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The solvatochromic dye betaine-30 is thermochromic as well, due to the temperature dependence of solvent
polarity, which strongly influences the wavelength of the visible absorption band. We report an analysis of
the temperature-dependent absorption spectrum of betaine-30 48NGHhcorporating the internal-mode
displacements determined from the resonance Raman profiles at room temperature. The temperature-dependent
solvent reorganization enerdy,y associated with the visible transition of betaine-30 influences the width

and position of the absorption spectrum and is relevant to theories for the rate of return electron transfer. We
have previously determinetd,, for betaine-30 in acetonitrile and deuterated acetonitrile from analysis of the
room-temperature absorption and resonance Raman profiles using time-dependent spectroscopy theory. In
this work, we present a revised set of normal-mode displacements, including the contribution from a torsional
mode of betaine-30 at 133 crj obtained from an analysis of the room-temperature Raman profiles in CH

CN and CBCN. These displacements are then kept fixed, and the temperature-dependent absorption spectrum
of betaine-30 in acetonitrile is modeled to obtain the solvent reorganization enei@wgr@rgy, and transition
moment as a function of temperature. The solvent reorganization ehgrgyfound to decrease with increasing
temperature, consistent with decreasing solvent polarity but opposite to the prediction of dielectric continuum
theory. In contrast to our previous analysis, the nonlinear solvent response is included in the model, and the
amplitude of the solvent response is found to be smaller in the excited than the ground electronic state, due
to the decrease in solute dipole moment in the excited electronic state.

I. Introduction SCHEME 1: Structure of Betaine-30
The highly solvatochromic molecule betaine-30 (Scheme 1)
has been widely applied as a solvent polarity ptodied has

been used to investigate solvent effects on the rate of back-
electron transfer (nonradiative relaxation) following charge-

transfer excitatiod.The solvent sensitivity of this probe derives IS
from the much larger dipole moment in the ground state than |

X X . . . ~. &
the excited state; hence, increasing solvent polarity results in a N¥
blue shift in the charge transfer transition. We previously |
examined the room-temperature absorption and resonance

Raman excitation profiles of betaine-30 in acetonitfiland
methanol® and their deuterated derivatives to investigate the S
solvent and internal-mode dynamics which couple to the visible |
electronic transition. Analysis of the experimental line shapes °

using time-dependent theory enabled the solvent and interalgengitive probe such as betaine-30 would report short-range
reorganization energiessoy andZin, to be determined. These g4y ation effects not included in the classical theory. However,
qua_ntltles, wh_lch represent the energy dlffe_rence of the elec- as stated in ref 3a, our fitted values fag,, (about 6000 cmt)
tronically excited chromophore in the vertical and relaxed \yere overestimated due to neglect of internal vibrational modes
configurations, contribute to the expression for the rate of back- overlapped by solvent lines in either GEN or CD:CN solution,
electron transferke, and continue to be of interest in the theory 55 shown in Figures 1 and 2. Our interest at the time was to
of electron transfer. compare solvent dynamics in the two systems, so we included
Figures 1 and 2 show the resonance Raman spectrum ofthe same number of normal modes in the analysis of both
betaine-30 in acetonitrile and acetonitrdg- respectively. In systems. Recent quantum calculations and normal-mode analysis
ref 3a, we reported the results of modeling the resonance Ramarof betaine-30 suggest that a torsional mode at 133¢cin
and absorption profiles of betaine-30 in these two solvents usingwhich the pyridyl and phenolate rings undergo relative internal
time-dependent theory. In that work, we found the solvent rotation, is also strongly coupled to the lowest energy transition.
reorganization energy to be much larger than the prediction of This low-frequency mode is obscured by Rayleigh scattering
classical continuum theory, which treats the solvent as a from the solvent in acetonitrile solution, though it has been
structureless medium characterized by the bulk dielectric observed in propylene carbonate solution as reported in ref 5.
constant and refractive index. The failures of continuum theory To obtain a more accurate estimatelgfy,, we reevaluate the
are well-knowrt; and it is not surprising that a very solvent- Raman excitation profiles in GJ&N and CRCN solution in
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; » \ wherev, is the frequency of the mode. Though absorption band

' ‘ shapes of dyes are often fit using one or a few internal modes,
s this procedure is necessarily ambiguous when the vibrational
structure is not resolved, and for betaine-30, this procedure is
at odds with the large number of normal modes which contribute
to the resonance Raman spectfuidowever, since the reso-
nance Raman activity also depends on the displacem®ents
and on the solvent reorganization energy, simultaneous modeling
of the absorption and resonance Raman profiles enables the
internal and solvent reorganization energies to be sepdtated.
While increasing solvent reorganization energy broadens the
absorption spectrum with no change in band area, the effect on
the Raman profiles is to decrease the intensity. Increasing
internal reorganization energy along a given normal coordinate,
on the other hand, results in greater Raman intensity.
P In the present work, we also take advantage of the temperature

wavenumber, cm dependence of the absorption spectrum, which for the most part

Figure 1. Resonance Raman spectrum of betaine-30 igdDH excited reflects changes in solvent rather than internal reorganization
at 634 nm. Solvent lines are marked with “S.” energy, to accomplish this separation. As has been previously
reported2%7 the decrease in solvent polarity with increasing
[ R temperature results in a red shift of the-S S; (charge-transfer)
transition of betaine-30. Internal modes which are high in
frequency compared to thermal enerfy, > kgT, make little
s contribution to the temperature dependence of the width and
- . position of the absorption spectrum. The solvent reorganization
energy andgy, on the other hand, are both expected to decrease
as the solvent becomes less polar, accounting for the red shift
of the absorption maximum as temperature increases. Thus we
can employ the thermochromism of betaine-30 and modeling
of the absorption line shape using time-dependent theory to
evaluate the solvent reorganization energy as a function of
temperature. Here, we employ the room-temperature Raman
cross sections of betaine-30 in gEN and CIXCN to obtain a
set of normal-mode displacements which are constrained to be
0 400 800 1200 1600 the same in both solvents, independent of temperature. These
are then employed in an analysis of the temperature-dependent
absorption line shape to obtain the temperature-dependent values
of Eo, the transition moment, and the (ground state) reorganiza-
tion energy.
the present study using a more complete set of 19 betaine-30 The determination ofsoy depends on a model for the solvent-
modes, the displacements for which are constrained to be theinduced dephasing of the electronic transition. As in previous
same in both solvent isotopomers. The solvent isotope effectswork, we treat the influence of the solvent on the electronic
on the Raman intensities are accounted for by slightly different transition with the Brownian oscillator model of Mukamel and
solvent reorganization energies in €N and CRCN. These co-workers? In this approach, the time-correlation functiwt)
disp|acements are then emp]oyed in mode”ng the temperature_for the solvent-induced fluctuations in the transition frequency

intensity
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Figure 2. Resonance Raman spectrum of betaine-30 igGMD excited
at 634 nm. Solvent lines are marked with “S.”

dependent absorption spectrum in CH. is taken to be an exponential function:
Solvent and internal reorganization energies contribute to the
width and position of the absorption profile. The average D y(t)owy{0)0
absorption frequency, equal to the peak frequency for a M(t) == 2 - exp(—At) ®3)

symmetric band, is given by

wheredwgdt) = wgdt) — [bgdls the time-dependent fluctuation
solv 1) in the electronic transition frequency compared to the average
value,D = [0wge)?(¥? is the amplitude, and\ is the rate at
which the correlations in these fluctuations relax. The angle
brackets indicate an equilibrium average which, in the case of
linear solvent response (as is assumed by the Brownian oscillator
model), is independent of the electronic state of the solute. The
physical picture behind this model is that the electronic transition
is coupled to a solvent mode which is displaced in the excited
electronic state with no change in frequency. These assumptions
lead to a simple closed form expression for the dephasing
1 function, expf-g(t)], the Fourier transform of which is the
Ay = Z/la= —ZAazhva ) contribution of the solvent to the absorption line shape. The
a 24 resonance Raman profile (Raman cross section as a function of

o = h [vI(v) dv = Ey+ Ay + 4
where Ey is the origin of the transition, and the normalized
intensity I(v) is proportional to the measured absorption cross
section oa(v) divided by the frequency. The width of the
absorption spectrum also increases with increasing values of
Asolv @ndAin. Each intramolecular vibrational mode contributes
Aa to the internal reorganization energy in proportion to the
square of the dimensionless displacemagtof the excited-
state potential along the normal coordinglg
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frequency) is also dependent on the dephasing function, and it
is convenient to assume linear solvent response so that the same 016
function can be used to simultaneously model the absorption
and Raman profiles with a commagft). Our previous work
employed the overdamped Brownian oscillator model in the 0.12
high-temperature and high-damping limit. In the present work,
we use a more general expression @gh) (eqs 26-29 of ref
8b) which is valid at arbitrary temperature and avoids anomalous © 008
(negative) absorption, which is sometimes obtained using the
high-temperature form of the mod&l.

In the present study, we account for the nonlinear solvent
response which is evidenced by our data for the absorption and

...... 281K
---- 343K

0.04

resonance Raman profiles of betaine-30 insCN and CI3- 6.00 -
CN. Though the absorption spectrum is independent of solvent 13 15 173 ) 19 21
isotopomer, the Raman intensities are generally greater ja CH og/2ne (10 cm™)

CN than in CRCN. Since it is unlikely that the excited-state g6 3. Absorption spectrum of betaine-30 in acetonitrile at
geometry of the solute depends on solvent isotopic substitution, emperatures 281, 292, 308, 325, and 343, corrected to the density at
the Raman intensities reveal that solvent dynamics coupled t020 °C. The spectrum shifts to the red as temperature increases.

the excited electronic state are different in LMl and CQx-

CN. The absorption spectrum, however, indicates that the solventtemperature-dependent absorption spectrum in acetonitrile, as
dynamics coupled to the ground electronic state are the samediscussed below. Simplex and Levenbekgarquardt algorithms

in CHsCN and CRCN. The average represented by the angle were alternately used to minimize th@ error between the
brackets in eq 3 is therefore dependent on the electronic statecalculated and experimental spectra. The parameters that were
of the solute in this system, a result of the large change in dipole varied included the transition moment, the band origin, mode
moment that accompanies excitation. In the case of the displacements, and the solvent reorganization energy, as de-
absorption profileM(t) accounts for solvent motion equilibrated  scribed in the next section. The spectra were fit between 12 500
to the ground state dipole moment of the solute, and this motion and 18 000 cm. The spectra were not fit beyond 18 000Tm

is apparently little different in CECN and CRCN. The Raman  to avoid contributions from a higher-energy transition in the
intensities, on the other hand, depend on initial configurations ultraviolet. The time-dependent overlap integrals were evaluated
of the solvent which are far from equilibrium, and different using formulas in ref 8a, which depend on the@energy Eo,
dynamics in protio- and deuteroacetonitrile result in different the ground and excited-state vibrational frequencies, and
averages foM(t). If we view the solvent response in terms of  dimensionless displacements for each mode. The ground-state
a reorientational solvent mode coupled to the transition, the vibrational frequencies for 19 Raman active modes, assumed
frequency of this mode is expected to decrease when the soluteto be the same in the excited electronic state, were taken from
is excited to the less polar excited electronic state, and (as will ref 3a. The program varied displacements for the nine modes
be shown below) the result is a smaller solvent reorganization for which excitation profiles are shown in Figure 4. Displace-
energy when the solvent is coupled to the excited rather thanments for the remaining modes were manually adjusted by

the ground electronic state of the solute. comparing the calculated Raman spectrum at 605 nm excitation
with the spectrum in ref 3a. The 133 ctmode displacement
Il. Experimental Section was determined by comparison with the Raman spectrum in

ref 5b. The first overtone of the 133 chmode was calculated
to ensure it was not observable as indicated by the data.

. . . ) Thermally excited initial states were included by permitting the
a basic alumina column using 1:1 ethyl acetate/petroleum Ether'following maximum vibrational quantum numbers to contribute

This treatment is necessary to remove a strongly fluorescecentto the sum in eqs 8 and 9: up to= 3 for the 133 cm® mode
impurity present in the material as received. HPLC acetonitrile v = 2 for the 231 cm® mode. and = 1 for the 289 and 32’0
was distilled before use and dried over molecular sieves. Spectra, -1 1,0 des. Including these thermally populated states was
were recorded in thermostated 1 cm cells at 0.1 nm resolutionfounol not to have a big effect on the calculated absorption

using a Shimadzu U-2501 spectrometer. The uncertainty in thespectrum, but it did influence the Raman profiles. The solvent
temperature measurement is estimated te-Bes °C. Absorp- dephasing model of Li et & was used for expfg(t)]

tion spectra were corrected to the concentration &0sing
temperature-dependent density parameters of ref 10. The tem-
: ) L [ll. Results

perature-dependent dielectric constantof acetonitrile was
found using the equatiorg(T) = a + bT +cT? and the The temperature-dependent absorption spectrum of betaine-
parameters. = 297.2,b = —1.55 K™%, andc = 0.002259 K? 30 in CHCN is shown in Figure 3. The data have been corrected
from ref 11. The refractive index of acetonitrile was taken to to the absorbance expected for the density (concentration) of
be a linearly decreasing function of temperature, using the slopethe solution at 20C. There is a clear red shift and slight increase
dn/dT = — 0.0045 K™* from ref 12. The Raman spectra shown in integrated intensity as the temperature is raised, but no
in Figures 1 and 2 were obtained with 80 mW of power at 634 evidence for an isosbestic point. The absorption maximum shifts
nm, using 90 scattering and a solution concentration ok7 from 622 to 640 nm (a red shift of about 450 thhand the
104 M. Experimental details for the Raman profiles shown in  full-width at half-maximum increases from 4010 to 4100¢m
Figure 4 are given in ref 3a. as the temperature is raised from 8 to°f@ The data suggest

An optimization algorithm based on egs 8 and 9 was used to that the thermochromism results from the decrease in solvent
model the room-temperature Raman excitation profiles of reorganization energy arkh as temperature is raised. Treating
betaine-30 in acetonitrile and perdeuterated acetonitrile and thethe solvent as a dielectric continudfthe solvent reorganization

Betaine-30 was purchased from Aldrich and recrystallized
from methanol/water 3:1 (v/v), followed by chromatography on
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Figure 4. Experimental (points) and calculated (lines) Raman excitation profiles for betaine-30s;@NC{gircles) and CBCN (diamonds) at
room temperature.

energy in wavenumbers is estimated using eq 4: The origin of the transitioreg may also depend on temper-
ature. Following ref 13, the continuum theory expression for
(AM)Z[ =1 -1 @ Ep in solution is
sow hcasl_263+1 2’ + 1 #Z_ﬂZ e —1
e S
o _ . Eo=Eq(0as)+ | = —— |5 71 (5)
whereAu = ue — ugis the difference in the ground and excited- a €s

state dipole moments is the cavity radiusgs is the static

dielectric constantn is the refractive indexh is Planck’s The above equation predicts thatshould decrease by 25 cf
constant, and is the speed of light. The dipole moment of as the temperature is raised. This prediction is independent of
betaine-30 has been reported to decrease from 15 D in thethe uncertainties in the directions gf and u. and in the
ground stated 6 D in theexcited staté4 Assuming that the ~ temperature dependent refractive index. Again, continuum
ground and excited-state dipole moments are parallel= 9 theory does not even qualitatively account for the observed
D) and using a cavity radius of 6 A, along with the temperature- thermochromism, as has been noted in studies on other charge-
dependent static and optical dielectric constants, the solventtransfer systems.

reorganization energy is predicted to increase from about 540 In our previous study, we simulated the absorption and Raman
cm~1at 7°C to 760 cnt! at 70°C, a blue shift of 220 crmt. profiles using time-dependent theory and Mukamel’s Brownian
This contrasts with the observed red shift of 450-émver oscillator model for the solvent-induced depha&iagd found

this temperature range. There is considerable uncertainty in thethe line shape to be in the inhomogeneous limit € < D).
direction of the ground and excited-state dipole moments, as The solvent contribution to the line shape, essentially a Gaussian
discussed further in Section IV. If the ground and excited-state function, is determined by the amplitude of the solvent-
dipole moments are taken to be antiparallgli(= 21 D), an induced frequency fluctuations, which also contributes to the
even larger blue shift of 1200 crhis predicted. Regardless of ~ Solvent reorganization energy:

the uncertainty in the continuum prediction due to the choice )

of cavity radius, the direction of the excited state dipole, and A= D° (6)

the rather crude assumption that the refractive index is linear oV 2k T

in temperature, it is clear that the continuum expression cannot

account for the observed red shift in the absorption spectrum wherekg is Boltzmann’s constant. In the inhomogeneous limit,
with increasing temperature. It has been previously noted thatthe solvent contribution to the line shape is a Gaussian with
dielectric continuum theory predicts incorrect temperature full-width at half-height: Avy, ~ 2.35D. If the amplitudeD
dependence aolsyy in other charge-transfer systef®s,as is were independent of temperature, the solvent reorganization
the case here. energy would decrease as temperature is increased, causing a
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red shift in agreement with experiment. The relatively small TABLE 1: Displacements A, Obtained from Analysis of the
increase in line width, however, about 100 ¢nfrom 8 to 70 Room Temperature Raman Profiles of Betaine-30 in CHCN
°C, suggests there is a slight increase in amplitude, expected ai‘n‘i(g%)cﬂlslésé'ggcﬁgf(i r}z(:ho%"i‘r)”a'nlég%ggg-gg?tiﬁnd
the thermal motion of the solvent increases and density CSIOD|3CN) °

decreases.

by’ —1 by —1
Low-frequency internal modes also contribute to the tem- "2 M Aa Va €M Aa
perature dependence of the line widéh: 133 0.700 1209 0.081
231 0.350 1295 0.062
hw, |2 336 0270 1219 0,065
27 141 .065
Avi=1.67) Ay, CO“'(Z T) ) 420 0.140 1454 0.028
a kB 605 0.116 1497 0.028
645 0.180 1586 0.041
where the sum in eq 7 runs over modes having dimensionless 1000 0.012 1602 0.061
displacementd, and frequencies,. Considering the torsional 1057 0.014 1622 0.065
mode at 133 cmt as a likely candidate, a displacement as large 1181 0.030

asA, = 1.0 would contribute~390 cn1? to the half-width at

8 °C and 430 cm! at 70°C. The observed increase in line
width with temperature probably reflects both solvent and low-
frequency internal mode contributions, which are not simply
additive. We therefore model the room-temperature Raman

profiles of betaine-30 in CLCN and CRCN (from ref 3a) and have a relative intensity half as strong as the most intense

the variable-temperature absorption data insCN using time- oo . . .
dependent theory and a common set of normal mode displace-v'bratlon of betaine-30. We therefore repeated the modeling with

ments, considered the same in both solvent isotopomers an&mhi(?::'tlon of the 133 crt mode and nine previously neglected
independent of temperature. In re% 3a, we employed the same solvent dephasing function
As in our previous studies, the time-dependent formalism of ' ploy P 9

Heller'® is employed to calculate the absorption cross section: 9(t) n the ca!culatlon of .bOth the absorptlon and Raman Cross
sections. This resulted in normal-mode displacements which

27(u 9260 differed f(_)r betaine-30 in C{;CN_versus CRCN. In this study,
0 (@) = ge/ Yo P~f°° 0 (t)Cexpli (g + )] we permit the solvent dephasing parameters to differ for the
AVTO 3hen Z i)~ 0 i calculation of the absorption and Raman profiles, and in the
exp[—g(] dt (8) Raman case, we permit these parameters to differ fosGBH
and CDXCN. A single set of mode displacements is employed
wherey is the incident frequencyp; is the probability that to reprogluce aII_the spectra, including the temperature-depenqlent
initial statei is occupieduge is the transition momentw; is absorptlon prqflles. In this approach, the solvent reorganization
the energy of the initial statei(t)Uis the multimodal initial ~ €Nergies are interpreted as follows:
vibrational state propagating on the upper potential surface, and

spectra displayed a much larger red shift than was observed
experimentally. This suggests that our previous estimate of
and thusisey Was too large, due to the neglect of betaine-30
vibrational modes overlapped by solvent bands. In addition, the
torsion at 133 cm! was not included, though it is reporfetd

the function expfg(t)] accounts for the solvent-induced Ao (abs)= Eﬂéwge)z@ (10a)
dephasing. The time-dependent overlapigt)Jare evaluated sol 2Kk, T
by assuming separable harmonic oscillator vibrational states with
equal frequency in the ground and excited electronic states. The llﬂéwge)zg
Raman cross section for the— f transition is given by Ason{ram)= W (10b)
87““0“’33(1“994 o . where the subscript on the angle brackets indicates an average

or(@o) = TZ Pl fo Dii() Cexpli(w, + over the ground or excited state of the solute.

Sh’c : We first simultaneously modeled the (room temperature)

w)t] exp[—og(t)] dt|? 9) absorption spectrum in acetonitrile and the Raman profiles in

CH3CN and CIRCN, constraining the mode displacements but
wherews is the frequency of the scattered light and the time- not the solvent dephasing parameters to be the same in all three
evolving initial stateli(t)Clis projected onto the time-zero final data sets. The mode displacements obtained from this global
statelf]. In our previous work, we allowed the transition moment analyis were then fixed, and the absorption spectrum was
to contain terms linear in the normal coordinates, but these non-modeled at nine temperatures between 281 and 343 K. Best
Condon effects are neglected in the present study. fits to the experimental Raman profiles are shown in Figure 4.

As shown in Figure 4, the Raman intensities are generally The calculation incorporated normal-mode displacements for
higher in CHCN than in CRCN, even though the absorption 19 betaine-30 modes, shown in Table 1, as well as common
spectrum is independent of solvent isotopic substitution. In the values ofEg (12 120 cn!) anduge (3.95 D), for both protiated
analysis of ref 3a, we obtained a best fit to the room-temperatureand deuterated acetonitrile. The values foand A, On the
absorption and Raman profiles of betaine-30 in3CN using other hand, were allowed to vary with solvent isotopomer. The
the following parametersEy = 9850 cnT?, yuge = 3.7D,D = calculated Raman profiles in Figure 4 were obtained using
1570 cn1?, and the nine normal-mode frequencies and displace- Aso{ram) values of 3320 and 3690 cfin CH3CN and CDB-
ments listed in Table 2 of ref 3a. With this set of data the solvent CN, respectively. The fitted values of the frequentywere
and internal reorganization energies were found to be 5980 andfound to be about 100 and 200 chin protiated and deuterated
120 cntl, respectively. When the displacements and the solvent, respectively. The calculated spectra are much more
amplitude D are held constant and the absorption profiles sensitive tolsoy than toA, so the fitted values for the frequency
calculated at temperatures between 280 and 340 K, the simulategshould not be overinterpreted. With the exception of the 289
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TABLE 2: Solvent Reorganization Energy Ason, Transition TABLE 3: Comparison of Room-Temperature Values of the
Moment puqe, and 0—0 Energy Eo Obtained by Applying Band Origin Eo, Solvent Reorganization Energyisqy for
Time-Dependent Theory to the Temperature-Dependent Absorption, Classical Reorganization Energyiqass Internal
Absorption Spectrum of Betaine-30 in CHCN®# Reorganization Energyin;, and Transition Moment p e for
1 ) Betaine-30 in Acetonitrile Found in This Work and Others
temp, K Asolv, CM Uge, D Eo, cm

281 4560 3.90 12,060 EO: Cm_l ]-SOM Cm_l j-class Cm_l lil‘lh Cm_l Hge D

285 4540 3.90 12,050 this work 12020 4510 120 3.9

292 4510 3.91 12,020 Rossky 13753 3625 760 21

300 4490 3.92 11,960 MaroncellP 11710 4260 1100

308 4470 3.93 11,910 Barbara 11645 2221 1233 1236

g% iigg ggg ﬂg;g aRef 16a. Ref 17.¢ Ref 2a.

334 4390 3.96 11,780 L. -,

343 4360 3.97 11,730 refractive index and therefore also that of the transition moment.

The intensity of the §— S; transition of betaine-30 is larger

in less polar environments, according to calculatiérend
experiments, so the transition moment is expected to increase
with temperature. The origin of the transitidty drops from

12 060 cnt! at 281 K to 11 730 cmt at 341 K, a much larger
decrease than that predicted by continuum theory (eq 5). The
solvent reorganization energy decreases from 4560 to 4360 cm
over this temperature range, corresponding to an amplifude

@ The reported transition moments neglect the temperature depen-
dence of the refractive index (see text).

0.16

& which increases from 1330 to 1440 ctin The temperature
= dependence of the fitted parameters for the absorption spectrum
© 008 of betaine-30 in acetonitrile is consistent with the conclusion

that the spectral changes are a consequence of solvent polarity

004 which decreases with increasing temperature.

IV. Discussion

0.00 Table 3 compares our derived values of the band origin,
reorganization energies (for absorption) and transition moment
at room temperature to those reported in other work. In some
Figure 5. Experimental (dashed line) and calculated (full line) of these reports, it is possible to distinguish a classical
absorption spectrum of betaine-30 in acetonitrile at 281, 308, and 343 reorganization energlsassdue to low-frequency intramolecular
K. vibrations, such as torsions, from that due just to solvent
cm! mode, the model does a good job of accounting for the reorganization, which is also treated classically. Lobaugh and
solvent isotope effect on the Raman intensities. The total internal Rossky (LR) have pointed out some of the problems in making
reorganization energy for the 19 betaine-30 modes was foundthis separatio® They used molecular dynamics and semiem-
to be 122 cm™. pirical quantum calculations to obtain a valueigf, = 3625

We next modeled the absorption spectrum as a function of cm~1, which is somewhat smaller than the room-temperature
temperature, keeping the mode displacements fixed, but varyingvalue of 4510 cm! obtained in this work. Their value contains
Uge Eo, and the solvent dephasing parameters at each tempercontributions from the central ring torsions as well as torsions
ature to get the best fit. The valuestfanduge used to simulate  of the peripheral benzene rings. In their gas-phase simulation,
the room-temperature absorption spectrum were not constrainedvhere these torsions were the only source of spectral broadening
to be the same as those found from the global analysis, but theincluded in the model, LR found a reorganization energy of
values obtained by optimizing the fit to the absorption alone at 760 cnt! and observed the transition to be strongly influenced
292 K (12 020 cm! and 3.91 D) were only slightly different by the torsions of the central bond between the pyridyl and
from those obtained by simultaneously modeling the Raman phenoxide groups. If this torsional contribution is the same in
and absorption profiles (12 100 cthand 3.96 D). Table 2  the solution phase spectrum, then LR’s predicted valupf
shows the temperature-dependent parameters found from fittingwould be only 2865 cmt. However, their simulation of betaine-
the absorption data, and the calculated and experimental30 in acetonitrile showed that the transition energy was not
absorption spectra are compared at three temperatures in Figur@ighly correlated with this torsion. Thus, the contribution of
5. The optimized value o was close to 370 cr (to within torsional motions to the totalsoy reported by Rossky et al.
a few wavenumbers) at all temperatures, with no definite trend. should be considerably smaller than 760-@émnin this work,
The fitted value of the transition moment, which parallels the the total internal reorganization energy of 120¢énncludes
temperature dependence of the integrated absorbance, is foundnly 33 cnt! from the central torsion. Our estimate of the
to show a slight increase from 3.90 D at 281 K to 3.97 D at torsional contribution td, is approximate because we did not
343 K. To avoid uncertainty in the temperature-dependent determine the full Raman profile for this mode, since it is
refractive index, the transition moments reported in Table 2 are impossible to determine its cross section against the background
based on a refractive index fixed at the room-temperature valuedue to Rayleigh scattering. Clearly, the low intensity of the 133
of 1.34. (The absorption spectrum is scaled;ljyn.) If the cm~! mode is consistent with only a small contribution/ig
estimated decrease in refractive index with temperature is from the central torsion, in agreement with ref 16. Mente and
accounted for, assuming thais a linear function of temperature ~ Maroncellt” (MM) report aAsoy of 4260 cnT?, from Monte
with dn/dT = — .0045 K1, the fitted transition moment ranges Carlo simulations and INDO calculations, which is in good
from 4.0 D at 281 K to 3.7 D at 343 K. This assumption agreement with the present results. This value was calculated
probably overestimates the temperature dependence of thefor a rigid betaine molecule and so does not include any

13 15 17 19 21
wy/2nc (10°cm™)
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contributions from torsions. The valugass= 1100 cnT! was dynamics not accounted for by the working equations of time-
obtained by MM from a gas-phase calculation and includes only dependent theory, such as coupling of solvent and internal
contributions from the central torsion. This value is also much vibrations and mode-dependent dephasing.
larger than the total internal reorganization energy obtained in  The room-temperature value éf,(abs) of 4510 cm! is
this work. The reorganization energies derived by Barbara and|arger than the value ofso(ram) of 3320 cm? for CHsCN
co-workers (ref 2a) were determined by analysis of the line solution. These values correspond to an amplitDdef 1360
shape of the spectrum of betaine-30 in acetonitrile and the ratecm-1 in the ground state, which is about 16% larger than the
of back-electron transfer. The total classical reorganization yalue of 1170 cm! in the excited electronic state. Our results
energy of 3444 cm' was further partitioned into solvent (2221  here are in good agreement with the calculations of Mente and
cm™1) and internal classical (1223 cr) contributions by fitting Maroncellil” who simulated the absorption spectrum coupled
the absorption line shape in nonpolar solvent and attributing to both the ground and excited-state charge distributions and
all the classical reorganization to the latter. We conclude that gptained a ground-state reorganization energy of 4590 cm
the classical contribution to the reorganization energy is solvent compared to the excited-state reorganization of 3190'cBue
dependent and that the classical contribution to the line width to the strong dependence of the calculated Raman cross section
in polar solvent cannot be derived from the line shape of the on the magnitude of solvent reorganization energy, this small
same solute in nonpolar solution. It has been suggested that thejeparture from linear solvent response is easily observed.
!ow-freql_Jency internal vibrations may couple to so!vent dynam- |, previous publicationd, we have speculated that the
ics, leading to solvent depend&htand even solventisotopomer  \snlinear solvent response in betaine-30 is a consequence of
dependerd) values for the “classical” reorganization energy. The  the reversal in the direction of the dipole moment in the excited
internal reorganization energy of 1236 chieported by Barbara  gectronic state, which induces solvent motion proceding from
et al. was determined by assuming a single high-frequency g highly nonequilibrium configuration. While the conventional
intramolecular vibration of 1554 cm. This value ofdi is larger resonance structures which are often drawn to represent the
than the total internal reorganization found in this work, which ground and excited states suggest that the grougyl dnd
is due to 19 coupled vibrations rather than a single mode.  gycited f) state dipole moments are antiparallel, semiempirical

A recent report on the femtosecond spectroscopy of betaine-calculations do not necessarily support this conclusion. The
30 in acetonitrilé® determined a solvent reorganization energy INDO calculations of Mente and Maroncéflifound ug andue
of 2000 cn1t and assigned 1430 crhof internal reorganization  to be parallel. The observed solvatochromism of betaine-30 has
to a single internal mode at 1350 clnWhen these values are  been accounted for using continuum theory, with a cavity radius
employed to calculate the Raman intensity of the 1350%cm  of 6.2 A and a dipole difference that assumes thaindue are
mode at an excitation wavelength of 600 nm, the predicted crossparallel?! However, the calculations of Lobaugh and Rod&ky
section of about 1@ A? is 2 orders of magnitude larger than found a significant component of the excited-state dipole
the experimental value, and of course, there would be virtually moment along the direction normal to that of the ground-state
no Raman intensity for any of the other 18 modes in this picture. dipole moment. A recent report on transient electromagnetic
The rather large value ofi reported in ref 19 was based on radiation associated with the change in dipole moment of
the observation of prompt<(10 fs) stimulated emission with a  betaine-30 in CHG] aligned in an electric field, was interpreted
large red shift compared to the excitation wavelength, which with the assumption that the direction of the excited-state dipole
was assigned to fast vibrational relaxation of high-frequency moment is opposite to that of the ground s&tRegardless of
modes. It is not clear how the additive contributions from the uncertainty in the relative direction of the ground and
bleaching, excited-state absorption, and stimulated emissionexcited-state dipole moments, there is much evidence to support
were separated in order to arrive at this conclusion. the conclusion that the magnitudes @f and ue are quite

The solvent isotope effect on the Raman intensities, and lack different, not the least of which is the strong solvatochromism.
of one on the absorption spectrum, forces us to considerIn addition, femtosecond pumprobe experimentd have
nonlinear solvent respons¢hat is, different solvent dynamics  observed coherent librational motion of the solvent (acetonitrile
couple to the excited electronic state compared to those of theand dichlorobenzene) in response to excitation of betaine-30.
ground state. Without Raman data in both {CN and CQ- It seems likely that the large change in charge distribution of
CN, it would be impossible to separate the internal and solvent betaine-30 that accompanies the electronic transition perturbs
reorganization energies. However, we take advantage of the facthe solvent dynamics and results in nonlinear response.
that the internal-mode displacements are independent of solvent It would be very interesting to compare the results of the
isotope. The global analysis of nine Raman excitation profiles present study to alternative measurements of temperature
in both solvents leads to solvent reorganization energies of 3320dependent solvent relaxation. Fourkas et al. have measured
and 3690 cm! in CHsCN and CICN, respectively. This  temperature-dependent optical Kerr effect spectra for acetonitrile
corresponds to an amplitud® which is only about 5% larger  and found that the collective reorientation time decreases from
in deuterated compared to that in protiated acetonitrile. This about 4 to 1 ps as the temperature is raised from 230 to 344 K
small difference could be a consequence of the isotope effectat constant pressufé.Similarly, the intermediate relaxation
on the collision frequency, which is expected to be about 3% time, which arises from intermolecular dynamics, drops from
higher in CHCN than CRRCN. We speculate that the70 fs 1.1 to 0.34 ps over this temperature range. One would like to
inertial phase of the solvent is of slightly larger amplitude in compare the time scal&~! from this study to the relaxation
deuterated acetonitrile, due to the smaller collision frequency. times from OKE, but unfortunately, the frequengyis not well-
For most of the modes, this small changelig, accounts for determined here due to the inhomogeneous limit> A.
the difference in the observed Raman cross sections. TheHowever, the temperature trends in both the collective reori-
calculated intensity of the 289 crh mode, which has been entational and intermediate relaxation times are in accord with
assigned to out-of-plane bending of the phenoxide gkagjin the qualitative conclusions of the present study: that the solvent
good agreement with experiment for N solution but falls structure loosens as the temperature is raised and the solvent
short for CHCN. We speculate that this reflects vibrational becomes effectively less polar.
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