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We have studied the linear optical response and orientational relaxation dynamics of a family of rhodamine
dyes in which there is substantial variation in the chromophore structure. For these chromophores, the identity
of a substituent at the center ring (1) position mediates the linear optical response of the chromophore, and
semiempirical calculations provide agreement with experimental data. This phenomenon can be understood
in terms of the extent of conjugation of the chromophore ring system. The reorientation data for these
chromophores in several polar protic and aprotic solvents are nominally consistent with the predictions of the
modified Debye-Stokes-Einstein (DSE) model. In several cases, polar aprotic solvents are found to interact
more strongly than polar aprotic solvents with the rhodamine chromophores, despite the difference in the
nature of intermolecular interactions in the two types of solvents. The terminal amino functionalities on the
rhodamines exhibit stronger interactions with protic solvents than the analogous chromophores that have
been structurally modified to constrain amino group rotation. The data point to the importance of both site-
specific solvent-solute interactions and dipetalipole interactions in mediating the solution phase dynamics

of rhodamines.

Introduction structure, steady state spectroscopy, and solution phase dynami-
cal properties. It is our ultimate intent to use this family of

The interactions between molecules determine both the molecules in interfacial and other sterically restricted environ-
microscopic and bulk properties of essentially all solution phase L . y -
ments, such as lipid bilayers and micelles. A prerequisite for

systems. Achieving a detailed understanding of these interactions . . . .

has proven to be an elusive task because of their strength andNOrklng n such environments is the development of an
their characteristically short persistence time. The time scale under;tandlng of the ro!e of chromophor.e structure on the
of solvation phenomena in polar liquids is considered to be on experimental data we will acquire. I_:or t_h|s reason we have_
the order of the longitudinal relaxation time of the solvent and undertaken a study of several rhodamines in selected polar protic

can range from~100 fs for polar aprotic solvents to hundreds and aprotic solvents. . . .
of picoseconds for high viscosity solvents characterized by Although the rhodamines are versatile probe molecules, their
strong hydrogen bondink? The process of measuring such structural features serve to complicate the interpretation of
phenomena usually requires the use of a chromophore that carfxperimental data in many cases. For example, several rhodamines
be accessed using short light pulses, and the properties of th?0SSess a pendamtsubstituted phenyl ring and both the
chromophore can have a substantial influence on the informationSubstituents and ring orientation relative to the chromophore
obtained from the experiment. Owing to the complexity of these plane can influence the motional and spectroscopic properties
systems, much information in the literature must be considered °f the molecule. The extent of structural freedom remains largely
valid for only a specific chromophore or, at best, a limited undetermined for this ring, as does its role in mediating excited-
number of structurally similar systerfistt state relaxation and motional properties. We have studied the
The rhodamines are a family of molecules that have been steady-state spectroscopy and orientational relaxation dynamics
used extensively as dyes for fabrics, biological stains, water Of five substituted rhodamines (Figure 1). Our data, in conjunc-
markers, probes for studies of molecular-scale processes intion with semiempirical calculations, indicate that, for several
condensed phases and at interfaces +mstst interactions, and ~ ©f these rhodamines, dipolar solversolute interactions play
laser dyed2-22 The utility of this family of dye molecules stems @t least as significant a role as hydrogen-bonding interactions
from their characteristically strong absorption in the visible N determining reorientation dynamics, despite the significantly
combined with relatively high fluorescence quantum yields and different time scales that are characteristic for these interactions.
several-nanosecond fluorescence lifetimes. There are a substan-
tial number of rhodamine®, with most of the structural Experimental Section
variations being made with the intent of controlling optical
properties such as absorption energy or fluorescence lifetime. ) ; i
The various structural features of the rhodamines make SyS_Ias,er spectrometer used_lnthege reorientation measurements has
tematic interpretation of experimental data difficult at best. We Peen described in detail previousfyand we present only a

are interested in understanding the relationship between rhodamind/€f Synopsis of its operation here. A mode-locked continuous-
wave (CW) Nd:YAG laser (Coherent Antares 76-S) produces

* To whom correspondence should be addressed. E-mail: blanchard@30 W of average power (1064 nm, 100 ps pulses, 76 MHz
chemistry.msu.edu. repetition rate). The output of this laser is frequency-doubled
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Figure 2. Absorption and emission spectra of (a) R610 and (b) R640,
in methanol.
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Fluorlog-3 spectrometer. These data were compared to semi-
empirical computational results (Hyperchem v. 6.0) and were
O \ used to determine the appropriate pump and probe wavelengths
0 for each chromophore/solvent combination.
Chemicals and Sample Handling.The probe molecules
R800 rhodamine 610 (R610), rhodamine 640 (R640), rhodamine 700
Figure 1. Structures of the five rhodamines studied here. (R7OO_)’ and rhodamine 800 (RSOQ) were Obtaine_d from Exciton
Chemical Co. and used as received. Rhodamine 610 lactone
(R610 lactone) was obtained from Aldrich Chemical Co. and
to produce~3 W of average power at 532 nm. The second was used as received. All solvents except water were obtained
harmonic light is used to excite two cavity-dumped dye lasers from Aldrich (99+% purity) and were used without further
(Coherent 702) synchronously, with the output of both lasers purification. Distilled, deionized water was available in-house.
being ~70 mW average power at 8 MHz repetition rate, The concentration of all solutions used for laser measurements
producing~7 ps fwhm autocorrelation trace using a three plate was 10uM. Measurements of R700 solutions were hampered
birefringent filter. The pump dye laser was operated using by bleaching of the solution. This effect was mitigated by
Pyrromethene 567 dye (Exciton) at 549 nm (for R610 and ring- replacement with fresh solution on at least a daily basis, or as
opened R610 lactone experiments) and 564 nm (for R640 warranted. All measurements were taken using a flow cell with
experiments). For experiments on R700 and R800, the pumpa 1 mm path length. Solution temperatures were maintained at
laser was operated using LDS698 dye (Exciton) (645 nm for 298 + 0.5 K (Neslab EX100-DD).
R700, 682 nm for R800). The probe laser was operated with
rhodamine 6G dye (Kodak) at 564 nm (for R610 and ring- Results and Discussion
opened R610 lactone experiments) and 580 nm (for R640
experiments). Kiton red dye (Exciton) was used in the probe  We are interested in using rhodamines as probes of their local
laser for R700 and R800 chromophores (615 nm for R700, 622 environment in a number of systems, such as bulk liguids,
nm for R800). The pump wavelength and probe wavelengths micelles, polymer matrixes, and interfacial adlayers. To make
were chosen to access the & S transition of each chro-  use of these chromophores, we must first understand their optical
mophore to detect ground-state population recovery. The probeproperties and the relationship(s) between chromophore structure
laser polarization was set t6 @nd 90 relative to the pump and intermolecular interactions. We consider first the structure
laser polarization for individual scans of parallel and perpen- dependence of the linear optical response of rhodamines, with
dicular polarization used in acquiring orientational relaxation an eye toward understanding experimental trends in the data.
data. The time resolution of this systeml0 ps, is determined ~ With that understanding in place, we will consider the reorienta-
by the cross-correlation of the pump and probe laser pulses.tion dynamics of several rhodamines in polar protic and aprotic
Detection of the transient signals was accomplished using a radiosolvents. Our data point to the importance of dipolar sokvent
and audio frequency triple-modulation scheme, with synchro- solute interactions, in systems where intuition would suggest
nous demodulation detectifi.26 The reorientation time con-  the dominance of hydrogen bonding interactions.
stants we report here are the average of six individual Linear Optical Response.The normalized absorption and
determinations, each composed of the average eflP0Osets emission spectra of the chromophores studied here are shown
of I;(t) andlI(t) scans. in Figures 2-4. The absorption and emission spectra of R610
Steady-Sate SpectroscopyThe steady-state absorption and R640 (Figure 2) are blue-shifted significantly from the
spectra of the chromophores used here were recorded with 1spectra of R700 and R800 (Figure 3), and the experimental trend
nm resolution using a Cary 300 Bio UWisible spectro- is mirrored in the results of semiempirical calculations performed
photometer. The spontaneous emission spectra for the samavith a PM-3 parametrization (Figure 330 As has been
solutions were obtained with 1 nm resolution using a SPEX indicated by Drexhag® the o-benzoate ring at the 1 position
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Figure 3. Absorption and emission spectra of (a) R700 and (b) R800,
in n-propanol.
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Figure 5. Calculated state energy levels for the rhodamines studied
here. Calculations were performed at the semiempirical level with PM-3
parametrization. State energies and oscillator strengths fetr &
transitions were calculated using the configuration interaction.

state optical properties of the rhodamines, we turn to an
examination of the dynamical behavior of these chromophores.

Conversion of the experimental datg(f) and Iq(t)) to the
induced orientation anisotropy functioR(t), is accomplished
using

absorption (arb. units)

SO R 0 "

g 1) + 210
d '\\ The functionality of theR(t) decay provides important informa-
o S—————— tion on the dynamics of the chromophores. In this work, we
250 300 350 400 450 500 550 60 find that all of the chromophores exhibit single-exponential

wavelength (nm) anisotropy decays and the; S— & transitions accessed
Figure 4. Absorption spectra of R610 lactone in acetonitrile (solid Spectroscopically are polarized along the rhodamine chromo-
line) and ring-opened R610 lactone in methanol (dashed line). phore long axis. These pieces of information, taken together,
indicate that all of the rhodamine probe molecules we use
of R610 and R640 is effectively decoupled from the 3-ring reorient as prolate rotors in the solvents studied. Because of
chromophore system. For R800, we understand the red-shift inthe observed single-exponential decay functionality, we can

the context of an effective increase in the extent ofitheystem interpret our data in the context of the modified DSE equation.
to include the—C=N group. R700 is red-shifted from R610 For all data, the reported zero-time anisotropies are derived from
and R640 because the fluorine 3p atomic orbitals on-té; the regression of the data for times greater than 15 ps after

group at the 1 position can interact with the chromophore excitation, and the uncertainties reported for each quantity are
m-systemil—33 The z-interaction with the F 3p atomic orbitals  the standard deviations for six or more individual determinations.
is not on the same order as that for th€=N = orbitals of We report the quantitieR(0) andzor in Table 1 for the several
R800, and the spectral response of R700 is not shifted as far torhodamines and solvents used. The valud(6j are reflective
the red. of the angle between the excited and interrogated transition
The linear optical response of R610 lactone is qualitatively moments. If these transition moments were pardRél) = 0.40.
different from that of the other rhodamines by virtue of the (R(0) = %sP,(cosd), whered = angle between the transition
presence of the lactone rif¢y:38 Closure of the lactone ring at  moments.) We obseni&0) ~ 0.25 in our measurements and
the 1 position breaks the conjugation of the chromophore system,ascribe the existence of a nonzero angle between these transition
giving rise to an absorption spectrum that is blue shifted by moments to vibronic coupling. This is a typical result for polar
~250 nm relative to R610 (Figure 4). In protic solvents, such chromophores in solution.
as the primaryn-alcohols used in this study, hydrolytic ester The intermolecular interactions of most interest to us are
formation proceeds efficiently with the resultant formation of between polar organic chromophores and associative solvents
the rhodamine chromophore, and a steady-state optical responsand systems that can exhibit spontaneous self-assembly
identical to R610 (Figure 3). This is an expected and well- phenomen&348 For such studies, some spectroscopic property
documented resut:3%-42 With this understanding of the steady- of the chromophore is monitored as a function of a systematic
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TABLE 1: Reorientation Times and Zero-Time Anisotropies for the Rhodamine Chromophores in Protic and Aprotic Solvent3

ring-opened
rhodamine 610 rhodamine 640 rhodamine 610 lactone rhodamine 700 rhodamine 800
solvent R(O) TOR R(O) TOR R(O) TOR R(O) TOR R(O) TOR

acetonitrile  0.26+ 0.02 57+ 3 0.25+ 0.05 50+ 3 0.204+ 0.01 42+ 1 0.224+ 0.02 47+ 5
methanol 0.26:0.03 876 0.24+:0.02 68+2 0.29£0.04 955 0.17+£0.02 48+4 0.22+0.02 50+4
DMF 0.26+0.03 138+5 0.28+0.02 125+ 2 0.214+0.01 97+ 7 0.27+0.01 101+t7
water 0.23£0.03 141+6 0.244+0.06 1213 0.24+0.01 129+:10 0.26+0.02 110£10 0.25+0.02 122+11
ethanol 0.29+-0.03 143+4 0.254+0.02 1356 0.224+0.01 154+9 0.23+0.01 89+3 0.244+0.04 9446
n-propanol 0.2A4 0.01 2294+5 0.25+0.02 227+12 0.27+0.01 310+11 0.19+0.02 152+6 0.224+0.04 156+7
DMSO 0.32+0.03 271+15 0.244-0.04 264418 0.26+0.03 2134+15 0.244+0.02 217410

2 The data are the best fit results of the data to the fund®nh= R(0) exp(t/tor). Time constants are in picoseconds, and the uncertainties
are standard deviations:-{o) for at least six determinations of each quantity. Some data for R610 lactone were not obtained; see text for explanation.

change in the system, such as viscosity or poldfit§? In many TABLE 2: Calculated Dielectric Friction Times for

cases, collecting information in the time domain is most Rhodamine 610 (R610) and 640 (R640)

instructive, with orientational relaxation measurements being solvent R610 (ps) R640 (ps)

perhaps the most information-rich for our purposes. The starting acetonitrile 0.1 0.1

point for the interpretation of molecular reorientation measure- methanol 0.9 0.8

ments is usually the modified Deby&tokes-Einstein (DSE) DMF 0.4 0.3

equatiorp4-56 water 0.1 0.0
ethanol 2.2 2.1
n-propanol 10.9 10.2

— vt @ DMSO 0.2 0.2

TR T TS
2 The times reported are intended to be additive contributions to the

reorientation time calculated using the modified DSE model. Values
This simple model has proven to be remarkably successful in are calculated from Nee and ZwanZigSome values necessary for
providing at least a semiquantitative model for the rotational completion of the calculation are taken from Table 4 and references
motion of molecules in solution. In this modeljs the solvent ~ contained therein.
bulk viscosity,V is the solute hydrodynamic voluniéand the
termsf andSare frictional boundary conditiéhand molecular and we understand this behavior on the basis of the formation
shape factors, respectivél§The frictional boundary condition of an alkyl ester by reaction of the R610 lactone with the alcohol
and molecular shape factors arise from modifications of the solvent (vide infra). We find that the reorientation of rhodamines
original theory, which described the reorientation of spheroidal in polar aprotic solvents is consistent with stick or slightly
particles in a microwave cavity. The DSE model assumes a “superstick” limit behavior, whereas the reorientation of these
continuum solvent and it has been shown to model reorientation Same chromophores in alcohols is slightly substick. We examine
data quantitatively in the limit that the individual solvent these data in terms of solversolute interactions and the
molecules are smaller than the solffe#%5158-68 Discrepancies internal structural freedom available to the chromophores, an
between the modified DSE model and experimental data are€ffect that can influence the effective rotor shape of the
often expressed in terms of the molecular-level breakdown of reorienting moiety and, under some circumstances, can affect
the notion of viscosity or in terms of variations in the friction its apparent hydrodynamic volurié.
coefficient,f, that are related to the interactions between solvent Among the factors that can contribute to stick or superstick
and solute molecules. The main limitation of the DSE model reorientation behavior is dielectric frictiéh5°.70.7376 Dielectric
in the prediction of solute reorientation lies with the molecular- friction impedes rotational motion of molecules in solution on
scale definition of the solutesolvent boundary condition.  the basis of the strength of dipeténduced dipole interactions.
Indeed, this model treats the solvent as a continuum and is thusT he transient polarization of the solution arising spontaneously
incapable of accounting for specific chemical interactions. For from solvent molecule fluctuations will couple to the solute
solvent-solute interactions with a substantial frictional com- permanent dipole moment, with the strength of coupling scaling
ponent, the so-called “stick limit” is uséd,>1:53.66.6572 and for asr—8. The interaction of the solvent fluctuations with the solute
cases where frictional interactions are expected to be lessdipole moment induces a torque on the rotating molecule that
significant, e.g., reorientation of nonpolar solutes in nonpolar acts to slow its motion. This contribution to the solvesblute
solvents, the “slip” limit is used. In this limif can range in boundary condition is expected to operate in addition to the
value from 0 to 1, with its exact value being determined by the frictional terms considered in the DSE treatment and several
effective shape of the volume swept out by the reorienting methods have been used to evaluate the contribution of dielectric
molecule. For some ionic solutes in polar solvents, the reori- friction to solute reorientatioff:"374""For the rhodamines and
entation times measured experimentally exceed those predictedsolvents we use here, this effect is found to be a minor factor
by the modified DSE equation in the stick limit, and such relative to frictional interactions (see Table 2).
systems are termed “superstick”. The central issue for such In protic solvents, both solvensolvent and solvertsolute
systems is determining the dominant contribution(s) to the hydrogen bonding can play a significant role in mediating solute

solvent-solute boundary condition, with dielectric frictirand motion. The characteristic persistence time of these interactions
hydrogen bondint6! being proposed to account for the inlong-chain alkanols is similar to the reorientation times seen
experimental data. for polar solutes in the size range of the rhodamf@ésydrogen

The data we present in this paper are predicted reasonablybonding interactions are known to play a significant role in
well by stick-limit reorientation, save for one case. The ring- determining solvent bulk viscosity, and the Blanchard group
opened form of R610 lactone reorients more slowly than R610, has reported previously on evidence for strong solkventute
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TABLE 4: Selected Properties for the Solvents Used

viscosity vol
solvent cP) (A% u(D) w(s) n e 1 (psy
acetonitrile  0.369 47.1 3.92 39 134 375 0.2
methanol 0.544 36.1 1.70 55.6 1.328 32.6 3.0

DMF 0.794 76.6 3.82 274 143 36.7 1.5
200 Ret0 water 089 206 1.85 82 1333 785 0.2
~ ,.-;’/ ethanol 1.074 53.1 1.69 105 1.361 24.3 8.0
o n-propanol 1945 70.1 1.68 435 1.386 20.1 416
@ 150 - 5 DMSO 1.987 76.8 3.96 206 1478 4.7 9.6
e s g2 \Rm aValues forzp are from refs 45 and references therein. Volumes
& are calculated from ref 50. Viscosity values are from refs 60 and 78.
100 |- s Solvent dipole moments (vapor phase) are taken from rep 78=
S (€wl€0)TD, €0 = N2
-4
50 + s’ 350
g PrOH
300 |- E

0
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Viscosity (cP) 250 |

Figure 6. Reorientation time constants of R610 (solid circles) and
R640 (open circles) as a function of solvent viscosity. The calculated
DSE stick-limit line is shown for each chromophore, with a dashed

line for R610 and a dotted line for R640. g
5150 |
TABLE 3: Calculated Molecular Volumes and & ©
Permanent Dipole Moments for the Rhodamines Examined I
Here? 100 1
probe vol (&) u (D)
R610 418 2.7 50 F
R640 443 2.6
R610 lactone 415 6.7 o
R700 375 5.7
R800 364 37 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

. Viscosity (cP)
aVolumes were calculated from ref 57. Dipole moments were

calculated using Hyperchem v. 6.0 with PM-3 parameterization. Figure 7. Reorientation time constants of ring-opened R610 lactone

(solid circles) and R610 (open circles) as a function of solvent viscosity.

. . . . . The reorientation data for some solvents was not obtained. See text
hydrogen bonding interactions in alcohols and their effect on ¢4 explanation. The calculated DSE stick-limit lines are shown for

the reorientation dynamics observed for these sysféfig! each chromophore. For the ring-opened lactone, the calculated hydro-
In cases where H-bonding can play a role, the interaction is dynamic volume reflects an increase due to ester formation.
typically between the solvent alcohol proton and a specific
functionality on the solute, such as an amine group. Thesethe solvents used here ( Table 4) show that the dielectric
interactions persist for sufficient time, on average, that the effect relaxation times for the low viscosity protic and aprotic solvents
is to increase the hydrodynamic volume of the reorienting are very similar and all are fast on the time scale of reorientation.
moiety (solute plus attached solvent), an effect that can be Thus, the results for this system are substantially in keeping
modeled effectively within the framework of the modified DSE with the DSE model and there is little distinction between
equation. reorientation in polar protic and aprotic solvents because the
We show the solvent viscosity dependence of R610 and R640reorientation time constants for the two chromophores are much
reorientation in Figure 6, along with the dependence predicted longer than the longitudinal relaxation times for the solvents
from eq 2 (lines). The data show that, with minor exceptions, studied.
both R610 and R640 reorient in the DSE stick limit, for both Figure 4 shows the absorption spectra of both the lactone
polar protic and aprotic solvents. Using the finding that the and ring-opened forms of R610 lactone. R610 lactone undergoes
rhodamines reorient as prolate rotors, we calculate a shape factoa ring-opening reaction in alcohols to form the alkyl ester of
of S= 0.9 for both R610 and R640 using Perrin’s equatits. R610. This reaction does not proceed in polar aprotic solvents
The reorientation dynamics of these two rhodamines are and the reorientation data are available only for the ring-opened
expected to be similar on the basis of their hydrodynamic R610 lactone only in alcohols. We show these data in Figure
volumes, 418 A for R610 and 443 Afor R640 (see Table 7, along with the reorientation data for R610 for comparison.
3).571tis well established that polar solutes such as rhodamines The reorientation of the ring-opened R610 lactone and R610
reorient more slowly in polar protic solvents than the DSE model are measurably different, with the exception of reorientation in
would predict whereas in polar aprotic solvents they are modeled ethanol, and we ascribe this difference to the added volume of
well by the (modified) DSE equatiot:58:66-68 the alkyl ester. We note that the addition of the aliphatic tail to
This trend can be understood to a significant extent on the the R610 chromophore yields reorientation behavior that is
basis of the characteristic persistence time of solventute consistent with the “superstick” limit. We believe that this
interactions. This interaction time has been shown to correlate phenomenon is the result of relatively strong interactions
with the longitudinal relaxation time, of the solvent, at least  between the (alkyl) ester functionality and the solvent. This
for polar aprotics: 362 The longitudinal relaxation times for  argument is equivalent to the assertion that the interactions
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250 - to interact with solvents characterized by large permanent dipole
moments (Table 4).

Another structural feature that is worthy of examination is
the shape of the chromophores. R610 and R640, by virtue of
their o-benzoate group at the 1 position, are expected to sweep
out volumes that are substantially more spherical than those
slip limit seen for R700 and R800. This effect is seen in the calculated
ot L shape factors for these two groups of molecutes; 0.9 for
02 04 06 08 10 12 14 16 18 20 22 R610 and R640 an8 ~ 0.8 for R700 and R800. In the stick

viscosity (cP) limit, such a distinction would not matter, but in the slip limit,
250 - b the frictional termf would be larger for R700 and R800 than
for R610 and R640. We are not implying that the rhodamines
behave in the slip limit for the solvents we have studied here,
but if there is any slip-like component to frictional solvent
solute interactions, we assert that such contributions would be
more prominent in systems with a more anisotropic rotor shape,
Slip limit hence the more pronounced solvent dependence for R700 and
0 R800.
02 04 06 08 10 12 14 16 18 20 22 In comparing the reorientation dynamics of R610 and R640,
viscosity (cP) we would expect R610 to be slightly faster than R640 on the
Figure 8. Reorientation time constants of (a) R700 and (b) R800 as basis of the (small) difference in hydrodynamic volume. Instead,
a function of solvent viscosity. Aprotic solvents are shown with open we find that R610 exhibits reorientation times equal to or longer
(O) circles and protic solvents are shown with op&f) §quares. For  than those of R640 in all of the solvents studied. This effect is
each chromophore the calculated DSE stick and slip-limit lines are especially pronounced in the solvents water, methanol, and
shown. ethanol (Table 1). We understand this behavior in terms of the
) ) ) __motional freedom of the terminal amines in R610 and their
between the R610 aliphatic ester moiety and the surroundingegyricted motion in R640. Semiempirical calculations show that,
solvent is of the same order as solvesolvent interactions that  \yhen free to rotate, the amino groups are capable of stabilizing
give rise to the relatively high viscosity of the alkanols. a partial positive charge, making them more amenable to strong

The reorientation dynamics of R700 and R800 are shown in solvent-solute interactions. When both dipolar and structural
Figure 8 as a function of solvent viscosity, along with the DSE contributions to the reorientation and linear response of the
predictions. Included with the data are two lines, the upper being rhodamines are considered, we can understand the behavior of
the DSE predicted reorientation in the “stick” limit and the lower these chromophores within the framework of a single system.
the DSE predicted “slip” limit. These values of the boundary
conditions were obtained using the “stick” limit€ 1) or the Conclusion
calculated “slip” limit § ~ 0.1) for a prolate rotor with shape
factorsS= 0.81 (R700) and 0.84 (R808.The shape factor We have examined the linear optical response and reorienta-
was calculated according to Perffrand the slip-limit frictional ~ tion dynamics of several rhodamines in a series of polar protic
term was determined using the method of Hu and Zwa¥fzig. and aprotic solvents. The reorientation data are all qualitatively
The reorientation data for these two molecules show a clear consistent with the modified DSE model in the stick limit. At
distinction between polar protic and aprotic solvents. In the @ quantitative level, several trends emerge. The first is that
solvents methanol, ethanol, and propanol, both R700 and Rgoodipolar solvent-solute interactions are at least as important in
exhibit slightly substick reorientation times, whereas in water determining reorientation dynamics as are H-bonding interac-
and the polar aprotic solvents, we observe stick-limit behavior. tions for the rhodamines, and the distinction between polar protic
The reorientation dynamics measured in the alcohols are not@nd aprotic solvents is most clear for rhodamines with small

consistent with slip-limit predictions, but there are two clearly Polar substituents at the 1 position. We also find that H-bonding
discernible groups of data (Figure 8). interactions with the chromophore terminal amino groups are

more prominent in chromophores where the amino groups are
free to rotate, and we understand this phenomenon in the context
of the ability of the free and locked amino groups to stabilize
charge. In the case of reactive systems, such as R610 lactone,
only polar protic solvents are capable of participating in a lactone
. A - . : . .2 ring-opening reaction to form an ester. Our reorientation data
tempting to ascribe this difference in behavior to differences in et the formation of the ester and, for the esters, we observe
the structures of these two groups of molecules, and indeed, g qnger solventsolute interactions than are seen for the native

several distinctions can be made on the basis of structure. Thechromophore, R610. The basis for this finding requires further
first distinction is that the calculated permanent ground-state investigation.

dipole moments of R610 and R640 are smaller than those for

R700 and R800 (Table 3). This finding is consistent with the 5 nowledgment. We are grateful to the National Science
expenmeptal (jata 'n, the §ense that, for R610.and 3640’,WeFoundation for their support of this work through Grant
observe little discernible difference between their reorientation 5590gg4.

behavior in the alcohols and in polar aprotic solvents. For R700
and R800, we observe stronger solvesblute interactions for
polar aprotic solvents than for the alcohols or water. The larger
permanent dipole moment of these two chromophores serves (1) Maroncelli, M.; Fleming, G. RJ. Chem. Phys199Q 92, 3251.
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The data for R610 and R640 reorientation differ qualitatively
from that seen for R700 and R800. For the first two chro-
mophores, there is not a clear distinction between their
reorientation dynamics in polar protic and aprotic solvents,
whereas there is clear distinction for R700 and R800. It is
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