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Reorientation Dynamics of Rhodamine 640 in Normal Alcohols: Measurement of the
Length and Time Scale of Transient Local Heating in Solution
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We report on the rotational diffusion dynamics of Rhodamine 640 (R640) in the series of normal aliphatic
alcohols methanol througtrdecanol. By performing these measurements for excitation of both, thedsSS

excited singlet states, we are able to determine unambiguously that R640 reorients as a prolate rotor in these
solvents, that the first excited singlet state of R640 is long-axis polarized and that the second excited singlet
state of this probe molecule is short-axis polarized. Our reorientation data indicate close association of the
solute with several solvent molecules. Treatment of the data using Chuang and Eisenthal’s formulation reveals
that the measured component of the rotational diffusion constant is the same for excitation of eitharthe S

S, excited states, but for several of the solvents studied, we find the reorientation timesefarit8tion to

be slower than those for,®xcitation. We understand this phenomenon in the context of transient heating
caused by the excess energy deposited into the R640 molecule wherstageSs excited. These data reveal

a transient temperature change in solution on the order of 10 K, with the temperature gradient existing over
the first solvent shell surrounding the probe molecule.

Introduction boundary condition at the molecular level. In the context of the
modified DSE model, discrepancies between experiment and
theory are often expressed in terms of the molecular-level
breakdown of the notion of viscosity and in terms of the
frictional coefficient,f, an empirical parameter.

The frictional termf, is equal to unity in the so-called “stick”
limit, which is taken as being representative of relatively strong

used to establish some noneguilibrium condition in the ensemble SCIVENE-solute interactions. For interactions weaker than the

of probe molecules, with the object of the experiment being to StiCk_ "mit’ th? ‘slip Iir_nit” is us_ed‘.‘sv“gln th_is model, the strength
monitor the return to equilibrium. Such studies have included of frictional interactions varies according to the shape of the

fluorescence lifetime, molecular reorientatibri! vibrational molecule in suph away that & f < 1. This modgl d.escrlbes
relaxatior??-3 and fluorescence spectral sift** measure- well the behavior of nonpolar molecules reorienting in nonpolar

ments. Of these methods, molecular reorientation has provensglvem.s' In_ a_ddition_ to frictional SOI\.’eﬁBOI.Ute interactions,

to be among the most useful because of the combined generalit)ﬂ'e'ectrlc friction, arising from the dielectric response of the

of the effect and the well-developed theoretical framework for probe molecule and t'he env!ron'rner?t, can also gontnﬁu?é.

the interpretation of the experimental d&ta° For most systems, this contribution is small and in many cases
The starting point for interpreting molecular rotational motion difficult to define precisely owing to the limited information

measurements is usually the modified Debokes-Einstein available on the local dielectric response of the probe molecule
environment.

Despite almost three decades of continuous investigation, the
details of solventsolute interactions, particularly in polar
solvent systems, remain to be understood in detail. Most
investigations of intermolecular interactions in solution have
used a “probe” molecule present at low concentration in neat
or binary solvent systems. Typically, a short pulse of light is

equatiort!>46 o o
For polar solute molecules reorienting in polar solvents, it is
_ pVif not unusual to recover experimental reorientation times that are
Tor = _kBTS (1) substantially longer than those predicted by eq 1. This regime,

referred to as “super-stick”, remains ill defined, but it is clear

¢ in such systems that the strong intermolecular forces are
responsible for the reorienting moiety not being simply the solute
molecule, but rather the solute as well as some of the
surrounding solvent cageAn additional uncertainty in such
measurements lies in the determination of the solute shape
factor, S Perrin derived expressions for the teBio account

for the ellipsoidal shape of the solute rotor in solutfThese
expressions depend on the axial ratio of the solute and on the
assumption of an effective rotor shape. The shape of the volume
swept out by the probe molecule is, in many cases, unclear
because of ambiguity about the details of the solute spectro-

*To whom correspondence should be addressed. E-mail address: SCOPIC response and because of the limited information typically
blanchard@photon.cem.msu.edu. available from the experimental data.

This expression has proven remarkably useful in providing a
least a semiquantitative model for rotational molecular motion
in liquids. In this modely; is the solvent bulk viscosityy is

the solute hydrodynamic volume, and the terfrend S are
frictional boundary condition and solute molecular shape factors,
respectively. This model assumes a continuum solvent and it
has been shown to model reorientation data quantitatively in
the limit that the individual solvent molecules are smaller than
the solute. One present limitation to our understanding of motion
in liquids is that we do not understand the solvesblute
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Figure 1. Structure of the Rhodamine 640 molecule, drawn as a free
cation. Cartesian axes are indicated, withhelane defining thec—y
plane.

Another issue that is rarely considered in molecular reorienta-
tion measurements is the local temperature of the solvent bath
that is in closest proximity to the solute molecule. In the limit
that the solute exhibits no Stokes shift and is characterized by

an exclusively radiative decay, there is no reason to expect that

the processes of excitation and de-excitation will deposit energy
into the solvent bath. For organic fluorophores, where the
fluorescence quantum yield is often on the order of 0.5 or less,
and where Stokes shifts are at least hundreds of'ciocal

heating must contribute to the experimental data at some level.

The work we present here addresses several of these limita-

tions to our understanding of molecular motion in the liquid
phase. We have studied the rotational diffusion behavior of the
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10 K and the manifestation of this effect depends on the solvent.
Our data shed new light on the time scale over which the thermal
equilibration process occurs.

Experimental Section

Chemicals.Rhodamine 640 perchlorate was purchased from
Exciton Chemical Company and used as received. All solvents
were purchased from Aldrich Chemical Co. in their highest
grade available and used without further purification.

Steady-State SpectroscopyAbsorption spectra of the R640
solutions were measured with 1 nm resolution using a Cary 320
UV —visible absorption spectrometer. Fluorescence spectra were
measured using a SPEX Fluorolog 3 spectrometer, also with 1
nm resolution.

Time-Correlated Single-Photon Counting Spectroscopy.
Fluorescence lifetime and rotational diffusion measurements
were performed using a spectrometer that has been reported
previously>* We provide a brief recap of its essential features
here. The source laser is a mode-locked Nd:YAG laser (Quant-
ronix 416) producig 7 W average power at 1064 nm with 100
ps pulses at a 80 MHz repetition rate. The second harmonic of
the output of this laser (532 nmy700 mW) is used to excite
a synchronously pumped, cavity dumped dye laser (Coherent
701-2) operating with Rhodamine 6G dye (Kodak). The output
of this laser is typically 80 mW average power lwé 4 MHz
repetition rate and 5 ps pulses. For excitation of the-SSy
transition, the 580 nm output of the dye laser was used to excite
the sample directly. For excitation of the S S transition,
the output of the dye laser was frequency doubled using a type
| KDP crystal. Detection of the transient signals was ac-
complished using a microchannel plate photomultiplier tube
(Hamamatsu R3809U), with fluorescence light collection through
a reflecting microscope objective and wavelength selection with
a subtractive double monochromator (American Holographics
DB-10). The electronics used for signal processing are a
Tennelec 455 quad constant fraction discriminator, 864 time-
to-amplitude converter and biased amplifier. The reference
channel was detected and delayed using an in-house built fiber
optic delay line. The experimental signal was collected using a
multichannel analyzer (PCA Multiport) and sent to a PC for
processing. For this system, the instrument response function
is typically 30-35 ps fwhm.

Results and Discussion

The central focus of this work is on understanding the
reorientation dynamics of R640 in the alcohols and on resolving

fluorescent probe molecule Rhodamine 640 (R640, Figure 1) the details of transient heating in solution associated with

in the series of normal aliphatic alcohols methanol through

nonradiative relaxation after optical excitation. We consider

n-decanol. We have performed these experiments using a time-three facets of the experimental data. The first is a comparison

correlated single photon counting apparatus that is capable of
accessing both the;S—- S and the $— S transitions of R640.

of our results to the predictions of the modified DSE model.
The second issue we consider is the effective rotor shape swept

Data from these measurements reveal that R640 interactsout by the rotating probe molecule. This information is often

strongly with multiple solvent molecules, giving rise to a

not available unambiguously for probe molecules of low

reorienting moiety that is substantially larger than the hydro- symmetry, such as R640, or for systems where the spectroscopy

dynamic volume of the solute alone. By comparing the
reorientation data taken for both excitation conditions, we have

of the probe molecule is not understood in detail. Finally, we
consider the effect of initial excitation to different electronic

determined unambiguously that this probe molecule reorients states on the reorientation dynamics of this probe molecule.

as a prolate rotor in normal alcohols, that the-SS; transition
is polarized along the chromophore long axis &nd the $—
S transition is polarized nominally orthogonal to the<S S
transition. Comparing the data taken for the two excitation

Reorientation of the Probe Molecule.As discussed in the
Introduction, the reorientation dynamics of probe molecules in

solution are often treated using the modified DSE equation. This

model is effective for cases where individual solvent molecules

conditions, we find direct evidence for local heating that results are small relative to the reorienting moiety, but in systems such
from the nonradiative dissipation of excitation energy from the as the ones we consider here, this approximation is clearly not

S, to the G state. We determine the temperature rise to-be-

valid. Alcohols are strongly associative liquids, and the probe
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Figure 2. Reorientation of R640 in the alcoholsE) indicates
experimental data for excitation of the S S transition. The calculated
DSE result for the stick limitf(= 1) is shown as the solid line and is
the calculated DSE result wheYe= Vgojute + S5Vsonent iS indicated by
the dashed line.

molecule, in its dissociated form, is a monocation. For these
experimental conditions, it is not uncommon to find that the
experimental reorientation dynamics are substantially slower
than those predicted by the mod&We find that to be the case
for the data we present in Figure 2.

To our knowledge, there has not been a universally accepted
explanation for this experimental condition, although it is clear
that slower than expected reorientation arises from strong
solvent-solute interactions. In principle, according to eq 1, this
phenomenon could be explained by an increase in viscosity,
hydrodynamic volume or frictional coefficient, or an unexpected
decrease in the value & the shape factor. The structure of
R640 leads to a shape factor €0.9 and the steric price that
would have to be paid to make the shape faetfr2 would be
prohibitive. A slower than expected reorientation time, if viewed
in the context of a change in viscosity, would suggest an increase
in local viscosity, which is unlikely. The termé andf are the
variables most capable of accounting for the experimental data
and, within the framework of the DSE model, value$ gfeater
than unity are required to bring eq 1 into agreement with our

data. The most straightforward means to treat these data is based

on the ansatz that the reorienting moiety observed experimen-
tally is actually larger than that predicted by simple calculations
of the hydrodynamic volume of the probe molecule. If this is
the case, there are two possible ways to account for this finding.
The first is to consider that the volume of the solute is larger
(by a factor of 2 or more) than is calculated using Edward's
model>® This treatment predicts a dependence of the reorienta-
tion time on bulk viscosity that is not in uniform agreement
with the experimental data, and the accuracy of molecular
volumes calculated by Edward’s method is well established.
The second possible explanation for the data is that there is
close solvent association with the sol&té® While it would

not be appropriate to use the term “attachment” because of the
implication of covalent bonds, strong association between the

solute and some (average) number of solvent molecules can

Dela Cruz and Blanchard

be achieved if we choose only four solvent molecules for the
longest alcohols, but given the level of detail contained in the
experimental data, we are not justified in attempting such an
empirical fit. Intuition suggests that there are four sites on the
solute where polar solvensolute interactions will be facile
(Figure 1), but the characteristic lifetime of such interactions is
not known with certainty. Regardless of the exact number of
solvent molecules closely associated with the solute, our
reorientation data point to there being strongest interaction
between the solute and a single layer of solvent molecules in
the immediate proximity of the solute.

Effective Rotor Shape.The rotational motion of a molecule
in solution is rarely consistent with the behavior expected of a
spherical particle. To elucidate the intrinsically anisotropic nature
of the molecular motion, Chuang and Eisenthal derived a series
of equations that relate the spectroscopic and dynamical
properties of the solute molecules to the form of the experi-
mental datd’

6

_h@® 150 6 3
R(t) = 020 5oy exp(-(D, + D)) +

6 6
gquzyyyz exp(— (Dx + D)t) + ququzyx 2
exp((D, + D)t) + 1—30(ﬁ + ) exp(—(6D + 2A)t) +

10 a) exp(=(6D — 2A)t) (2)

Ii(t) and In(t) are the experimental signal intensities for
fluorescence emitted at polarizations parallel and perpendicular,
respectively, to the polarization of the excitation light. The terms
g and y are the Cartesian components of the unit vector
describing the orientation of the excited and emitting transition
dipole moments of the probe molecule. The teibgsDy, and
D, are the Cartesian components of the rotational diffusion
constant and is the average of these terms. The tefnis
related to the orientation of the transition moments, anid
related to both the spectroscopic and motional properties of the
ystem.

D =%(DX+ D, + D,
A= (D72 +D}?+D;/~-D,D,~DD,~ DDy
1
,3 — qXZsz + quVyZ + qzzyzz _ §
a=(DJA) gy, + 0y, — 202y, +y, +a)) +
(OJA) QS y, + aly,l — 297y + v, +a)) +
(DJAY)@ly,E + oy — 20y, + v +a) — (2DIA) (3)

Using these equations, expressions for the induced orientational
anisotropy,R(t) can be derived for either an oblate or a prolate
ellipsoid and under a variety of conditions relating to the
orientations of the transition dipole moments. For the chromo-
phores system used to define the-y plane,

Oblate: D, > D, =D,

produce reasonable agreement with the experimental data. The

agreement between experiment and the model is best when the

termV = Vsoute + SVsoven: The viscosity-dependence of the
reorientation time calculated using eq 1 with this valu&/ao$

Prolate: D, > D, = D,

There are a variety of possible forms of the anisotropy decay,

in phenomenological agreement with the experimental data.and we summarize those relevant to this study below. For the
Even better agreement between the model and experiment carg; — S transition, where the excited and emitting transition
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Figure 4. (a) Experimental instrument response &) andl(t) data
R(t) = (1/10) exp( (2D, + 4Dt) + for R640 inn-propanol excited at 580 nm {S- S). (b) Experimental

anisotropy function generated from data presented in (a). The best fit
(3/10) exp-6D,t) (oblate) (4)

anisotropy decay function for this data seR{$) = (0.294 0.01) exp-
d (—t/(481 £ 3 ps))
an

rhodamined, but this discussion was based on theoretical
R(t) = (4/10) exp(6D,t) (prolate) (5)

grounds and we are not aware of direct experimental verification.
We do have a means to resolve this issue and, at the same
time, to provide unambiguous assignment of the transition
polarizations in R640. For R640, as with many optical chro-
_ mophores, the S— S transition is polarized nominally
R(t) = (1/10) exp(-(4D, + 2D,)t) + perpendicular to the;S— S transition. We show the absorption
(3/10) exp-6D,t)(prolate) (6)  and emission spectra of R640 in Figure 3. For this condition,
the expected form oR(t) for a prolate rotor is

Conversely, if the transitions accessed are short-gxisdlar-
ized,

and

R(t) = — (2/10) exp 6Dt 8
R(t) = (4/10) expt (4D, + 2D,)t) (oblate) (7 ® ( ) expt D) ®)
For excitation of the §— S transition in R640, we observe and for an oblate rotor,
that the experimentdt(t) function decays as a single exponential
(Figure 4). In principle, distinguishing between a one- and two-
component decay can be difficult. Our experience in making

exp((2D, + 4D)t) (9)
this distinction for reorientation measurements on other systems

has shown that determining the difference between one- andBy exciting the $ — S transition in R640 and monitoring

two-decay components is straightforward, both in terms of the emission from the Sstate, we obtain an experimenta(t)
time constants and prefactcfs®® Based on eqs-47 we see,

R(t) = (1/10) exp(-6D,t) — (3/10) x

function that decays as a single exponential. As predicted from
for a two-component decay, the prefactor for the minority egs 8 and 9, we observe a negative zero-time anisotropy (Figure

constituent is 25% of the total. The residuals of the fits to the 5), a characteristic signature of transitions polarized nominally
data demonstrate good agreement with a single exponentialperpendicular to one another. The functionality of this anisotropy
decay functionality (Figure 4b inset). decay and that of the;Sxcitation experiment demonstrates
For systems of high symmetry, it is possible to assign the unambiguously that R640 in the alcohols reorients as a prolate
orientation of the transition moments, but for systems such asrotor. Because both excitation schemes sense the dynamics of
the rhodamines, such an assignment is not possible with theR640 in the same state 1)Sthen only eqs 5 and 8 can be
requisite certainty. Absent this knowledge, we are left with the appropriate for our data. Specifically, our observation of a
ambiguous situation of not knowing if our molecule is charac- single-exponential decay for &xcitation (Figure 4) shows that
terized by a long-axis polarized transition and reorients as a either eq 5 or eq 7 is consistent with our data and that excitation
prolate rotor or has a short-axis polarized transition and reorientsof the $ — & transition (Figure 5) produces a result that is
as an oblate rotor. There has been discussion in the literatureconsistent only with eq 8. These two pieces of information, taken
of the orientation of the transition moments for certain together, show that R640 reorients as a prolate rotor. Thus, the
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Figure 5. (a) Experimental instrument response &t andl(t) data For excitation of f[he 5+ S transition, _the_ Stokes shift IS.
for R640 inn-propanol excited at 290 nm {S- S). (b) Experimental modest and the difference between excitation and observation

anisotropy function generated from data presented in (a). The best fit Wavelengths is on the order of 30 nm. Excitation at 580 nm is
anisotropy decay function for this data setRg) = (—0.09 + 0.01) close to the origin for this band (Figure 3). For excitation of
exp(-t/(383 &+ 12 ps)). the S — S transition, the R640 molecule dissipateg.1 eV
of energy by nonradiative relaxation from ® S;, an amount
S1 — S transition in R640 must be long-axig) (polarized and  of energy sufficient to cause local heating. Such a phenomenon
the S — S transition is short axisyj polarized. would give rise to a reduction in the viscosity, and through this
Excitation-Dependent Reorientation Dynamics.A closer change the reorientation time constant of the solute will decrease.
examination of the reorientation data provides even greater Based on the magnitude of the decrease in reorientation time
insight into the energy dissipation dynamics operating in this for excitation of the g state, we can estimate the change in
system. A comparison of eqs 5 and 8 reveals that the Cartesiartemperature using the following strategy. From eq 1, we can
component of the rotational diffusion constant sensed by both relate the state-dependence of the reorientation time to the
measurements is the same; the experimental time constant  transient change in viscosity. The bulk viscosity of liquids can
6D,~1. This is not a surprising result, given the fact that we are be modeled phenomenologically, and from this model we can
observing motional relaxation from the State in both cases, relate the change in viscosity inferred from the reorientation
and it is well established that relaxation from thet&the S data to the change in temperature sensed by the experimental
manifold is fast for complex organic molecules. We present the measurement. Using the phenomenological change in temper-
solvent-dependent reorientation times for excitation of both the ature and knowing the amount of energy dissipated, we can
S, and S states in Figure 6. These data demonstrate an estimate the effective distance over which temperature gradient
interesting effect. For small solvents, such as methanol andpersists. We describe each step in this process below.
ethanol, and for large solvents, suchmasonanol anah-decanol, Relating the change in reorientation time to the bulk solvent
we observe the same experimental reorientation times for viscosity is accomplished through the modified DSE equation.
excitation of either $or $. For R640 in the intermediate
solventsn-propanol througm-octanol, however, we measure Ar. = AL Vi ~ AnVf (10)
reorientation times for Sexcitation that ardasterthan those OR TI\ksS]  kgTS
for S; excitation. This result is reproducible and appears to be
inconsistent with the theory put forth in eqs-2. Because we  |n this model, both the viscosity and the temperature change.
are measuring the dynamics of the same state of R640 for bothwe assert that the dominant contributionAeor is Ay and
sets of data, in the framework of eq 1, the volume and shape ofnot AT. The reorientation time changes at mest5% while
the probe as well as the solversiolute boundary condition must  the temperature change consistent with this result is on the order
be the same for both sets of experiments. The only quantitiesof a 3% increase. Because the bulk viscosity depends sensitively
that could change as a result of the different excitation conditions on the temperature, it i&7 that is primarily responsible for
are the temperature and the viscosity of the environment in the Azqp,
immediate proximity of the probe molecule. We believe that  The bulk viscosity of liquids is well understood and has been
both of these quantities change and discuss our basis for thismodeled accurately in a number of different ways. The origin
assertion below. of the phenomenon of viscosity is the interaction between
The only difference between the two series of experiments molecules as they translate past one another in solution.
lies in the excitation wavelengths used (580 nm vs 290 nm). Attractive interactions between molecules impede their flow,



Reorientation Dynamics of Rhodamine 640 J. Phys. Chem. A, Vol. 105, No. 41, 2004333

TABLE 1: Experimental Reorientation Times and Changes in Solution Viscosity and Temperature Associated with Internal
Conversion of R640

solvent Tor (S1) (pS) Tor (S2) (PS) Ator (S — S1) (ps) An (cP) AT (K)
methanol 134+ 3 146+ 14 12+ 10 0.07+ 0.06 —8.59+ 7.36
ethanol 254t 5 209+ 23 —45+ 17 —0.23+0.09 11.9+ 4.66
1-propanol 449t 49 393+ 21 —56+ 38 —0.26+ 0.17 6.30+ 4.11
1-butanol 709t 9 507+ 61 —202+ 44 —0.84+0.18 12.6+ 2.69
1-pentanol 958 2 7554+ 52 —203+ 37 —0.77£0.14 7.504+ 1.36
1-hexanol 1499 23 1223+ 26 —276+ 25 —0.96+ 0.09 6.60+ 0.62
1-heptanol 1973 47 1635+ 23 —338+ 37 —1.09+0.12 5.744+ 0.63
1-octanol 2280t 54 1993+ 47 —287+51 —0.86+ 0.15 3.77+ 0.66
1-nonanol 2586t 102 23344+ 304 —2464+ 227 —0.70+ 0.65 271+ 251
1-decanol 343% 241 3212+ 358 —227+ 305 —0.59+ 0.80 211+ 2.86

TABLE 2: Solvent Properties and Quantities Extracted from Transient Heating Calculations

solvent 7 (cP) C, (J/mol K) x (J/Im s K) Ar (A) Vihermal (A3) Vearc (A3)
methanol 0.576 73.2 1.32 -1.2+1.0 624
ethanol 1.032 104.0 2.28 281.1 92 709
1-propanol 1.796 135.6 3.92 2461.7 74 794
1-butanol 2.377 168.8 5.20 6#91.5 1376 879
1-pentanol 3.160 200.7 6.88 5441.0 660 964
1-hexanol 4.146 233.0 9.01 6420.6 998 1049
1-heptanol 5.427 25524 11.3 6.8+ 0.8 1317 1134
1-octanol 6.878 276.2 13.9 551.0 697 1219
1-nonanol 8.685 315°0 18.0 5.3+ 4.8 623 1304
1-decanol 10.524 3448 21.7 4.8+6.5 1389

aThe quantityViermalis extracted fromAr andVeaie = Vsote + 5Vsovens Where these volumes are determined using Edward’s méthbdhese
values ofC, are interpolated from literature data for the other alcohols.

and the energy required for this action to occur is termed the kinetics of internal conversion, we believe the time duration of
viscous flow energy. Solution viscosity is typically treated in the excitation pulse (5 ps) is limiting in this case. The heat pulse
the context of an activated process and, as such, it has aassociated with internal conversion of R640 is related to the
predictable temperature dependence. The details of the tempertemperature gradient in the system according to &§ 13

ature dependence are determined by the viscous flow energy daT

and the prefactor in an Arrhenius expression. Because this A= S (13)
temperature dependence is different for each liquid, the most t dr

common approach to characterize this functionality is using a wherex is the thermal conductivity of the bath,= #C,, Ais
parametrized fit. One such successful approach is to expresshe “area” of the radiator, which we take as the area of the

the relationship between and T’ chromophorer system, and Wdr is the temperature gradient
in solution that is induced by dissipation of the excess excitation
T= A_ nB+C (11) energy. We take the heat pulsgt, as the energy dissipated
n during the duration of the excitation pulsgt = 2.13 eV/5 ps

.= 68 nW. The area of the radiator is that of the chromophore
where A, B, and C are parameters used to match the experi-,_system, and we approximate the dimensions 12 &4 A =
mental viscosity temperature dependence to the model. Fromjgg A2 The thermal conductivity of the bulk solvents is

eq 11, an empirical expression for the temperature dependencgjetermined by their viscosity and heat capacity, and both of

of the viscosity can be derived these quantities vary in a regular manner with solvent aliphatic
) chain length (Table 2). From these data we calculatdrdand,
dp __ -7 (12) using the phenomenologicAlT determined from the reorienta-
dr'To A+ ;723 tion experiments, we can estimate (Table 2). With the value

of Ar, we calculate the volume for the corresponding sphere
whereTy is the ambient temperature of the bulk liquid. We use and compare these results to the values of the hydrodynamic
the published parameters A and B to determine the quantity volume of the reorienting moiety consistent with the experi-
dn/dT. With this information and the quantit&y (eq 10), we mental data (Figure 2, Table 2). What is immediately apparent
can estimat\T (Table 1). The quantitAT is the estimate of ~ from a comparison of the thermal gradient and hydrodynamic
transient heating that gives rise to the state-dependent reorientavolume data is that, for low and high viscosity solvents, there
tion dynamics we observe experimentally. is not a correspondence, while in the intermediate region, the

At this point we consider the significance of the temperature agreement is reasonable. Where there is a correspondence, we

jump we extract from the experimental data. The excess energynote the similarity of the two volumes. It thus appears that the
deposited into the system is simply the difference in energy temperature gradient exists largely over a distance consistent
between the excitation energies used to pump the-SS, with a single layer of solvent molecules. Those molecules in
transition (290 nm) and the;S— S transition (580 nm). We  closest proximity to the chromophore will be the primary
calculate this energy difference to be 2.13 eV. This heating pulse recipients of the excess energy. Solvent molecules beyond the
occurs during the time required for the population to relax from solvent cage in the immediate proximity of the probe molecule
the S to S states, and this time is determined by the are coupled strongly to the solvent bath and are thus character-
intramolecular relaxation time or the duration of the excitation ized by the bulk temperature of the system. The solvents that
pulse, whichever is longer. Because of the characteristically fastdeviate from this model do so for reasons that we understand.
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It is well established that the-alcohols are characterized by  order of 10 K. We observe this transient temperature change
long dielectric relaxation times, ranging from100 ps for with the relaxation time of the thermal gradient to be on the
methanol to~2 ns forn-decanof® This anomalous property  same order as the reorientation time of the probe molecule, and
of the alcohols is attributed to the extensive H-bonded network whenever this condition is not obtained, the thermal gradient is
these solvents form, and it is this relaxation time that is related not manifest in our experimental data. This thermal gradient
to solvent molecule exchange in the solvent cage surroundinggenerated by excitation to the State appears to be dissipated
the solute. To detect the thermal relaxation event, it is necessaryover approximately one solvent shell.
to use a detection time window less than or on the order of the
dielectric relaxation time. For the solvents methanol, ethanol, Acknowledgment. We are grateful to the National Science
and 1-propanol, we observe little or no excitation energy Foundation for support of this work through grant CHE
dependence to the reorientation time. We assert that the reasof090864.
for this behavior is that exchange of solvent molecules in the
solvent cage is fast relative to the time constant for reorientation, References and Notes
the effective time window over which we sense the transient (1) sanders, M. J.: Wirth, M. Them. Phys. Let1983 101, 361.
temperature change. Thus, the solvent molecules heated initially ~ (2) Gudgin-Templeton, E. F.; Quitevis, E. L.; Kenney-Wallace, G. A.
by nonradiative transfer are lost to the bath rapidly, and the J- Phys. Cheml985 89, 3238.
temperature of theveragesolvent cage sensed by the reorient- 83 xgﬂ j:rr::: AA'; t‘:ssssiwg’#gi?eé"unzgﬁéiﬁ éﬁ&i“éhaﬁm
ing moiety is close to that of the bulk solvent. 83, 181.

We also observe no excitation energy-dependence to the (5) Von Jena, A Lessing, H. EChem. Phys. Lettl981, 78, 187.
reorientation times for the longest chain solventapnanol and g% EI':;?;Z"’,"G%EQC;ﬂgthA_;Rlsfb?zgoﬁ: (131_5\3&h em. Phys1976
n-decanol. We believe that this finding is due to two factors. 17, 91,
First, the thermal conductivity of the-alcohols increases with (8) Shank, C. V.; Ippen, E. FAppl. Phys. Lett1975 26, 62.
solvent aliphatic chain length because of the increased degrees,__(9) Millar, D. P.; Shah, R.; Zewail, A. HChem. Phys. Let.979 66,
of freedom in these molecules. Thus, the energy transfer to the ™ 14) Gudgin-Templeton, E. F.; Kenney-Wallace, G.JAPhys. Chem.
bath mode is most efficient for these solvents. The second factor1986 90, 2896.
is that the temperature we sense is averaged over the solute (11) Blanchard, G. J.; Wirth, M. JI. Phys. Cheml1986 90, 2521.
reorientation time. The reorientation of R640 is slowest in these &g E:ZEEEZ% g: 31] SEZT'C'?%?F?S@S&E;%%SS 92, 5950.
solvents, affording the greatest time for dissipation of energy  (14) Blanchard, G. 1J. Phys. Chem198§ 92, 6303.
within the window of observation. (15) Blanchard, G. 0. Phys. Chem1989 93, 4315.

We note that we are not the first group to conclude that the g% 2:23?3%.;(}B—I.aﬁnqglh,(:Rhesﬂl\/?lgajgclk,zg?gl:Phys. Chemi091
transfer of (vibrational) energy from solute to the immediate g5 6770,
solvent environment is facile. Iwata and Hamaguchi have found  (18) Hartman, R. S.; Alavi, D. S.; Waldeck, D. Bl.Phys. Chen.991,
evidence from transient&Raman spectra of stiloene in selected 95 7872. .
solvents that the transfer of vibrational energy betvyeen the solute ggg é'%l%&ﬁ???ﬁga%‘;;.P@SF;@Z?%Z?T?ISSQG&?%.
and the first solvent sphere proceeds over a time scale that (21) Pauls, S. W.; Hedstrom, J. F.; Johnson, GCKem. Physin press.
depends on solvent but that is similar to the reorientation time  (22) Elsaesser, T.; Kaiser, WAnnu. Re. Phys. Chem199], 42, 83.

; i 2 (23) Lingle, R., Jr.; Xu, X.; Yu, S. C.; Zhu, H.; Hopkins, J. B.Chem.
constant of stilbene in these systeft$2 Subsequent solvent Phys.1990 03 5667,

solvent energy transfer appears to proceed more slowly. Our {24y anfinrud, P. A.; Han, C.; Lian, T.; Hochstrasser, R. 8.Phys.
findings are in excellent qualitative agreement with that work. Chem.199Q 94, 1180.
(25) Heilwell, E. J.; Casassa, M. P.; Cavanagh, R. R.; Stephenson, J. C.
. Annu. Re. Phys. Chem1989 40, 143.
Conclusions (26) Heilwell, E. J.; Cavanagh, R. R.; Stephenson, JCRem. Phys.

. . . . Lett. 1987, 134, 181.
We have studied the reorientation behavior of the polar probe "~ 7 Heilweil, E. J.; Cavanagh, R. R.; Stephenson, I.Chem. Phys.

molecule R640 in the series of alcohols methanol through 1989 89, 230.

n-decanol. By measuring the reorientation dynamics after ; (02;3) H%‘ﬁvzll'é%éJQSnggisa, M. P.; Cavanagh, R. R.; Stephenson, J. C.
i ; ; : . Chem. Phy: , .

excmng to two dlff.erent excited e!ectronlc states, we have (29) Hambir, S. A Jiang, Y.; Blanchard, G.dl. Chem. Phys1993

determined unambiguously that this molecule reorients as agg 6075.

prolate rotor in these solvents. We have also determined that (30) Jiang, Y.; Blanchard, G. J. Phys. Chem1994 98, 9411.

— iti i _axi i (31) Jiang, Y.; Blanchard, G. J. Phys. Cheml1994 98, 9417.
the § — S transition is long-axisx) polarized and the S5— (32) Jiang. Y. Blanchard. G. J. Phys. ChemL008 99, 7904,

Sy transition is short-axisyj polarized for R640. Modeling these (33) McCarthy, P. K.; Blanchard, G. J. Phys. Chen995 99, 17748.
data in the context of the modified DSE model indicates that  (34) McCarthy, P. K.; Blanchard, G.J. Phys. Chenl996 100, 5182.
the interactions between solvent and solute are stronger than 823 ahapiro,ns_. |\|7| \'/:Vlinnz K. FéCf;gm-CEhyS- éﬁ“ﬁ?@f&é“éﬁél

: : “ efinl” ; aroncelli, M.; Fleming, G. RJ. Chem. Phy: , 86, .
predlct_ed by this mode_l. The ‘super s_tlck behavior seen for (37) Huppert, D.. Ittah, V.; Kosower, EChem. Phys. Lett1989 159
R640 in then-alcohols is consistent with that seen for other 247.
charged dye molecules in polar solvents, and we can model (38) Chapman, C. F.; Fee, R. S.; Maroncelli, 84.Phys. Cheml99Q
these data in the context of close solute association with four 94 4929.

fi | | | W ke this findi indi h (39) Huppert, D.; Ittah, VChem. Phys. Lett1l99Q 173 496.

to five SQ ve.nt mo epu es. We take t _'s in Iﬂg tQ indicate that (40) Jarzeba, W.; Walker, G. C.; Johnson, A. E.; Barbara, Ehem.
the reorienting moiety we observe in solution is a solvent  Phys.1991, 152, 57.
solute complex where the lifetime of the solvesblute (41) Wagener, A.; Richert, RChem. Phys. Lettl991 176, 329.

interactions are on the same order as the reorientation time. 95(‘&)70&’9’ R.'S.; Milsom, J. A.; Maroncelli, M. Phys. Chem1991,

Comparing the results of the reorientation measurements for  (43) Yip, R. W.; Wen, Y. X.; Szabo, A. GJ. Phys. Chem1993 97,
the two different excitation conditions reveals the effects of 104(1323). oo RS M . MChem. Phys1994 183 235
H 7 H ee, R. S5.; Maroncelll, em. yS. .
tranSIem. heating in SUCh measurememsf We h.ave found. that (45) Debye, PPolar Molecules Chemical Catalog Co.: New York,
the transient change in temperature associated with nonradiative; g29:'p g4.

relaxation from the Sto S electronic states in R640 is on the (46) Perrin, F.J. Phys. Radiuni93§ 7, 1.



Reorientation Dynamics of Rhodamine 640

(47) Chuang, T. J.; Eisenthal, K. B. Chem. Phys1972 57, 5094.

(48) Hu, C. M.; Zwanzig, RJ. Chem. Physl1974 60, 4354.

(49) Youngren, G. K.; Acrivos, AJ. Chem. Phys1975 63, 3846.

(50) Zwanzig, R.; Harrison, A. KJ. Chem. Phys1985 83, 5861.

(51) Madden, P.; Kivelson, Dl. Phys. Chem1982 86, 4244.

(52) Kivelson, D.; Spears, K. Gl. Phys. Chem1985 89, 1999.

(53) Philips, L. A;; Webb, S. P.; Clark, J. H. Chem. Phys1985 83,
5810.

(54) DeWitt, L.; Blanchard, G. J.; LeGoff, E.; Benz, M. E.; Liao, J. H.;
Kanatzidis, M. G.J. Am. Chem. S0d.993 115 12158.

J. Phys. Chem. A, Vol. 105, No. 41, 2004335

(55) Edward, J. TJ. Chem. Educl97Q 47, 261.

(56) Goldie, S. N.; Blanchard, G. J. Phys. Chem. A999 103 999.

(57) Riddick, J. A. InOrganic Solents Techniques of Chemistry
Wiley: New York, 1986; Vol. Il.

(58) Bromberg, J. PPhysical Chemistry 2nd ed.; Prentice Hall:
Englewood Cliffs, NJ, 1984.

(59) Garg, S. K.; Smyth, C. B. Phys. Cheml969 69, 1294.

(60) Iwata, K.; Hamaguchi, HJ. Mol. Lig. 1995 6566, 417.

(61) Iwata, K.; Hamaguchi, HJ. Phys. Chem. A997 101, 632.

(62) Iwata, K.; Hamaguchi, Hl. Raman Spectros@998 29, 915.



