculated4p+ 0.7 and
e€or > 0.9 is easily understood in the same picture, since
increasing the solvent polarity beyord, ~ 0.9 increase®
beyond 0.5, and the electronic susceptibility starts decreasing.
The coupled internal vibrations are totally symmetric in the
molecular point group, and are both IR and Raman active.
Solvation effects are then expected in both spectra. Much as it
occurs in other systems,—@h coupling affects vibrational
intensities?? In the case of a single (or isolated) mode, the IR
and nonresonant Raman (NRR) intensities due-johecoupling,
in the harmonic approximation, are given'by

i e 2 oo’
() — =5 = g2
IIR - (3Q| |ID|Q||1% g| ‘uoz (5)
2
ke = (S 0101 = 6L ©®)
NRR aQI Iuoz

where B0 = 6uc’[p(l — p)]3AL — 2p) is the electronic
ontribution to the first hyperpolarizability. In the most general
ase of many coupled modes, thé&s in the above equations
ave to be substituted by proper linear combinations in order
to account for the mode mixing as inferred from the diagonal-
ization of F in eq 42! The mode mixing is responsible for a
edistribution of vibrational intensities, as shown in the left and
ight panels of Figure 2 for the IR and NRR cases, respectively.
Once more, just as it occurs in other systems characterized by
large e-ph coupling, by increasing the electronic susceptibility,
low-frequency modes borrow intensity from higher moéfes.

Polar Solvents: A Model for Inhomogeneous Broadening

In the previous sections we have described the spectral
properties of a solvated pusipull chromophore at the equi-
librium, i.e., with both internal and solvation coordinates in the
configuration that minimizes the total (soldtsolvent) energy.

electronic linear polarizability. The frequencies and normal A finite temperatureT), however, deviations from equilibrium

modes of the coupled problem are obtained from the diagonal-

ization of the force constant matrix. Overall, vibrational
frequencies are softened by ph interactions. In the case of a

are possible. In particular, the orientational modes of polar
solvents, that are characterized by very low frequencies, are
expected to be easily excited at rodmThe simplest picture

single coupled mode, or for a mode well separated from other ¢, thermal fluctuations in polar solvents considers the orien-

modes, the vibrational frequency & = wiy/1 — 2€0/u,’. 1
More generally, e-ph coupling implies a mixing of vibrational

tational component of the reaction field as slowly oscillating

around its equilibrium value. Since this oscillation is much

coordinates, and the frequency of each mode depends on alklower than all other degrees of freedom, including internal

coupling constants and frequencfédn Figure 2, the dotted

vibrations of the chromophofé,the solution can be modeled

lines show the dependence of the frequencies of two coupledin terms of a Boltzmann distribution of chromophores each one

modes {1 = 0.19,w, = 0.21,g; = 0.15,92 = 0.29) on the
solvent polarity. The upper panels refer to a fairly neutral

in equilibrium with the local solvent configuration. The Boltz-
mann distribution explicitly introduces the variable in the
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Figure 4. Probability distribution of transition energies (same param-
Figure 3. Upper panels: the solute solvent energy vs the fluctuation  eters as in Figure 3), in arbitrary units, but with normalized areas.
of the orientational component of the reaction fiefs),(measured as Continuous and dashed lines refer to absorption and steady-state
deviation from the value relevant to the equilibrium gs for a chro- emission processes, respectively. Upper panel: the exact model. Lower
mophore withzy = 0.8, €sp = 0.45 and fore,, = 0.6. Lower panels: panel: the rigid solute picture.

probability distribution of the solute polarity, for the same parameters T . . . . .

as before, and foF = 300 K. Left and right panels refer to the ground p-distribution. S!nce, as discussed in the previous sections, the
and excited state, respectively. Continuous and dotted lines refer toSpectral properties of pusipull chromophores strongly depend
the exact model (polarizable solute picture) and to the perturbative on p, this broad distribution is the key to understand inhomo-

treatment (rigid solute picture), respectively. geneous broadening effects on spectral properties offush
chromophores in polar solvents.

equations. However it is important to recognize that is Inhomogeneous broadening in electronic spectra can be

intrinsically a T-dependent quantity. In the simplest ap- accounted for in the rigid solute picture too. In this perturbative

proaches;’® the T dependence ok, is hidden in theT approach, in fact, the electronic energies are corrected up to

dependence of the solvent dielectric constant and/or refractivethe first order in the solutesolvent interactiod? so that they
index. In more refined treatment$the T dependence of the  linearly depend om\, according to—Au, u representing the
solvent polarization stems out more clearly. In any caseTthe expectation value of the dipole moment operator in the relevant
inserted in the Boltzmann distribution must coincide with the state. Figure 4 compares the exact probability distribution of

T implied by the choice o&or. absorption frequencies (continuous line, upper panel) with that
To account for the fluctuations of the orientational component obtained in the rigid solute approximation (continuous line,
of the reaction field around its equilibrium valug,f), we simply lower panel). The two distributions are fairly similar, the major

substitute=,, in eq 1 withF, + A, A measuring the fluctuating  difference being the slight asymmetry of the exact curve. Since
field. The energy of the solutesolvent system and the solute absorption band-shapes are obtained by convoluting the distri-
properties can be easily calculated as a functiolhoThe A bution with the relevant vibronic structure, the two distributions
contribution to the solvent elastic energy is in fact trivial, and can be considered essentially equivalent for all practical
its contribution to the solutesolvent interaction (from the last  purposes.

term in eq 1) simply adds ta the constant-Aug/2. Since the Something qualitatively different occurs for emission. In
exact solutions of the Hamiltonian in eq 1 as a functiorgpf ~ Figure 3, right upper panel, we compare the exadependence
are knownt® we immediately get the effects &f. In Figure 3, of the energy of the steady-excited state (continuous line) with
left upper panel, we report, as a functionffthe total energy the rigid solute result (dotted line). The fluctuations of the
of a solvated chromophore in its gs configurati@g) for the solvent orientational fieldA) are measured as deviations from

parameterg, = 0.8,e5p = 0.45 ande,, = 0.6. The exact result  the field in equilibrium with the gs, so that both the exact and
(continuous line) accounts for the variation of solute polarity approximate curves have minimat= 0. In the rigid solute
with A. In perturbative approaches to sola®lvent interaction, picture, theA dependence of the excited state energy is exactly
instead, the solute polarizability is neglected anisl kept fixed the same as for the gs. Deviations from the parabolic behavior
to its equilibrium value. Then th&g(A) curve is a parabola  are apparent for the exact curve, but what is more important is
with curvature o, = uo?2¢qr. In Figure 3 the deviation of the  that the exact and approximate curves have minima at different
exact curve from the parabolic behavior (dotted line) is apparent. positions. This is of course related to the different polarity (i.e.,
More impressive is however the comparison between the to the different dipole moments) characterizing the steady-
probability distributions described by the two models. In the excited state in the two approaches. The difference is even more
lower left panel in Figure 3 we report the distributions of the apparent in the lower right panel, showing the corresponding
solute polarity: in the rigid model the probability distribution  p-distributions. In the rigid solute picture, the distribution is a
is a Diraco (dotted line) centered at the equilibrium The Dirac-0 (dotted line) centered at% p, p measuring, as usual,
exact result (continuous line), reported in the same figur@ for the gs polarity. The exact picture predicts a broad distribution
= 300 K, shows instead a fairly large and slightly asymmetric (continuous line), centered at a different ionicity—1p*, as
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Figure 5. Upper panel: probability distr_ibution of the vibrational 10000 20000 30000
frequency of a single coupled mode havieg = 0.2, for the same ®,

parameters as in Figure 3. Lower panel: IR and NRR spectra calculated
for the intrinsic line width of vibrational stateg,= 8 cm. X-axis in
cmL.

Figure 6. Absorption and RR spectra for a chromophore with the same
parameters as in Figure 5 and intrinsic electronic line width 1600
cm L. Upper panel: absorption spectra. Middle panel: dependence of

discussed in the previous section. This has fairly obvious the RR frequency on the excitation Iir_1e. Lower panel: RR ex_citation
consequences on emission frequencies, that in the rigid soluteDrOf'leS calculated for th_e s_elected vibrational frequencies displayed

. . . in the legend. Frequencies in cin
picture are always underestimated (see Figure 4). More subtle
is the effect on band-shapes: since absorption (or equivalentlyhowever, is the observation of different frequencies in IR and
emission) frequencies nonlinearly depend on the polarity of the NNR spectra. This is of course due to the markedly different
involved states, the exact distribution of emission frequencies p-depedendence dfz andInrg, particularly ato ~ 0.5. As it
(Figure 4, upper panel, dashed line) turns out always narrowerturns out from the figure, the large inhomogeneous broadening
than that obtained in the rigid solute picture (Figure 4, lower suffered by coupled modes implies that, for pughll chro-
panel, dashed line). mophores dispersed in polar solvents, the same vibrational mode

The rigid solute picture accounts for inhomogeneous broad- can appear with different frequencies in IR and NRR spectra.
ening in electronic absorption or emission bands, but it cannot The experimental determination of the corresponding frequen-
reproduceboth spectra in terms of thesame microscopic cies shifts is not easy, but is interesting to pursue.
parameters. On the other hand, the rigid solute picture cannot nhomogeneous broadening affects both electronic and vi-
account for solvation effects in vibrational spectra. In fact, brational states, and therefore its most impressive effects are
vibrational excitations do not modify the molecular dipole expected in RR spectra. Figure 6 shows some results obtained
moment, so that in the rigid solute approximation there are no for the model parameters discussed above. The upper panel
corrections to vibrational energies due to solvation. In the reports the absorption spectrum calculated in the Condon
previous section we demonstrated that, since the equilibrium approximation. According to the previous discussion, inhomo-
polarity (o) of the polarizable solute depends on the solvent, geneous broadening is taken into account by summing over the
then vibrational frequencies depend on the solvent too (seeCondon spectra calculated for eaghweighted by thep-dis-
Figure 2). Similarly, since the fluctuations of the orientational tribution in Figure 3. Each vibronic line is modeled as a
component of the reaction field around the equilibrium affect Lorentzian with half-width at half-maximuni; = 1600 cn1?.
the solute polarity, our model naturally predicts inhomogeneous Analogously, inhomogeneously broadened RR spectra can be
broadening of vibrational spectra of pushull chromophores  calculated as sum over thedistribution of the homogeneous
dispersed in polar solvents. On the basis of the same gsRR spectra relevant to eagh Specifically, for eacho the
distribution as reported in Figure 3, left lower panel, and on homogeneous RR spectrum is defined by a single Lorentzian
the p dependence of the frequencies of the coupled modes, ascentered at the relevant frequer@y with intrinsic vibrational
implied by eq 4, we calculate the probability distribution of the  |ine width, y, and whose intensity is given by the square of the
vibrational frequencyg2,, of a single coupled mode, as reported Raman polarizabiltypr. In the harmonic approximation, the
in Figure 5, upper panel. Th&,-distribution is the key to  standard vibronic expansion of the transition dipole mom#&nts,
understand vibrational inhomogeneous broadening, but due togives the following equation foug:
the nonlinear dependence of IR and/or NRR intensitiep on
(see egs 5 and 6), it does not offer direct spectral information. %r =
By weighting the distribution in Figure 5 with the IR and NRR ( et [) ( et [)
intensities in egs 5 and 6, we calculate the corresponding spectra Z Ut Ol —0|Q| o |ucr@|0CH — Q|0 x
as reported in Figure 5, lower panel, where the homogeneous 9Q aQ
bands are modeled as single Lorentzians with half-width at half- 1 1 )

+ 7
weg, T og+iI'  wg, — o +il )

maximumy = 8 cnr L. The inhomogeneous broadening as due
to the solvent polarity is very well apparent. More interesting,
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where . and wg are the Laser and Raman frequencies, properties of an interesting chromophore, phenol blue (PB). The
respectively,|00and |[100are the zero- and orgphonon states  exotic spectral behavior of PB is fairly naturally understood
of the ground electronic statg,Lls the vibrational state of the  based on our simple model. Specifically, fixed a few model
excited manifold withv phononswg, is the frequency of the  parameters, PB electronic absorption spectra, as well as IR, NRR
transition from the ground vibronic state to the excited state and RR spectra measured in different solvents are well
with » phonons, and’ is the corresponding line width, that is  reproduced. The good agreement with experiment proves the
set equal to the electronic homogeneous line width. The validity of the model and the possibility to extract a reliable set
transition dipole moment is easily calculated, within the of microscopic parameters from the combined analysis of

Herzberg-Teller approach?!! as duct/dQ = v2wg(l — spectral data.
2p)uctlwct. The above equation can be easily extended to the  Experimental studies of the solvent dependence of electronic
multimode case. and vibrational spectra of puskpull chromophores are still

_ The effects of inhomogeneous broadening in RR spectra arescanty, PB representing an interesting and fortunate exception.
impressive: by tuning. within the absorption band, molecules  \ore extensive experimental data are required for a wider test
with maFchmg absorption frequencies are preferenually excited. of the proposed model. We hope that some interest in this field
So, at differentv., one observes RR scattering from molecules | pe triggered by the present study, that points to new and
with differentp, and then with different vibrational frequencies. interesting spectral features of solvated pystll chromophores
Depending on the model parameters, chromophores dispersed,,y shows that a more sound understanding of the properties

n polar solvlenys can show a Iarge_dlspersmn of RR frqugnmesof these interesting molecules can be obtained from an extensive
with the excitation line. Although with different physical origins, spectral analysis

the mechanism responsible for the RR dispersion in ppsi

chromophores in solution is exactly the same as acting in PA; _ 1 he two-state model we adopt to describe the electronic
3233in PA samples, segments of different conjugation length Structure of pushkpull chromophores is certainly an oversimpli-

are characterized by different absorption and vibrational fre- fied model. Whereas the comparison with experimental data
quencies; in solvated pusipull chromophores a distribution ~ Proves it works well for a few chromophores, we do not really
of molecules with different electronic and vibrational frequencies Pelieve it applies to all chromophores. Just as an example,
is originated by thermal disorder in the solvation cage. Figure Chromophores with fairly long polyenic spacers are expééted

6, middle panel, shows the dependence of the position (first (@nd are indeed obseni&jinot to be modeled adequately in
moment) of the RR bandQ®® as a function ofw, as terms of two states. Quite irrespective of its accuracy and/or
calculated for the same parameters as beforewgavell below applicability, our simple model, with its exact solutions, teaches
(or above) the absorption band we indeed measure a NRRUS @ few important lessons of general validity, the most
spectrum, and2RR — QVRR (¢f. Figure 5). The minimum  Important one being the inadequacy of linear perturbative
frequency is obtained by exciting slightly below the absorption tréatments of interactions in systems with highly nonlinear
maximum, where molecules with ~ 0.5 are preferentially ~ DPehavior. In these systems, and therefore in all systems with
excited. By increasing furthen,, molecules witho deviating Ia_rge NLO susceptibilities, ir_nproving simple mode_ls to include
from 0.5 are excited, an@F® increases. Similar information ~ Nigher states and/or making resort to extensive quantum
can be gained from the excitation profiles (lowest panel in Figure chemical calculations is totally useless if the relevant interactions
6). At vibrational frequencies lower than the equilibrium (€-9-, €-ph and solute-solvent interactions) are perturbatively
vibrational frequency, the RR intensity maximizes at fairly low dealt with. The far-reaching implications of th? system nonlin-
frequencies (lower than the absorption maximumy); at higher €arity on the calculation of NLO respon$es' and on the
vibrational frequencies, the maximum RR intensity moves higher interpretation of solvatochromic shifts have already been

in energy. discussed? Here we want to underline a general and important
consequence of nonlinearity on spectral properties: highly
Conclusions nonlinear molecules are highly polarizable, so that the electronic

states largely respond to the configuration of slow variables.
The states involved in vertical processes taking place at different
points in the configuration space of slow variable (e.g.,
absorption and steady-state emission) are different. For the same
reasons the electronic states involved in vertical processes (e.g.,
emission) and horizontal processes (e.g., electron transfer) are
different. For nonlinear systems, like pugbull chromophores,

the spectral parameters, like Huarighys factors, obtained from

In this paper, the self-consistent DA dimer model, previously
proposed to describe puspull chromophores, is solved to get
a nonperturbative description of optical (electronic and vibra-
tional) spectra of these molecules in solution. Previous work
on electronic (absorption and emission) spéétis extended
here to explicitly include inhomogeneous broadening as due to
the coupling to slow (orientational) degrees of freedom of polar
solvents. The extensive discussion of vibrational properties of

push-pull chromophores in solution points to several interesting the _an?lyss of a vertical pLocez_s arel not relfevart;} to aéjlffer_et:]t
features. First of all we predict a large dependence of vibrational vertical process, nor are they directly transferable to describe

(IR and Raman) frequencies and intensities on the SO|Ventelectron.transfer process. Extrapting .microsgopic inform.ation
polarity, with softening and mode mixing phenomena that share frpm optical .spectra is, for materials with nonlinear behavior, a
several common features with other systems characterized by9hly nontrivial process, and many of our current approaches
large linear e-ph coupling? (CT salts, conjugated polymers, n€ed to be critically reconsidered.

inorganic Pt-halogen chains). Even more interesting are inho-

mogeneous broadening effects. Apart from the broadening of ~Acknowledgment. We thank A. Girlando for useful dis-
observed vibrational bands with increasing solvent polarity, we cussions. Work was supported by the Italian National Research
predict, for molecules where broadening is most effective, the Council (CNR) within its “Progetto Finalizzato Materiali
noncoincidence of IR and NRR frequencies, and the dispersion Speciali per Tecnologie Avanzate II”, and by the Ministry of
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paper we will apply the present model to discuss spectral (MURST).
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