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We have performed transient hole-burning spectroscopy of cresyl violet in binary solvents of different polarity
components in order to detect the relaxation of inhomogeneous spectral bandwidths (relaxation of dispersion
around average energy) in addition to that of spectral peak shift (relaxation of average energy). We proposed
in our previous paperJ( Phys. Chem. A997, 101, 5729) that the relaxation process of spectral width and

that of average energy of the system should be characterized by different relaxation modes of solvent molecules.
In the binary solvents a slow relaxation process was observed especially for the spectral width, which was
assigned to the translational diffusion of polar component of solvent molecules. On the other hand, the
relaxation of average energy was not effectively affected by the solvent mixing, which could be attributed
mainly to fast relaxation processes, the libration and/or rotational diffusion of solvent molecules in the closest
solvation shell. Even if the distribution of the solvent shell would be disturbed by the slower translational
diffusion mode of polar solvent molecules, the average energy could be immediately compensated by the fast
relaxation of solvent surroundings. The developments of the molecular theory on the translational dynamics
should be necessary for essential understanding of the results obtained here.

Introduction corresponds to the spectral width of the steady-state absorption
and fluorescence spectra can be characterizedABy =

(2ks TAEssIn 2)12, whereks andT are the Boltzmann constant
and temperature, respectively. On the basis of spectral time
evolution obtained from experiments, the dynamic response
function pg(t) of the relaxation process of average energy can
be given as

Solvation dynamics in polar solutesolvent systems has
attracted extensive interests owing to its close relation to
chemical reaction in solution phase, which should be the reason
many experimentéi® as well as theoreticki™18 studies have
been devoted to it in the past decade. Recent investigafiis
have particularly focused on the elucidation of the fastest part
of the solvent response, which covers the relaxation of average () — (o)
energy of the solutesolvent system. From a viewpoint of p) ==~
chemical reaction, however, it must be of crucial importance #(0) — #(e)

to dete_ct not _only the relaxation of average energy but the where(t) is the spectral maximum of the ground-state hole or
relaxation of dispersion around average energy. For a type of

reaction that can be considered in the transition-state theor influorescence attime On the other hand, the dynamic response
Y Mtunction of the relaxation of spectral band broadenip@) can

oluto, I ot mafry o olsculss e /181 <1 1) b e by usin e e cepencent specrl v
p hole or fluorescence spectra corresponding to é§ 1:

are subjected to the reaction driven by a solvent fluctudfion.

Although in this model a (quasi-)equilibrium process is presup- 5 5
posed, in an actual system a relaxation process of energy 0 = a](t)” — ol() @)
dispersion must occur in the reactant well and should cause Pu 0](0Y? — o(c0)?

essential influence over the reaction process. Under such
motivation, we have performed comparative studies on the Under conventional treatments, batift) andpw(t) are consid-
relaxation of inhomogeneous spectral broadening correspondingered to be characterized by a normalized time correlation
to energy dispersion and that of average energy, by means offunction of the solvent fluctuation, which is assumed to be the
transient hole-burning (THB) and time-resolved fluorescence same in the ground and excited states of the solute molecule.
(TRF) spectroscopy of polar dyes in polar solvets. In such a casene(t) andpu(t) should correspond to each other.
Within a realm of dielectric continuum model under an However, recent studies have reported that more than 50% of
approximation of linear response for the systé#.energy of the relaxation of average energy could be achieved by a fast
the Stokes shiftAEss is proportional to the square of the librational or inertial process of the solvent in the nearest
difference between the solute dipole moment in the ground statesolvation shelf4¢ On the other hand, our previous restftg’
and that of the excited state. On one hand, en&By that derived from both THB and TRF measurements have revealed
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TABLE 1. Solvent Properties of THF, ACN, and Mixtures T T T ' T

TA1—TA3 Employed for THB Spectroscopy and
Steady-State Absorption Spectral Widthay, of CV M,\ 0.4 ps

solvent mole ratio (THFto ACN) u/D e &/l cmtP \\
THF 100:0 1.8 7.6 1.48 lf\""'/\

a Assumed to be proportional to the mole-fraction volufBerived
from the half-width at half-maximum at the higher energy region of 20 ps
the steady-state absorption spectra. The spectral resolution due to the

spectrometer was about 60 th \‘\
4_.‘,__//\\ 50 ps

r—”. 1 ps
. v
TAL 97:3 8.2 1.43
TA2 85:15 11 1.30 m,,/\\ 2 ps
TA3 72:28 14 1.30
ACN 0:100 35 375 1.41 AN
7 ps

AOD ( 0.3/div.)

)\

that in polar fluid solvents at room temperaturg(t) relaxes
much more slowly compared ®(t), but their relaxation times 200 ps
become comparable in viscous alcoholic solvents at lower M
temperature. We thus presented a mechanism such that the \\/’ﬂﬂ”
translational diffusion mode of the solvent may characterize the L
relaxation of the spectral width while the rapid rotational 400 500 600 700 800

. . . . wavelength / nm
diffusion should be largely responsible for the relaxation of ) _
average energy, whereas at lower temperature owing to relative':'gd”fc}\i AOD SPe‘grg Oé\./l'S”,thﬁ bmarly SfO'Ve,”t TADZ |Whe,’e TH']ft
preponderance of the translational diffusion, both relaxation 2"d ACN were mixed by 85:15 in the molar fraction. Delay imes after
. - the excitation are indicated within the figure.
times agree with each other.

In this paper, we present further insight of the relaxation of
inhomogeneous spectral broadening by means of THB spec-

Sotvonts of iferent molariy compononts at oo tamperature, [ESPONSE tme of the detecting system and decayed by the
P y P P " fluorescence lifetime of the solute molecule. We thus conclude

Possible mechan_lsms for the relaxation of the mhomc.)ger.leousthat given the experimental conditions substantial time evolution
spectral broadening and that for the spectral peak shift will be

discussed. The present results can be explained by theof the THB spectra ofCV in the solvents should be solely

framework that is consistent with the previously pronosed ascribed to the solvation processes, not to intramolecular
mechanisn? P y prop relaxation processes of the solute or to the electronic structure

change of the excited solute molecule.

<

solvents such as ACN was rather small (ca. 700%mand
the observed s— S; absorption spectrum @@V rose by the

Experimental Section
) ) Results
Details on our experimental setup for THB spectroscopy have

been described previously® Briefly, a smaller fraction Steady-state absorption and fluorescence spect@Vvofn
(~10%) of an output of an amplified dye laser (ca. 0.3 mJ/ pure solvents THF and ACN and in their mixtures show
pulse, 50 Hz) was employed as an excitation source. The relatively good mirror images. Table 1 also summarizes the
remainder of the laser pulse was focused ing®@o generate  half-width at half-maximum (hwhm) of the steady-state absorp-
a white continuum that was used as a probe light. A part of tion spectrum oCV, Gy, in pure and binary solvents. Hefg
the probe light was detected as a reference. The differencewas derived from the higher energy region of the steady-state
optical density AOD) spectra were acquired by two pairs of a absorption spectra for the sake of the analysis of the transient
combination of a multichannel photodiode array detector hole width, as will be stated later. In the binary solvents TA2
attached to a spectrograph. Temporal and spectral resolutiongand TA3 relatively narrower values df, were observed
of the equipment were about 150 fs and 3 nm, respectively. compared to those in pure solvents. This results implies that
Selection of the solute and solvent molecules in this study the inhomogeneity around the ground-state solute molecule in
was performed as follows: CV was used as a solute molecule,the binary solvents TA2 and TA3 would be a different type
which slightly increases its dipole momentaccording to the ~ compared to that in pure solvents.
laser excitation. For solvents, tetrahydrofuran (THF: relative  Figure 1 depicts time-dependeh©D spectra ofCV in the
permittivity e = 7.6,u = 1.8 D), acetonitrile (ACN:e = 37.5, binary solvent TA2 detected at room temperature. The spectral
u = 3.5 D), and their binary mixtures being rich in less polar correction due to group velocity dispersion of the white
component, TA1 (contains 97% of THF in mole fraction), TA2 continuum probe pulse was already completed, using the
(85%), and TA3 (72%), were employed. Solvent properties of procedure given elsewheté. The nominal spectra before 0.3
the binary system are given in Table 1. The excitation ps of the delay time was omitted here because of coherent
wavelength was 666609 nm corresponding approximately to interaction between the pump and probe lights. The absorption
the 0-0 absorption band of the solute moleceieSample band with the maximum at 500 nm is largely ascribed to the S
solutions were contained in a quartz cuvette with 2 mm optical <— S; absorption spectrum &V. The analysis for evaluation
path length. The solute concentration of the sample solution of the dynamic broadening of the ground-state hole width is
was about 16° M. All measurements were performed at room the same as our previous method for pure solv&ttse suitably
temperature (295 K). weighted § — S; absorption spectrum o€V was subtracted
With respect to the selection of the solu@y, as a probe from the AOD spectra observed at each delay time. In our
molecule for THB spectra, we have made a careful discussion experimental apparatus, there existed some difficulty in observ-
in our previous report;the Stokes shift between the steady- ing accurate TRF spectra at the same time resolutioh@B
state absorption and fluorescence spectr@\éfeven in polar spectra detected in this work. Then the hwhm of the hole
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1.5 T T T T o3 6(eo) the same among th_e mixture._ In pure THF, the average energy
5 i relaxation was achieved within 0.7 ps after the excitation, and
T II [] II%I in ACN the depression shift was too fast to be detected by the
time resolution of the equipment used there (15Cfs).

On the other hand, the time evolution of the hole spectral
width was dramatically slowed in the binary solvents. The
observedo,(t)’s in the binary solvents relax slower than those
obtained in their pure component of the solvent. About 50%
of the relaxation ofpy(t) in the mixtures was achieved in the
first 3—4 ps (Figure 3). This fast relaxation process seems to
be rather independent of the fraction of the component.
; 10 Howev_er, the remaining processes that are responsible for the

time / ps .relaxayon of pu(t) — 0O are dramatically affecteql by the
ingredients of the solvent mixture. The solvent with smaller
Figure 2. Time dependence of the hwhm of the hole spectrui@'sf fraction of ACN showed the slower relaxation process. In
in the binary solvent TA1 where THF and ACN were mixed by 97:3 particular, for the binary solvent TA1, it took up to 200 ps to

in molar fraction. The dotted line corresponds to the valué(of). - -
The error bar was estimated according to the spectral resolution of thecomplete the recovery of the hole width. In Figure 2, we are
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As a result, the relaxation of average energy was not largely
influenced if the binary solvents were used; on the other hand,
the slower relaxation processes of the spectral width were
observed in the binary solvents compared to that in the pure
solvents used as their ingredients.

spectrometer used. aware that the behavior @i(t) between 5 and 80 ps seems to
be unclear. The time dependencedgf) at that time domain

1.0 rer——r—— would be essentially a plateau, or another interpretation such

o THF that 6(t) once slightly narrows (520 ps) and then broadens

0. : mé ] (20—80 ps) might also be possible. We do not have further

" e TA3 discussion with regard to the origin of this dynamic behavior
X ii X ACN because it is too subtle to be distinguished by our present

_ 065, vii & . measurement. Additional experiments to clarify this point

Z; o 'i i i #iﬁ would indeed be desirable.

Discussion

In the binary solvents studied here the relaxation of average

time evolution of the hole width o€V in THF (open circles), ACN energy was completed within a few plcoseconds’ Whlph was
(open squares), and their mixtures TAL (filled squares), TA2 (filled much faster cpmpared to that of the spectral W'dth' a situation
triangles), and TA3 (filled circles). See Table 1 for properties of solvent that is quite similar to that generally detected in pure solvents
mixtures. The error bar estimated for the data in TA1 was estimated in our previous study. It is plausible that the relaxation of
according to the spectral resolution of the spectrometer used. average energy would also be achieved by the fast rotational
r{elaxation process and libration of solvent molecules located at
Just around the solute molecule. However, the time domain of
the slowest component gf,(t) observed especially in THF-
rich binary solvents could not be explained simply by some
librational modes nor dielectric response of the bulk solvent.
Actually, when the slowest decay componenpgft) that gives
rise to the process gfy(t) ~ 0.5— 0 observed in the binary
solvent system TALl is assumed to be exponential, its time
constantr is estimated to be 130 ps. We can then consider
that the slowest process to be originated from a diffusive mode.
According to the increase of the dipole moment of the solute
molecule, which is induced by laser excitation, we suggest that
more polar component of the binary solvents come close to the
solute molecule. We suppose this approach to be diffusive
process. On the basis of Smoluchowski’s diffusion model, the
diffusion-controlled rate constakp in the present case can be
given as

Figure 3. Normalized dynamic response functiongt) derived from

spectra at the higher energy region was employed, as stated i
our previous papet. Figure 2 displays the time dependence of
the hwhm of the hole spectra in the mixture TAL as typical.
The error bar indicated in the figure was estimated according
to the spectral resolution of the detecting spectromepext)
was then calculated according to eq 2, whife) was the same
asdy, anda(0) = 30 cnt! was the spectral width of the exciting
laser pulse. Figure 3 compareg(t) detected in the binary
solvents observed in this work and those in pure components
taken from our former publicatioh. For the plot of TA1,
relatively larger error bars were estimated whg(t) approaches
zero according to the definition ofy(t) as given in eq 2. Errors
for TA2 and TA3 were also estimated as in the case of TAL.
In Figure 1, at 0.4 ps after the laser excitation an obvious
depression appears around the excitation wavelength-(60%
nm), where the contribution from the, S— S; absorption is
very small. This depression is attributed to the sum of the
ground-state hole (at the blue side) and induced emission (the
red side) spectra. As the delay time is increased the depression kp = 47(Dcy + Dacn)R 3)
shifts its peak toward the red and broadens its spectral shape.
The peak shift of the depression, which is equivalent to the whereDcy andDacn are the diffusion coefficients faZV and
relaxation of the average energy, ceases within 2 ps after theACN in a solvent THF, respectivelyR is usually called the
excitation. It is emphasized that in all the binary solvents critical reaction radius: when two target molecules that are in
investigated here the depression shift was completed within 2 diffusion approach at the distan& a reaction occurs with a
ps, while the total amount of the depression shift was almost probability of unity. In our present context we propose tRat
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roughly gauges the distance resulting from a diffusive walk by
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solvent, even though it employed the transient effect, it failed

solvents, which is required for the rearrangement of the closestto explain the behavior of experimental results in the subpico-

solvation shell. We use an empirical method, the WAlghang
equation, to provid®cy and Dacn?*

D, = 7.4 x 10 5(¢M, )Ty v 08 (4)
wherei = CV and ACN andp stands for the association factor
of solvent. My, T, andy are the molecular weight of the solvent,
temperature, and viscosity of the solvent, respectivélys the
molal volume of solute at its normal boiling temperature. On
the basis of eqs 3 and Ky for the system TA1 employed for
the experiment has been estimated as typical. In the estimation
R was assumed to be 8.1 A, which would correspond to the
closest solvation shell arour@V, on the basis of the summation
of the molecular radii o£V (4.8 A) and THF (3.3 A), where
the radii were derived as the summation of the van der Waals
volume of each atom of the moleculeg. = 1 was assumed
for a nonassociating solvent THE. T = 295 K andy = 0.55
cP for THF was adoptedV = 260 cn? g~* mol~! for CV and
V =60 cn? g~ mol~! for ACN were employed on the basis of
the Le Bas method* Given the conditionskp was estimated
to be 2.5x 1071%s71 M~1 for TAL. The actual reaction rate
can be derived as

k=kpC 5)
whereC is the concentration of the diffusing species. Under
the present experimental conditiod,for CV was about 10°
M as noted in the Experimental Section; on the other h&nd,
for ACN in the system TA1 was 0.38 M. In this case, if we
adoptC of ACN as it has dominant concentration, finaky!

second to picoseconds region when the concentration of the
quencher was higher than 0.1 M. We propose that in the
subpicosecond to few picoseconds region the continuum model
would not be suitable because substantial reactions with
qguencher molecules that distribute around neighbors of the
fluorescent molecule according to the radial distribution function
should be predominant. We have instead employed a diffusion
equation that takes into consideration the quencher distribution
at initial conditions derived from the intermolecular average
potential?® In the model the Percus Yevick equation for hard
spheres was adopted as a closlirén this treatment, we have
found that within a realm of a few picoseconds after the
excitation, when the concentration of the quencher is about 1
M, molecules in the closest solvation shell around the fluorescent
molecules would dominantly take part in the quenching reaction.
In addition, molecules in the second or farther shell would play
a role after the tens of picoseconds time region. In the tens of
picoseconds to subnanosecond time domain, on the other hand,
simple Smoluchowski’s diffusion model without considering the
intermolecular average potential could be applicable for the
analysis of the observed fluorescence decay cli¥es.

This result with respect to the transient effect may be
interpreted that at least in the time region of subpicosecond to
few picoseconds the component of the closest solvation shell
should not be disturbed, whereas after the tens of picoseconds
domain the diffusion process of the solvent can be treated as
the bulk model and the replacement of the member of the closest
shell should be achieved in this time scale. We suppose that
this picture should reinforce our assignment of the slower

= 100 ps was obtained. We should emphasize here that despiteelaxation in the binary solvents detected in the present work.

rather the crude diffusion model assumed Hererepresents a
relatively similar order of magnitude af

The above estimation implies that the slower part of the
relaxation ofpy(t) in the binary solvents must be attributed to
the translational diffusion process of the polar component of

It takes not less than tens to hundreds of picoseconds in order
to achieve the complete relaxation of the hole spectral width in
the binary solvents with smaller fraction of the polar component.
Such a slower time scale would really agree with that of the
translational diffusion process of solvent molecules, where the

the solvent molecule that is approaching closer toward the soluterearrangement of the closet solvation shell might be involved.

molecule. Followed by the increasewbf the solute molecule

due to the laser excitation, the solvent distribution near the solute
in the equilibrated excited state should be abundant in the more

polar component than that in the ground state. Actually, the
binary system containing the smaller portion of ACN showed
the slower decay gy (t). As described in the Results section,
in the binary solventg,(t) relax in a rather similar way in the
course of a few picoseconds after the excitation, but the

distinguishable difference of the relaxation process depending

on the fraction of the polar component appeared after that time

On the other hand, it is stressed that the slower relaxation in
the binary solvents was observed only for the relaxation of the
spectral width, while the relaxation of average energy was
affected only marginally by the solvent mixing. We then
propose that energy relaxation can be achieved by fast relaxation
processes such as rotational diffusion or librational motion of
solvent molecules in the closest solvation shell. In the course
of the relaxation process of the spectral width, the slower
translational diffusion of the polar component of the solvent

region. We thus suggest that the translational relaxation processV0uld bring about the rearrangement of the solvent distribution,

of the polar component would have essential influence on the
relaxation of the spectral width at least at the time domain where
the fraction-dependent slower relaxation was detected. Alter-
nately stated, about 50% of the relaxationpeqft) would be
substantially characterized by the slower translational diffusion
process.

which might well disturb the energy of the system. Such
disturbance of the energy could be compensated largely by the
fast relaxation process of the solvents surrounding the neighbor
of the solute molecule. However, minor contribution to the
average energy due to the exchange of the polar solvent
molecule would be detected with a slower component, although

The above mechanism would suggest that the rearrangemenwe could not detect the dQDI'ESSion peak shift within our spectral

(or replacement) of the solvent component in the closest
solvation shell should require @00 ps. We have found

related results with respect to such a type of diffusive motion
in solution that is obtained through an analysis of a transient

resolution. To clarify this point, an extensive observation with
much higher spectral resolution is indeed desirable. Actually
we are preparing an upgraded version of the measurements of
the THB and TRF spectroscopy according to this line. The

effect observed for fluorescence quenching at high quenchermechanism presented above should be rather consistent with
concentration in the system of coumarin fluorescence quenchedthe proposed relaxation of energy and the spectral width obtained

by N,N-dimethylaniline?>26 If we applied conventional Smolu-
chowski’'s model where a continuum was assumed for the

from the THB and TRF spectroscopy in pure polar solvents
reported in our previous workZ°
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The recent developments of the molecular theory of liquids broadening (relaxation of dispersion around average energy) can
have elucidated that not only the rotational dynamics of the be mainly governed by the translational diffusion mode of the
solvent but also the translational dynamics would contribute to solvent, while the relaxation of average energy can be mostly
essential understanding of the experimental results describedachieved by fast rotational and/or librational processes of the
here. Chong and Hirathhave developed a molecular theory solvent in the vicinity of the solute molecule. The above picture
to study collective excitations in polyatomic fluids under the of the relaxation of the spectral width and energy presented on
framework of the interaction-site model. They have succeededthe basis of the present results in the binary solvents agrees
in separating the collective motions into acoustic and optical with the mechanism obtained in our previous work observed in
modes, which are essentially originated from the translational pure polar solvents.
and rotational motions of solvent molecules, respectitely.
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