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Subpicosecond fluorescence anisotropy measurements are used to characterize the rotational dynamics of
coumarin 153 (C153) in 35 common solvents and eight solvent mixtures at room temperature. The rotational
anisotropy decays of C153 are generally nonexponential as a result of the non-Markovian nature of the friction
on its rotational motion. Rotational correlation times are observed to be larger in polar solvents than in
nonpolar solvents of the same viscosity. This difference is examined in the context of theories of dielectric
friction, which relate the extra friction in polar solute/solvent systems to long-range digiplele interactions.

Since the latter interactions have been thoroughly characterized via dynamic Stokes shift measurements for
the same solute/solvent combinations studied here, the present data provide a unigue opportunity to test general
concepts of dielectric friction. Contrary to expectations, the departures from simple hydrodynamic behavior
cannot be modeled using only theories of rotational dielectric friction. More important than dielectric friction

is the role that the relative solute/solvent size plays in determining the extent of-seti¢ent coupling.

Once this size dependence is approximately accounted for, the remaining departures from simple hydrodynamic
behavior are relatively small in all solvents. In polar aprotic solvents, solvation data indicate that dielectric
friction effects should be rather modest (120% of the total friction). In these solvents no clear correlation

is found between dielectric friction predictions and the observed sodateent coupling. However, in normal

alcohol solvents the effects of dielectric friction are predicted to be large and well beyond the scatter in the
experimental data. No evidence for such an important dielectric friction contribution is observed in these
solvents, in spite of the fact that long-time components of the solvation dynamics do appear to be present in
the rotational friction.

I. Introduction aspects of solutesolvent interactions cause these deviations is
still rather meager.

The present paper reflects an attempt to improve this situation
by providing an extensive set of data on the rotational dynamics
of a relatively simple polar solute, coumarin 153 (C153). Our

The nature of rotational motion in solution has been a subject
of long-standing interest in physical chemistry because such
motions directly reflect the interactions between a solute
molecule and its solvent surrounding$. For this reason,

studies of rotational dynamics provide a useful starting point CFs

for exploring the nature of solvent friction and how it influences

more complex dynamics such as chemical reacti®ince our A
understanding of many aspects of solution phase dynamics has

grown impressively over the past decade, it may seem surprising N o~ Yo

that our understanding of friction in even the simple case of

solute rotation is still far from quantitative. To be sure, some

aspects of solvent friction can be easily understood in terms of Coumarin 153

hydrodynamic theories, which derive from extrapolating the

behavior of macroscopic objects down to the molecular level. primary focus will be on exploring how electrical aspects of
The Stokes Einstein-Debye (SED) model of rotational motion,  the solute-solvent coupling, know as “dielectric friction”, cause
proposed well over half a century a§ds such a theory. It deviations from simple hydrodynamic behavior. In particular,
associates molecular-level friction with bulk viscosity in such we employ the information recently acquired on polar solvation
a way as to provide reasonable estimates of the rotation timesdynamics of this probe in order to explore how dielectric friction
of molecules in solution. However, the coupling between a influences its rotational motion. By doing so, we are able to
solute and its surroundings cannot be quantitatively describeddraw some fairly general conclusions about the relationship
solely in terms of macroscopic hydrodynamics. Experimental between solvation and the electrical component of the friction
data on even relatively large solutes often show characteristicon polar solutes. In addition, the broad range of solvents
departures from hydrodynamic predictions. Itis such deviations examined here also allows for some interesting conclusions
from the SED (and related) theories that are the focus of most regarding other nonhydrodynamic aspects of rotational friction
interest, for it is through these deviations that molecular aspectsof relevance to both polar and nonpolar solutes.

of the solventsolute coupling are revealed. While the The outline of the remainder of this paper is the following.
experimental data on such deviations have been steadilyIn section Il we describe the theoretical background necessary
accumulating, our ability to quantitatively predict how molecular to our analysis and provide some perspective on previous
experimental investigations of rotational dielectric friction.

@ Abstract published irAdvance ACS Abstractganuary 1, 1997. Although we do not review all of the experimental work in
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detail, the references provided in this section are relatively within a single solvent, this proportionality (or something close
complete. To measure rotational dynamics here, we employ to it8) is indeed observed in nearly all cage$? Such a result
the fluorescence up-conversion technique, which enables theis not surprising, since such a proportionality@ is expected
rotational motion of the excited state of C153 to be observed on rather general ground%. What is perhaps more surprising
with subpicosecond time resolution. The apparatus and methodss that the actual rotation times predicted by SED theory are
of data analysis are described in section Ill. The main results often comparable to measured rotation times. That is, the
of this work are then presented in four parts. In section IVA proportionality constant, which was derived by considering only
we describe the nature of the emission anisotropies observedhe behavior of a macroscopic body in a continuous fluid, is
with C153. These anisotropies are generally nonexponential not too far from molecular reality. To the extent that this is
functions of time. We show how this nonexponentiality can the case, measurements of rotational dynamics teach us no more
be related to the time dependence of the friction on rotational about the details of frictional interactions in solution than do
motion. Section IVB then considers (average) rotation times viscosity measurements. However, more often than not, the
and how these times vary with solvent. We find that there is a quantitative predictions of the simple hydrodynamic theory (i.e.,
marked difference between the rotation times measured in polareq 2 withC = 1) are incorrect by a considerable amount. In
versus nonpolar solvents, with rotation being considerably addition, it is very often found that while rotation times may
slower in polar solvents for a given viscosity. We first attempt be proportional tay/T in a single solvent, the proportionality

to associate these differences with the effect of dielectric friction constant varies considerably from solvent to solvent. Especially
on the rotational motion, using the general connection to in the latter case, empirical values of the “coupling parameter”
solvation dynamics established by van der Zwan and Hynes. C, defined by

The failure to find any satisfactory correlation to dielectric

friction predictions then leads us to consider other nonhydro- L(L + DksT )

dynamic effects on the rotational motion in section IVC. There obs — eV Tobs )
- ) . . o7

we show that variations in the rotational coupling caused by

variations in the sizes (and shapes) of solvent molecules are at ) o

least as important as dielectric friction effects in causing the May Serve to point out how the frictional forces on a molecular
different rotational dynamics in polar and nonpolar solvents. Solute differ from those operating on a macroscopic object.
Once this size dependence is approximately accounted for, we Variants of the basic hydrodynamic theory can provide some
again look for the signatures of dielectric friction in section IVD.  insight into the meaning of this coupling parameter. Even using
In polar aprotic solvents, we find that if dielectric friction effects & continuum description of the solvent, it is possible to choose
are indeed present, they are masked by larger solvent size/shapdifferent boundary conditions for solving the hydrodynamic
effects. In normal alcohol solvents, where solvation data imply eguations, an@ can be viewed as varying with this choite!’
large and readily measurable dielectric friction effects, we The original SED equationQ( = 1) presupposes a “stick”

observe none. Fina”y, section V presents a summary and bOUndal’y condition wherein the fluid Iayer immediately adjacent
Comparison to past work as well as some comments on theto the solute is assumed to move with the same VE|OCity as the

apparent lack of dielectric friction effects in this system. solute. But the concept of an infinitesimal fluid layer has no
precise meaning relative to a molecular solute rotating in a
Il. Theory/Background solvent consisting of comparably sized molecules. Thus, strict

application of such a boundary condition is not expected to yield
an appropriate coupling constant. Indeed, a “slip” boundary
condition (zero tangential velocity of the fluid layer adjacent
to the solute) may be a more useful first approximation,
especially in the case of small solufé$:'® For a spherical
solute, slip boundary conditions imply no friction on rotation
(C=0). Fornonspherical solutes, the valuepredicted by
a complete hydrodynamic calculation is a sensitive function of
(1) € 6V ) "
T = o= = o (1) solute shape, ranging anywhere between zero and Hrlityn
AGT 2T addition, hydrodynamic boundary conditions intermediate be-
tween the slip and stick limits can also be examiffedll of
where kgT is Boltzmann's constant times the temperature. these possible variants lead to a great deal of latitude in the

A. Basic Hydrodynamic Theory and Dielectric Friction.
Nearly all analyses of experimental rotational data begin with
the StokesEinsteinr-Debye (SED) model. Assuming that
molecular rotation is analogous to motion of a sphere of volume
V, in a continuous fluid of shear viscosity, Debye derived
the result

form commonly used to analyze experimental deta: is that whatever boundary conditions are applied, the hydrody-
6V f namic prediction forC will approach unity (i.e., the stick
L _ ¢ ' @) prediction) the more “knobby” the solute sha@é® Thus, in

some sense, hydrodynamic models can be used to rationalize
the values ofC observed empirically.
In this expressioi is the rank of the orientational correlation However, even allowing for the possibility of different
function considered(= 2 for the experiments described here), boundary conditions, purely hydrodynamic models are far from
andf is a factor that accounts for the nonspherical shape of the adequate to describe the range behavior observed in experiment.
solute. This solvent-independent constant can be reliably In many instances either “subslip” or “superstick” value<Cof
calculated using results on ellipsoidal bodies derived by P&rin. are observed:* More importantly, for a given solute, the value
Finally, the factor ofC in eq 2b can be considered a “coupling of C is often found to vary significantly with solvent. For
parameter? which serves as an overall correction for deviations example, Ben-Amotz and co-workers have nicely documented
from the basic SED predictions. the fact that polyaromatic hydrocarbons have much smaller
The remarkable success of this simple hydrodynamic theory values ofCqysin alcohols compared to other solveftsClearly,
results from its prediction that rotation times should be such behavior cannot be accounted for by any theory which
proportional to the ratia)/T. When measurements are made models the solvent as a viscous continuum. Descriptions that

ot T L+ DkgT (L + LkgT
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include more details of the solutsolvent coupling are required.  the dielectric friction component, rather than alter@gctually
Unfortunately, whereas experimental information on deviations allows for a part of the friction that does not follow afT law.

from simple hydrodynamic behavior is plentifiit:*°theories A number of theories of rotational dielectric friction have
that adequately describe such deviations are relatively few in peen proposet?-38 beginning with the seminal work of Nee
number. and Zwanzigt® All of these theories share two basic assump-

Theories that go beyond a purely hydrodynamic description tjons ahout the nature of dielectric friction. The first is that the
of rotation can be classified into two main categories. The firSt gonaration of friction due to electrical interactions and other
category consists of theories that explore what role the finite “hydrodynamic” interactions in eq 4 is valid. (Molecular

size of solvent molecules plays in determining the frictional dynamics simulations show that this assumption may be
coupling. These include theories that begin with rigorous kinetic incorrect in the case of small, highly polar solutds. The

1—-23 icti
g‘ei? n; rifju\llt\?irté“ aﬁ&"’g” tas lg:\? :no;e hﬁ;rslst;](;‘lva%grc\;\?ﬁ:es of second assumption is that the polarization response which leads
eirera a ote, nivelson, a Chwarz. € to dielectric friction is linear in the magnitude of the solute

the former theories are perhaps more solidly grounded, they L -
o . o2 charges. From these basic ideas, most theories go on to make
tend to be difficult to apply to experimental situations. (Nev- ha . . ) o
ertheless, Ravi and Ben-Améthave recently made insightful predictions concerning the magnitude of the dielectric friction
comparisons between experiment and the kinetic theories ofby moqellng the polarization response of the solvent with
Evans and co-workefS) We will have more to say about the d'e'ECtT'C continuum 'approaches. For examplg, the Nee
theories of Geirer and Wirtz and Dog al. in section IVvC. ~ £wanzig theory predicts that, for a solvent with a Debye
For now, we simply point out that these theories predict that dielectric response, the dielectric friction component should be
’. . i 0,41

the coupling parameter should decrease as the relative solvent8'V€n by
solute size ratio increases, as which is observed in the present )
experiments. _ 2&2 (€, T 2)(€g — €.0)

Of more direct interest in the present study are a second L= i 32, + € )2 T
general class of models, which relate deviations from simple 0" e

hydrodynamic behavior to the presence of additional mecha- . ) . )
nisms of friction not accounted for in the hydrodynamic In this expressiom anda are the dipole moment and radius of

descriptions. One limiting case of such models can be termedthe solute (assumed spherical), @6ct.., andzp are parameters
“solventberg” pictured’28applicable when long-lived, specific ~ SPecifying the dielectric response of the solvent. The-Nee
associations exist between the solute and solvent. The ideaZWanzig theory and several more sophisticated theories of
behind such models is simple. If one or more solvent molecules dielectric friction have been recently reviewed and tested against
remain attached to the solute over the course of a rotationalComputer simulation results on simplified dipole lattice model
period, it is natural to modifioys SO as to incorporate the entire ~ solvents in ref 42. At least for such idealized solvents, it was
volume of the supramolecular assembly that is actually rotating. found that continuum dielectric predictions for solvation and
The rotation of this assembly then takes place through the friction are rather inaccurate. In this case, molecularly based
surrounding “unbound” solvent, which can be adequately treated models of solventsolute interactions were found necessary in
via hydrodynamic theories. This solventberg approach should order to achieve acceptable agreement with simulation re8ults.
be most useful in the case of small ionic solutes or in cases However, recent experimental studies indicate that these same
where strong hydrogen bonds are present between the solventlielectric continuum predictions do in fact provide reasonable
and solute. But, as we will discuss later, the presence of selute estimates for the solvation behavior of real-world solvéhts.

solvent hydrogen bonding does not necessarily imply that such gyt examination of dielectric friction need not be tied to any
a description will be valid. o particular model of solvation. Using only the basic ideas
Nonspecific interactions can also lead to deviations from gtlined abové? it is possible to show that the dielectric
hydrodynamic behavior, by virtue of an effect termed “dielectric component of rotational friction should be closely related to
friction”. Itis this final source of nonhydrodynamic behavior  anqther experimentally observable phenomenon, “polar solvation
that is the main focus of the present work. The nature of gynamics™#4 The term solvation dynamics refers to the time-
dielectric friction can be dl.ESCf'Ib.ed in the following way. In dependent change in the electrical component of the selute
purely hydrodynamic theories it is assumed that the frictional solvent interaction energy subsequent to some perturbation of

coupling between a solute an_d sol_vent depends _onIy on thethe solute’s charge distribution. This dynamic can be observed
solute shape and the solvent viscosity. Such theories thereforeDy monitoring the time-dependent shift in the emission fre-

predict that polar and nonpolar solutes of identical shape will quency of a suitable solvatochromic probe subsequent to

feel identical friction in any solvent of a given viscosity. But electronic excitatiort The relationship between dielectric
this prediction cannot be completely correct. In a polar solvent, .~ " . o P D .
friction and solvation dynamics is most simply displayed by

an increase in solute polarity (i.e., an increase in the charge on ing that th lute ch distributi b ted
solute atoms) necessarily implies an increase in the magnitudeassumIng at the solute charge distribution can be represente

of solvent-solute interactions and thus in the friction it will by a point dipole moment. In this case the fluctuating torques

experience. The “extra’ friction due to electrostatic interactions that are respon3|ble for the dl.electrlc component of the frlf:t|on
is what is referred to as dielectric friction. This friction is Ccan be easily related to the time-dependent fluctuations in the

generally assumed to simply add to the friction due to other €lectrical field the solvent imposes on the dipo).{****
sources: Assuming a linear solvent response, these same electric field

fluctuations also determine the time-dependent response to a

Ciot = Chya T Cel (4) change in the dipole moment of the solufe«. van der Zwan

and Hyne$ were the first to show that the time-dependent
In this expressiorinyq is the “hydrodynamic” or “mechanical”  spectral shift observed subsequent to exciting such a dipole
component of friction, assumed to be described by eq 2, andchange in a solute is simply proportional to the time-dependent
Celis the electrical or dielectric component of the friction. Since dielectric friction on its rotational motion. These authors derived
the latter is not necessarily proportional to solvent viscosity, what we will refer to as the “van der ZwaitHynes” connection:

D (6)
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12 ~ neutral solute€s:62 or water for charged solutés) are then
Celt) = A {hcAvS (1)} (6) used to measure the extent of dielectric friction. However, use
(Aw) of reference solvents in this way is not straightforward. As we

In s exressoncas s e magniuc of e s of e 41 T0Y 8 nerycrooynam efects et o e szes
emission spectrum (expressed in energy units), e bet eer?: in different solvents in a ya that may be difficult
represents the normalized time dependence of this%hifthe W obs 1 Ol v Inaway y meu

dielectric friction functionZe(t) that appears here is related to to predict or control. Extraction of the dielectric friction

the (integral) friction constant normally encountered in rotational contrlbutlon within a single solvent can also be accomph;hgd
problems via by comparing two or more solutes whose shapes are similar

but whose electrical properties differ. Waldeck and co-workers
2 have attempted several comparisons of this sort with cheféed
Co= ﬂ) () dt=( £ 2){hcA17rv} (7) and uncharged solutés.%® However, just as with solvent
(Au) variation, since chemically distinct solutes cannot have identical
) ) ) ) ) ) molecular shapes, it is once again difficult to assess how much
wherez, is the integral time associated wih(t). While the differences other than the electrical ones of interest contribute
above expressions are derived on the basis of a point dipole;q changes in the solutesolvent coupling one observes. The
approximation for the solute charge distribution, one would ¢jeanest way to get around this difficulty is to measure the
expect the proportionalitf(t) 0 AvS(t) should hold at least  rotation times of a single solute in both its ground and
approximately even without this simplification. electronically excited states. If there is no conformational
B. Experimental Study of Rotational Dielectric Friction. change upon excitation, it is reasonable to expect that the shape
Over the past decade, a number of experimental studies of they the solute is unchanged in the process and that therefore any
rotational dynamics of charged and dipolar solutes have beengjfferences in solutesolvent coupling can be ascribed solely
examined in light of dielectric friction concept.®® While 5 changes in the electrical interactions between the solvent and
there now exists a considerable database of high-quality rotationye two different solute charge distributions. Thus far, com-
data, no definitive understanding of how dielectric friction ,a¢atively few of these sorts of measurements have been made,
influences solute rotation has yet emerged. The reason is thatyhg ynfortunately all of them have involved ionic or hydrogen-
interpretation of experimental data in terms of dielectric friction bond-donating solute!§:52.6459.60 More work along these lines,

ideas is confounded by three difficulties. First, it is not €asy 10 ggnecially with simple dipolar solutes, would be highly desirable.
distinguish between the effects of specific association (solvent- Afinal source of ambiguity in testing dielectric friction ideas

berg formation) and the influence of nonspecific dielectric involves the methods used to predict the magnitudes of the

interaction$* Part of the problem is that, for r ns of ar : .
teractions. art of the problem s that, for reasons o effects expected. The majority of experimental studies to date

experimental convenience, most of the solutes examined to dat s , A
have been charged molecute$:55.56.5860 or molecules with "have employed theories like the Ne2wanzig thgory'% which
rely on point dipole solute/dielectric continuum solvent

hydrogen-bond-donating groups that may be expected to form e s N

specific associations with many solvePd§! For example, one desc.nptlons‘. Thg adequacy of such simplistic ”.“’de's for

of the most thoroughly studied solutes is the anionic dye predicting the electrical component of solvesblute interac-
tions is not clear. First, the representation of the solute as a

“resorufin”. No fewer than five distinct research groups have . T . .

examined this solute in a wide variety of solvefft47:50.59.60.65 spherical point dipole is suspect. As an improvement on the

Especially in alcohol solvents, the interpretations placed on the basic model Alavi ar_ld Waldet_:k recently developed an extension
of the Nee-Zwanzig formalism that treats the case of an

observed rotation times cover a complete spectrum of possibili- o T L - i
ties, ranging from a highly detailed picture of specific attachment €Xtended charge distribution within a spherical cavityrhey
showed that higher moments of the solute’s charge distribution

of a solvent molecule to each end of the sdltite application - . > . ) X
of the point dipole/dielectric continuum description of Nee and €an dramatically increase its interactions with a continuum
Zwanzig® To narrow this wide range of possible interpreta- solvent relative to the case of a centered point dipole alone.

tions, careful selection of solute/solvent combinations is neces- Waldeck and co-workers have applied this idea to successfully
sary. In an attempt to focus on nonspecific dielectric effects, rationalize the rotation times observed in a number of
many of the more recent studies have employed uncharged30|”tes6-6'wes But whether this distributed charge approach is
solutes with no obvious hydrogen-bond-donating gréaps? 6263 _actually more accurate than the ongma! Ne&vanzig approach _
However, even here specific interactions may still play an S not known. In both cases the magnitudes of the electrostatic

important role in some solvents. Alcohols are a case in point, Intéractions are highly sensitive to the choice of a cavity radius,
since virtually any polar solute is likely to have sites available @nd this choice is far from obvious when it comes to the sorts
for possible coordination of a hydrogen-bond-donating solvent. Of solutes studied in experiment. In addition, thgmamicsof

Yet most experimental studies of dielectric friction have in fact the electrical interactions are not always captured adequately
made extensive use of alcohol solvents, for the simple reasonbY continuum solvent modef8. To avoid possible inaccuracies
that only in such solvents does one predict large nonspecific inherent in cav_lty squte/pontmuum dielectric models, a number
dielectric friction effects. Thus, the experimentalist faces the Of recent studies have instead employed various forms of the
dilemma that the solute/solvent combinations that are expectedthe van der ZwarHynes relationship (eq 7§:°"5¢° Thus

to lead to the most readily observable effects are also thosefar, workers have measured some approximation to the mag-
wherein this effect is least clearly interpreted. nitude of the solvation-induced shifv for the solute of interest

A second difficulty that complicates interpretion of rotation and then used solvation times computed on the basis of dielectric
data is the need to isolate the influence of dielectric friction data and continuum dielectric models of solvation. Clearly, a
from other nonhydrodynamic effects. Most experimental studies More exacting test of this connection would be to measure both
of dielectric friction have compared rotation times of a single A? andz, with the solute whose rotational dynamics is being
solute in a series of solvents of varying dielectric properties. €xamined.

Differences inCopsbetween a given solvent and some reference  Due to the difficulties enumerated above, and in spite of a
solvent with negligible dielectric friction (typically alkanes for substantial experimental effort, the influence of nonspecific
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dielectric friction on solute rotation has yet to be unambiguously (alkane solvents) and 5% 10* M (other solvents). The
demonstrated. To do so would require an “ideal” experiment temperature was 22 2 °C. The forward-scattered fluorescence
incorporating the following features. First, the solute chosen was collected and focused into a 0.4 mm BBO crystal by an
for study should be uncharged and have no hydrogen-bond-elliptical reflector. The residual fundamental beam (vertically
donating sites. In this way the possibility of specific association polarized) was subjected to a variable delay and focused into
could be eliminated, at least in polar aprotic solvents. Second, the same BBO crystal with a 100 mm focal length lens to serve
rotation times in both the ground and excited state would need as the gate pulse for up-converting the sample emission. The
to be measured, so that their difference could be used toup-converted light produced by type | phase matching in the
accurately determine the magnitude of the dielectric friction BBO crystal was detected with a photomultiplier tube and
effect. Finally, the solvation dynamics of this same solute would digitized by a photon counter. The overall instrumental response
have to be measured in order to enable complete use of the varof this system was typically 120 fs as judged by the full width
der Zwar-Hynes relationship. Such an experiment would allow at half-maximum of the cross-correlation between the pump and
for a true test of the basic ideas that underly all theories of gate pulses.

dielectric friction. In the present work we report a new set of  The polarization of the pump beam with respect to the gate
rotational meaurements in which most, but unfortunately not beam was controlled by a half-wave plate in the pump arm.

all, of the above requirements are fulfilled. For anisotropy measurements, the half-wave plate was rotated
between the vertical and horizontal positions to measure parallel
Ill. Experimental Section I1(t) and perpendiculdi(t) signals. The polarization purity of

the pump beam was 99.8% as determined by measuring its
extinction through crossed polarizers. The polarization of the
up-converted signal was also confirmed to be better than 99.8%,

DME). which fractionally distilled and dried lecul as judged by the relative intensities of cross-correlation signals
(DMF), which was fractionally distilled and dried over molecular o aq\yred with vertical and horizontal excitation. Using type |

sieves. To obtain nonpolar solvents with viscosities comparable phase matching and vertical polarization of the gate beam, only

to thlose c;f 6”;% lrg)rlrgaél BaPI]cohols,hmllxtures of hexanes and o \erical component of the fluorescence is up-converted.
squalane (2,6,10,15,19,23-hexamethyltetracosane) were preparedece the polarization characteristics of the up-converted signal

volumetrically. , , are independent of the polarization of the excitation beam. The
Steady-state anisotropies were measured in propylene glycole|aive sensitivities for detecting and I (the “G” factor)

using a Spex Fluorolog F212 spectrometer. The sampi8s ( shoyld therefore be unity in these experiments. Comparison
x 107> M) were placed in 1 cm path length cuvettes and then ot sjgnals at times long relative to anticipated rotation times

vacuum-sealed with a removable Teflon fitting. The sealed (“tail matching”) did indeed show an averagevalue of 1.02
cuvettes were enclosed in a copper compartment attached ta. g g3

the cold finger of an Oxford Instruments DN 1754 liquid  cgjiection of a set of anisotropy data consisted of measuring
nitrogen cryostat, which maintained a temperature of 280.0  f,0rescence decays at parallel, magic angle (§4.and
0.2 K during the measurements. Polarized excitation Spe‘:traperpendicular polarizations. A single decay measurement
were corrected for the response of the detection system to eaclyniailed of an average over two scans, each of which employed
polarization component factor) as described in ref 67. The multiple step sizes of 0.02, 0.2, 2, and 10 ps. Fluorescence
wavelength-depende@ factor was determined by averaging yer g total span of 200, 800, or 1100 ps was collected
four emission scans. As a check, the fluorescence anisotropygepending on the rotation times expected in a given solvent. In
of perylene was also measured in propylene glycol at 200 K, 5|5y solvents, the fluorescence of C153 at a given wavelength
and the results were found to be within uncertainties of those may rise or decay rapidly due to the time-dependent Stokes shift
previously reported by Shinitzkgt al® of the emission spectrum. While this dynamics did not produce
Viscosities of the solvents employed here were mostly an gpservable effect on the anisotropies measured (see section
obtained from the compilations of Riddi&k al® The main IVA), anisotropies were generally measured at the particular

exceptions were the nonpolar solvent mixtures, which were \yayelength for which the emission decays showed no fast rise
instead measured with a calibrated routine viscometer (Cannon-g, decay behavior (typically 48@&Aem < 510 nm in polar

Fenske 75 K60) thermostated in a water bath at 25@1 °C. solvents).

These measured viscosities were reproducible to wittifto. Since the rotational time scales observed here are much slower
Their accuracy was assessed by measuring the viscosities ofnhan the instrumental response, time-resolved fluorescence
several well-studied solvents. The viscosities of hexane, deca“”'anisotropiesr(t), were directly calculated from the parallel and
and ethylene glycol measured here were 0.311, 2.31, and 16.5,erpendicular decays without deconvolution. In a variety of
cP, respectively, which agree with literature values (0.294, 2.415, a5t cases, iterative reconvolution fits, which largely remove the
and 17.3 cf) to within about+-5%. effects of instrumental broadening, gave identical results to this
Time-resolved fluorescence anisotropies were measured usingirect method of analysis. The time shift obtained from a
a femtosecond up-conversion apparatus which has been derecovolution fit to the fluorescence decay at the magic angle
scribed in detail in ref 70. Briefly, an unamplified Ti:Sapphire was used to determine the time Originl In Ca|cu|ating the
laser system (Coherent Mira 900F) provided output pulses of gnisotropy decays, account was made for the (small) differential

~70 fs duration at a wavelength of774 nm and repetition  sensitivity to the two polarizations3) and a constant back-
rate of 76 MHz. Light of the doubled frequency, generated by ground contributionlf) by using the form

type | mixing in a 0.2 mm BBO crystal, was used for exciting

Coumarin 153 (Exciton, laser grade) was used as received.
Solvents (Aldrich, HPLC or spectral grade) were used without
further purification, with the exception of dimethylformamide

the sample. The second harmonic was separated by a dichroic 1,(t) — Gl(t)
beam splitter and compressed by a prism pair. The polarization r(t) = — U 8)
of the compressed excitation pulses was controlled by a half- 1y(t) + 2GI(t) — 3b

wave plate prior to focusing into a flowing sample cell with a
sample thickness of 1 mm. Samples for these experimentsTheG factor was obtained by tail matching up-converted signals
consisted of concentrations of C153 of betwees 2075 M [(t) andl(t), and the base lind) was determined by the signal
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Figure 1. Steady-state absorption (solid curve) and excitation aniso- Figure 2. Representative parallell){ magic (m), and perpendicular
tropy (points) spectra of C153 in propylene glycol at 200 K. The vertical (0) emission decays of C153 in HMPAd, = 490 nm). Also shown
line through the anisotropy data marks the excitation wavelength (387 s the instrumental response function (if), which is the cross-correlation

nm) used in the time-resolved measurements. between the excitation and gate pulses. The vertical lines and the times
. . . ) indicated at the top of the figure denote the points at which the sampling
level att < 0. In addition tor(t), the isotropic intensity interval changes. The intervals used here are 20 fs before 1 ps, 200 fs
before 20 ps, and 2 ps before 200 ps and 10 ps between 200 and 800
l,(t) + 214(t) ps.
) = (©)

was also calculated. Comparing this computed isotropic decay
to the experimentally measured magic angle decay provided a
check for errors introduced by laser power instabilities, changes
in sample fluorescence, degradation of sample, or drift of the

detection system. Cases in which the two did not agree to better
than +£5% were rejected.

IV. Results and Discussion

A. Time-Resolved Anisotropies and Time-Dependent o
Friction. In order to estimate the initial anisotropft = 0) to ~'--'_;_;___ 1
be expected in the time-resolved experiments, we first examine ) ]
the steady-state anisotropy of C153 in a glassy solvent,
propylene glycol at 200 K. The steady-state excitation aniso-
tropy (emission observed at 555 nm) is shown in Figure 1. As 0 LT T T 0T oo 1000
can be seen from this figure, the excitation anisotropy of C153 ‘ " Time (ps)
is nearly constant over the region of the lowest frequency

abso_rp_tl_on band. This constancy, a_nd the fact_ tb_at« 04 exponential and biexponential functions. Data are for C153 in HMPA.
the limiting value fo_r pa_ra_llel absorption and emission dipoles 1 points shown in the bottom panel are i values calculated
underscores the simplicity of the; Spectrum of C153! from the decay data in Figure 2 using eq 8. The solid curve through
Between 353 and 486 nm (the points where thalSorption these points represents the biexponential fit to rifip data (eq 10).
has dropped to 10% of its maximum value), the steady-state The two top panels are the residuals of the single-exponential (top)
anisotropy is well fit by the linear relationy = 0.3267+ 1.206 and biexponential (middle panel) fits. The fit parameters in these
x 1041 (nm). At the excitation wavelength employed here ©Xamples are as follows. 1-exp(0) = 0.350,71 = 137 ps,” = 2.1;
(387 nm), the value ofy is 0.373% 0.005, which corresponds 2-exp: 1(0) = 0.367,21 = 0.13,71 = 9.1 ps,72 = 157 ps,,* = 1.0.
to an angle of 12between the absorption and emission transition essential when highly dispersive kinetics, such as occur in
moments. For judging the initial anisotropy expected in a given solvation dynamics, are studié@l.In the present context, we
solvent, some account must be made for the fact that the have found that collecting data in this manner is also helpful
absorption spectrum of C153 shifts systematically as a function for observing nonexponentiality irft), as discussed below. After
of solvent polarity. If we assume thag in a given solvent checking for consistency between the isotropic decay (calculated
depends only on the relative positionfgf within the absorption from eq 9) and the observed magic angle decay, anistropies
profile, the values of, are expected to vary between 0.378 in were constructed from(t) andl(t) according to eq 8. Typical
nonpolar solvents and 0.373 in the most polar solvents. Thisr(t) functions are provided in Figures 3 (HMPA) and 4
change with excitation wavelength is relatively small. It (1-pentanol).
therefore seems reasonable to simply assume tie@) should Before discussing the analysis of such data, we digress
lie within the range 0.374: 0.008 in all solvents. momentarily to point out that the emission of C153 differs from
Representative time-resolved decays of C153 in hexameth-that of most other probes used to study rotational dynamics.
ylphosphoramide (HMPA) are shown in Figure 2. The unusual Since the spectrum of C153 undergoes a time-dependent shift
appearance of this “raw” data stems from the use of multiple of ~2000 cnt?! in polar solvents, even emission collected at
step sizes in data collection. Multiple time-step scans are the magic angle is often highly nonexponential. For example,

Figure 3. Example of an emission anisotropy decay fitted by single-
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-1, — , , (0.366-0.382), they,? statistic® was close to unity, and the
residuals showed no clearly nonrandom pattern. In roughly half
of the solvents examined here a single-exponential function was
sufficient to represent the anisotropy data to within the S/N level
of the data. For the remaining solvents a second, faster
.- component had to be added to the primary exponential
\ component in order to achieve a satisfactory fit. In such cases
—-2.r 1 SN, ] sensible fits could usually be achieved by varying all four
k N g parameterst(0), ai, 71, andy, simultaneously. However, in
AN the four most viscous solvents, components of the anisotropy
: decayed with time constants longer than 300 ps. Due to the
limited scan range of the up-conversion instrument (1.1 ns), in
. . these four solvents the time constant of the slower component
“slip” (r2) was held fixed at the values determined from separate time-
- ‘ correlated single-photon-counting measureméhts.
0. 100. <00. 300. A summary of the fits to the anisotropy decay data is provided
Time (pS) in Table 1. For the majority of the solvents, more than one
Figure 4. Rotational anisotropy data (points) and fit (solid curve) for data set was collected and averaged to obtain the final result
C153 in 1-pentanol at 295 K. The solid curve through these points listed. The column labeledN” in this table indicates the
represents the biexponential function(t) = r(0){0.446 exp{t/31.6 number of independent measurements performed in a given
ps)+ 0.554 exp{-t/405 ps}, with r(0) = 0.378. The dashed lines are  solvent. Also listed under the headin@*is some indication
the results of hydro_dynamlc (_:alculatlons base(_j onan eII|p30|d_aI model of the overall quality anticipated for a given data set, with 1
of the solute and stick and slip boundary conditions (see section I1VB). indicating the highest and 3 the lowest quality results. (These
assessments are based on overall S/N levels, the degree of the
match between isotropic and magic decays, etc.) In cases where
biexponential fit parameters are listed, the parameters are

ns in this solvent. It is important to consider whether this . ,51eq such that individual values may not have particular
spectral movement or the underlying solvation process that it gjgnificance. In these cases it is preferable to use as measures

reflects has any direct bearing on the anisitropy decays being ¢ the rotation times the initial time constant,
measured. Some indication of a direct coupling between

solvation dynamics and rotational motion was recently provided ‘L'071 =alt, +(1—a)l, (11)

by Khundkar and co-workef. They reported a systematic

variation in the emission anisotropy decay times measured atand the average or correlation tire)

different emission wavelengths with the highly solvatochromic

probe p,p'-cyanothiomethyldiphenylacetylene in 1-propafiol. Bl=ar, + (1 —ayr, (12)

In our original study of the probe C153no0 such differences

were observed. However, to confirm this resuh:’ we once again which are also listed in Table 1. On the basis of the variations
examined whether there was any wavelength dependence to th@bserved in repeated measurements, we expect the uncertainties
anisotropy data. In the three solvents methanol, acetonitrile, (20m) in these quantities to be on the order-e25%A/N in o

and dimethyl sulfoxide we measured anisotropy decays atand +8%//N in @0

emission wavelengths of 480, 540, and 505 nm, wavelengths Since observation of nonexponential anisotropy decays is
which approximately correspond to the frequencies half-height relatively rare (especially in typical room temperature solvents),
and peak positions of the steady-state emission spectrum. (Sesome further comment on the nonexponentiality observed with
ref 70 for representative spectra.) The results confirmed the C153 is in order. First, we note that it is probably best to view
conclusions of the previous study. In none of these three the anisotropies of C153 in all solvents as being nonexponential
solvents did the anisotropies measured at different wavelengthsfunctions of time. Different solvents can then be grouped into
show any systematic variation of either tH@) values ¢&2%) three classes according to the degree of departure from
or time constants5%) of ther(t) decays. Thus, the anisotropy ~€xponential behavior exhibited. As listed in Table 1, in roughly
decays measured here are not directly affected by the spectralhalf of the solvents studied here the anisotropy is adequately
solvation dynamics also occurring when one excites C153.  represented by a single-exponential function of time. However,

We now return to the analysis of thé) data. These data even in this first class of solvents a slight improvement in the
were fit to the biexponential function ' pattern of residuals can be achieved by addition of a very small

(<5%) fraction of a faster component. The second class of
solvents is typified by the HMPA data shown in Figure 3. Here,
r(®) = r(0xa, exp(-t/ry) + (1 - a)) exp(-t/z;)} (10) although thgpamplitzdes of the second compongnt required to
fit the data (-10%) is rather small, the improvement in the fit
using a nonlinear least-squares algorithm. Examples of suchwhen this second component is added is clearly significant. For
fits for the HMPA case are provided in Figure 3. The noise in example, in the HMPA data shown in Figure 3 the value of the
ther(t) data shown here is representative of the signal-to-noise y,2 statistic decreases from 2.1 to 1.0 upon addition of the second
(S/N) ratios typically observed in these experiments, which was component. This nonexponentiality is nevertheless subtle and
+3—10% ofr(0), depending on solvent. To avoid artifacts due could easily be missed, especially in experiments where
to instrumental broadening, only data at times greater than 0.2insufficient data are collected at early times. Finally, for the
ps were included in the fitting procedure. A given data set was third class of solvents, which consists of many of the squalane
first fit to a single-exponential formaf = 1) with values of mixtures and the normal alcohol solvents, the nonexponentiality
r(0) andr; freely varied. The fit was considered acceptable if in r(t) is pronounced. An example of this type of behavior is
the resulting value of(0) was within the expected range provided by the 1-pentanol data shown in Figure 4. The obvious

T stick

the magic angle curve in Figure 2 shows a drop of roughly 50%
over the first 200 ps, even though the emission lifetime-t
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TABLE 1: Summary of Solvent Properties and Rotational Anisotropy Decay3

solvent/solvation propertiés r(t) data/fit parametef's rotation time$

solvent Vs(A3) 5 (@cP) Av(1®cmY) 7,(ps) Ca N Q r0) aa  1i(ps) T2(ps) 7o(ps) @(PS) Cobs
n-hexane 113 0.29 0.369 1 13 13 13 0.46
hexanes 113 0.31 1 1 0376 1 16 16 16 0.50
Sq/Hx 20% 137 0.54 1 1 0373 1 21 2 21 0.39
nonane 164 0.67 2 1 0373 1 29 29 29 0.44
cyclohexane 102 0.90 3 2 0369 1 31 31 31 0.34
Sg/Hx 40% 171 1.05 1 1 0377 0.37 11 58 22 40 0.39
Sq/Hx 50% 194 1.51 1 1 0381 0.21 7.2 54 23 45 0.30
tridecane 232 1.71 2 2 0367 1 60 60 60 0.35
Sq/Hx 60% 223 2.30 1 1 0376 0.28 13 85 34 65 0.28
decalin 159 2.42 2 2 0370 1 74 74 74 0.31
n-hexadecane 283 3.04 0.376 0.24 11 91 30 72 0.24
HMN 283 3.33 0.371 0.11 4.3 87 44 77 0.23
Sqg/Hx 70% 262 3.68 2 1 0369 0.19 14 94 44 78 0.21
Sg/Hx 80% 315 6.35 2 2 (0.374) 0.23 10 131 35 103 0.16
Sg/Hx 90% 394 12.4 1 2 0376 024 17 192 54 150 0.12
squalane 521 28.3 1 2 0369 024 30 (394) 98 304 0.11
acetone 65 0.30 1.80 058 0.090 1 1 0380 1 19 19 19 0.64
acetonitrile 47 0.34 2.28 026 0.045 4 1 0378 1 22 22 22 0.63
methyl acetate 71 0.36 1.43 085 0.088 2 1 0376 1 23 23 23 0.63
dichloromethane 57 0.41 1.22 056 0044 1 2 0373 1 28 28 28 0.67
tetrahydrofuran 74 0.46 1.32 094 00712 1 1 0374 1 26 26 26 0.58
chloroform 71 0.54 0.81 28 011 4 1 0373 1 42 42 42 0.78
toluene 98 0.55 0.93 27 012 1 2 0376 1 29 29 29 0.53
DMC 77 0.59 1.80 14 011 1 1 0372 1 35 35 35 0.60
benzene 80 0.60 0.83 20 0074 3 1 0377 0.08 2.7 32 16 29 0.49
nitromethane 51 0.61 1.84 040 0032 1 2 0373 1 36 37 36 0.60
dimethylformamide 78 0.80 1.98 092 0059 2 1 0373 1 47 47 47 0.59
hexafluorobenzene 108 0.86 0.95 37 011 1 1 0376 0.12 3.0 56 18 50 0.58
1-butylbenzene 149 0.96 0.67 88 016 1 3 0373 1 50 50 50 0.52
p-dioxane 80 1.20 1.26 1.7 0.046 2 2 0.380 0.05 3.7 61 34 59 0.49
benzonitrile 100 1.24 1.29 51 014 1 3 (0.374) 1 93 93 93 0.75
dimethyl sulfoxide 76 1.99 2.05 1.8 0048 8 2 0371 1 100 100 100 0.50
propylene carbonate 83 2.53 1.90 36 0071 2 1 0.378 0.06 4.9 126 48 118 0.47
HMPA 183 3.10 1.49 95 012 5 1 0.366 0.129 9.7 158 53 139 0.45
methanol 36 0.55 2.34 50 056 5 1 0375 0.231 5.9 44 17 35 0.64
ethanol 53 1.08 2.02 16 078 2 1 0375 0.337 10.4 89 25 63 0.58
1-propanol 70 1.94 2.01 26 071 4 3 0370 0.347 14.6 146 36 101 0.52
1-butanol 87 2.57 211 63 1.4 1 2 0371 0.368 18.7 211 44 140 0.55
1-pentanol 104 3.51 1.92 103 1.5 4 2 0378 0446 32 (405) 65 238 0.68
1-decanol 189 11.0 2.07 260 1.3 1 2 0375 0366 110 (1220) 261 818 0.75
ethylene glycol 61 17.3 2.15 15 0050 2 2 0369 0.055 44 (880) 398 835 0.48
N-methylformamide 60 1.65 2.01 57 018 1 2 0.376 0.085 9.2 100 54 92 0.56
formamide 43 3.30 1.84 50 0073 2 1 0370 1.000 185 185 185 0.56
stick prediction 1) 0.01 77 100 100 100 1
slip prediction 1) 0.71 49 35 6.6 14 0.14

aRotation and solvation data correspond to 222 °C. P Solvents designated “Sq/HX%” indicate mixtures of squalane (2,6,10,15,19,23-
hexamethyltetracosane) and hexanes Withe volume percentage of squalane. HMN denotes 2,2,4,4,6,8,8-heptamethylnonane, DMC is dimethyl
carbonate, and HMPA is hexamethylphosphoramide. The rows labeled “stick” and “slip” are predictions based on the ellipsoid/hydrodynamic
modeling discussed in section IVB. (Times are for a viscosity of 1 ¢€Rgn der Waals volumed/§) were calculated from the atomic increments
tabulated in ref 76. Viscositieg{25 °C) of most solvents are from the compilations in ref 69, except for HMN, and the squalane mixtures, which
were measuredAv andr, are characteristics of the time-dependent emission shift of C153. The magnitudes of tie sriét from ref 77 and
the solvation times, are the average (as in eq 12) solvation times reported in refs 70 an@.i& the ratio of the dielectric friction magnitude
predicted from eq 7 to the magnitude of the friction predicted from stick hydrodynamics (e®j\24ndQ denote the number of independe(t)
determinations and an assessment of their overall quality (1 is best) in a given solvent. The va(0¢sagfr,, andz, are the average values
(over N data sets) of the parameters of the biexponential fits ofr (fjedata according to eq 10. Cases in which the value(@f is shown in
parentheses indicate instances where this parameter was held fixed in the fitting. Vatwesb@fn in parentheses are values determined from
time-correlated single photon counting measuremérits(See text.)® 7o and <z> refer to initial and average rotation times defined in eqs 11 and
12. Uncertainties (@) in these times are expected to be on the orde:25%A/N in 7o and £8%//N in F0 Cops denotes the observed value
of the rotational coupling parameter defined by eq 3 (for 2).

nonlinearity displayed in this logarithmic plot signals the when the shape of the solute leads to very different friction on
presence of (at least) two components of comparable amplituderotation about different axes. In the most general ce$efor
and widely differing time constants im(t). Such highly a nonspherical object undergoing diffusive rotation can decay
nonexponential anisotropy decays were reported for C153 in with up to five time constants’® In section IVB we will discuss
several alcohols at reduced temperatures in our initial study onhydrodynamic models using an ellipsoidal shape to represent
this probe’? the C153 rotor. For now we simply use the results of such
There are a number of possible explanations for nonexpo- modeling, which are shown in Figure 4 and listed at the bottom
nential anisotropy decays. First, even within the context of of Table 1. As will be discussed later, the stick boundary
hydrodynamic theories, nonexponenti@) functions can occur ~ condition is most realistic for modeling C153. For this case
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2000.¢ —— e solvents, the rotation of C153 is rapid enough that it senses
[ more than just the time-integrated friction of the solvent; i.e., it

is sensitive to the actual time dependence of the friction. In

the limit where inertial solute dynamics can be neglected, the

relation between the rotational correlation funct@g(t) = r(t)/

r(0) and the time-dependent frictig@ft) can be expressed By

Cold = [€5C,o(0) dt={s+§(—k;}l (13)

S

where {(s) (like Co(S)) represents the Laplace transform of

the time-dependent friction function. If the solvent fluctuations

responsible foig(t) decay much more rapidly than the solute

rotates, one can approximalés) = £(0) = &, and Cu(t) is

2 P . e then an exponential function of time with time constagt =

0.2 2. 20. C/6kgT. However, if(t) contains components which decay on
Viscosity (CP) a time scale that is not rapid compared to the solute rotation,

Figure 5. Time constants (open symbols) of biexponential fits to Cra1) is not a simple exponential function of ime. We propose

anisotropy decays of C153 malcohols plotted as functions of solvent  that this is in fact true in many of the solvents studied here.
viscosity. Also shown (filled triangles) are the average or correlation 10 €xamine whether this idea seems reasonable, we can ask

times, @0k, determined from these fits via eq 12. The lines represent what would be required of the time-dependent friction in order

the proportionalitieg; = 9.07, 72 = 91y, andZ0= 62. to produce the sorts @q(t) (or r(t)) decays observed. On the
basis of molecular dynamics simulations of small-molecule

the anisotropy decay is predicted to be indistinguishable from solvents38% one anticipate(t) should be bimodal, consisting

a single-exponential function of time. In addition, irrespective of some subpicosecond component, related to the inertial

of the shape of the molecule and which boundary is applied, characteristics of solvent molecules, along with much slower

simple hydrodynamic theories would predict that the functional components related to diffusive solvent motions. The simplest

form of r(t) should be independent of solvent, contrary to what model forg(t) is therefore a biexponential function of the fé#m

is observed experimentally. Thus, simple hydrodynamic theo-

ries cannot explain the departure from exponential kinetics 4]

observed here. £(t=0)

A different explanation was offered in our early study of
solvation dynamics using the C153 proBeln that study, we wherer; and 7, correspond to the fast and slow components,
noted a correlation between the time constant of the fast respectively. The time-zero amplitude is set by the observed
rotational component and the measured solvation time of C153rotational correlation timelzlht = [;Cioft) dt = Cit(0), via
in several alcohol solvents. We conjectured that this faster the relation
rotational component might be directly connected to the
solvation process in one of two ways. It could either reflect an §(t=0) _ E{n
actual rotational motion of the solute molecule driven by a 6kT (1-fr, +fr,
misalignment of the reaction field after electronic excitation or,
alternatively, it might reflect a rotation of the emission transition Model calculations with this functional form show that, far
moment brought about by the dynamical solvation process. less than[Z[L/100, the nonexponentiality o€.q(t) should
However, with the greater variety of solvents available in the become noticeable at our S/N levels when the fraction of the
present study, it is clear that neither of these explanations isslow componentf] is greater tham~10% and when its time
tenable. When all of the polar solvents are considered together,constant £,) is simultaneously greater thé&ih/5. We do not
one finds no direct correlation between and the (average) know the complete time dependence &ff) in the solvents
solvation times. As in our earlier work, we do find a reasonable examined here. However, for the polar solvents, solvation
correlation between; and solvation times for the-alcohol dynamics measurements provide a characterization of at least
solvents. But this same correlation does not apply to other that part of £(t) which arises from long-range electrostatic
solvent types, as it should if one of these two general interactions (i.e., the dielectric friction part). We observe that
mechanisms were to apply. The observation of a correlation there is a one-to-one correspondence between those polar
in the case of the-alcohols is really only a secondary effect of  solvents whose rotational anisotropies are clearly nonexponential
the primary relationship between and solvent viscosity. As  (which we take to be those witky > 10% in Table 1) and
illustrated in Figure 5, both; andz; are highly correlated to  those whose solvation response functioBgt), tabulated in
solvent viscosity with the-alcohol data set. Itis only because refs 70 and 77) show substantial{0%) components with time
solvation times are also correlated to viscosity within this constants greater tha@lhd/5. This correspondence strongly
homologous series that the two phenomena appear connectedsuggests that we are indeed observing the effects of non-
In addition, Table 1 shows that a number of the nonpolar Markovian friction on the rotational motion and that furthermore
solvents studied here also show nonexponemfildecays.  the time dependence @ft) is at least loosely connected with
Since in these latter cases negligible time-dependent solvationthe time dependence of electrostatic solvation.
occurs’® the nonexponential behavior observed here cannotbe We can proceed somewhat further in this analysis by
directly caused by the solvation process. attempting to directly fit ther(t) using a biexponentiak(t)

So then, what is the source of the nonexponentiality(ty? model. Results of several such fits are compared to solvation
We believe the most likely explanation is that the nonexponential dynamics data in Table 2. Since the actdé) functions are
decays observed here reflect a departure from the strictprobably more complicated functions of time, the fitting
Markovian limit of rotational motion. That is, at least in some parameters so obtained should be viewed as providing only a

=1 -fe+fe (14)

(15)
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TABLE 2: Rotational Friction and Solvation Response Functions

rotational friction,g(t)° solvation dynamicsS,(t)°

solvent Glhi(ps) &(t=0) (ps) 7i(ps) f(%) %& 72(ps) an(%) w(ps) an-1(%) 7Tn1(ps) a(<1ps) (%)
squalane 304 94 .98 1.9 69 112
benzene 29 65 .30 2.9 37 5.9 3 25 60 1.9 37
hexafluorobenzene 50 65 .34 4.1 57 11 58 6.2 42
propylene carbonate 118 104 .54 4.1 54 15 22 6.6 24 2.0 55
HMPA 139 147 .39 1.8 59 30 23 30 40 7.2 37
methanol 35 108 .20 0.8 40 17 26 15 30 3.2 a4
ethanol 63 99 27 0.8 58 46 50 30 18 5.0 32
1-propanol 101 9.1 3.2 10. 68 59 52 48 23 6.6 25
1-butanol 140 38 11 2.8 70 92 34 133 39 43 16
1-pentanol 238 140 .45 0.7 71 168 65 151 25 22 11

a Solvents and average rotation tim@§l as listed in Table 1° Parameters characterizing the time-dependent frié{ynrdeduced from fitting
anisotropy dataG(t); eql3) to a biexponential function, eq ¥4Characteristics of the solvation response functidhé)) measured from the
time-resolved emission shifts of C153.“a,,” and “a.—;” denote the amplitudes and,” and “zn—1” the time constants of the two longest components
in a multiexponential representation 8f(t). “a(<1 ps)” is the total amplitude of all components with time constants less than 1 ps.

1000. ¢
[ m—nonpolar

o—polar aprotic
2—H-bonding

qualitative description of(t). They do, however, illustrate
several interesting points. First, in most cases examined here
a single-exponential representation dft) does not yield
acceptable fits to the anistropy data. Fits using a biexponential

representation, as listed in Table 2, are sufficient to fit the w
observed (t) decays to within the S/N of the experimental data. &
In all cases studied th&(t) functions obtained from biexpo- o
Y : ) o 100. 1
nential fits were found to consist of a dominant fast component o
(usually (1— f) > 90%) having a subpicosecond time constant, ﬁ
together with a much slower and more variable component v

having an amplitudef) of only a few percent. These features
are in general agreement with the expected behaviaf(®f
mentioned above. In addition, the longer of the two time
constants determined from such fits is remarkably similar to
the longest component of the solvation response of the various
solvents, which are listed in the column labeled’in Table

2. This is especially true in the normal alcohol solvent series. o ) o
Thus, it again appears that the measured solaton responsE 0, Aveade Tl e (o eters corsion 1),
functlons provide some indication of t_he time scales involved ?alkane) solvents, circles are )|c/)olar aprgtic solvents, gnd triangleg are
in £(t). However, we note tha_t themplitudesof the fast and_ hydrogen-bond-donating solvents. (See Table 1 for a listing of the
slow components of the solvation response and of the rotationalsplvents included in each class.) The solid lines through these data are
friction are quite different. Thus, while the amplitudes of the the logarithmic fits described in the text. The dashed lines are the
slowest solvation componentsag®) typically account for over average rotation times predicted from hydrodynamic calculations
25% of the solvation response in these solvents, they often assuming an ellipsoidal shape and slip and stick boundary conditions.

/
Ao
Lo S

1. 10. 100.

Viscosity (cP)

represent less than 5% §ft). (It is important to note that in
spite of this small amplitude i§(t) the relative contribution of
the slow component to the integrated rotational friction constant
is large since it is the produdt, listed as “%¢” in Table 2,

that determines the rotational friction constant, not the amplitude
itself.)

B. Rotation Times in Polar and Nonpolar Solvents:
Dielectric Friction? We now dispense with further discussion
of the detailed time dependencer¢) and henceforth focus on
the average rotation timégl}; determined using eq 12. In cases
whenr(t) is not a single-exponential function of time, it is this
average or correlation time which is directly related to the total
or integral friction constant by

= fyCol) = gor=gep/ocodt (9)

(See text for details.)

The most striking feature of Figure 6 is that nonpolar solvents
follow a different correlation with viscosity than the remaining
solvents. From logarithmic fits of the data one finds

nonpolar: @}, = (34.8+ 4.1)>°%%%
(N=16,R=0.98)

polar+ H-bonding: [}, = (58.1+ 1.6)*%%%
(N=27,R=10.99)

(These fits are for#zlh: in picoseconds ang in centipoise.
Uncertainties aret1 standard deviation, and andR are the
number of data points and the correlation coefficient of the
double-logarithmic fit.) There is no significant difference
observed between the behavior of polar aprotic and hydrogen-
bonding solvents. A similar lack of sensitivity to hydrogen

In Figure 6 we explore the relationship between these averagebonding was previously observed with respect to solvation shifts
rotation times and solvent viscosity. In this and the following of this moleculg’®”” The polar+ hydrogen-bonding solvents
figures, solvents have been divided into three categories: behave much as would be expected from a purely hydrodynamic
nonpolar, polar aprotic, and hydrogen-bond-donating solvents. model. That is, to a reasonable first approximation the average
Nonpolar solvents include only hydrocarbons, whereas the polarrotation times are proportional to viscosity and independent of
aprotic class includes several nondipolar but nevertheless'polar solvent. Linear fits off20L vs  for all such solvents with
solvents such as benzene and dioxane. viscosities less than 3 cP yield equally good fits either with or
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without the inclusion of a small nonzero intercept. In contrast, 6 would be that the large dipole moment of C1531L6 D in

the alkane solvents show a “nonhydrodynamic” power-law $,89) results in stronger coupling to polar solvents than to
dependence on viscosity. Attempts to fit the lower viscosity nonpolar solvents of the same viscosity, i.e., that an extra,
data § < 3 cP) to a linear function of viscosity yield “dielectric” friction operates so as to slow the rotation of C153

unrealistically large; = 0 intercepts [@Lh = 11.2+ 23.2p; N in polar solvents. As discussed in section Il, one can distinguish
= 11, R = 0.97). Similar power-law behavior has been two limiting cases wherein such effects are ascribed either to
observed in a number of other cases previo#&hy. As we will specific interactions (solvent attachment) or to nonspecific

discuss shortly, this deviation from hydrodynamic behavior is electrostatic forces. Since the first of these possibilities has been
probably best understood in terms of the presence of some factodiscussed recently in conjunction with a molecule nearly
in addition to solvent viscosity that makes the solvesalute identical to C153, we discuss this possibility first.
coupling C) vary with solvent. In a recent study Mooet al.’> observed that coumarin 102
We have also included in Figure 6 the results of hydrody- (the analogue of C153 in which the €group is replaced by
namic calculations for ellipsoids using both stick and slip CHs group) rotates more slowly in bulk alcohol solvents than
boundary conditions. These predictions were made as follows.in alkanes. They also showed that when diluted in alkane
Based on van der Waals incremeffishe molecular volume solvents, 1:1 complexes form between C102 and alcohols such
of C153 is 246 & Using molecular modeling software, we S trifluoroethanol (TFE). The rptation times mea§ured in such
find that shape of C153 can be reasonably approximated by ansolutions could be unde_rstood in terms of Iong-l_lved S(_alute
ellipsoid with semiaxis dimensiors= 2.0,b = 4.8, andc = alcohol c_omplexes rotating as a whole. (T_he((I site, which
6.1 A. (These values were arrived at by choosingcthemiaxis is both highly charged and solvent accessible, was assumed to

length to be half of the largest dimension of C153, the shortest P€ the likely site of hydrogen bonding with alcohols.) They
semiaxis to represent the thickness of the aromatic plane, anghoted that the difference between the rotation times of C102 in

neat TFE and in an isoviscous alkane solvent could be
rationalized equally well either by assuming that similar
¢ complexes are present in the bulk alcohol solvent or by the
operation of nonspecific dielectric friction effects. For reasons
of simplicity Moog et al. preferred the former picture. Since
C153 is similar to C102 in size, shape, and electronic charge
distribution, one would expect nearly identical rotation times
and hydrogen-bonding behavior for the two solutes. Indeed,
the rotation times of C102 in TFE and in decalin studied in ref
75 fit nicely on the C153 correlations shown in Figure 6. But,
with the additional data available in the present study, it now
appears that solvent attachmeanhnotexplain why the rotation
times of C153 differ in isoviscous alkane and bulk alcohol
solvents. If solvent attachment were a critical factor, one would
expect to observe a clear distinction between polar solvents that
can and cannot form specific complexes with C153, contrary
to what is observed here.

It is worth pausing to comment on this lack of distinction
between hydrogen-bonding and polar aprotic solvents. Both

the intermediate axis to reproduce the total volume of the
molecule.) Semiempirical calculatidisplace theS < S
transition moment approximately parallel to the longest axis o
the ellipsoid. Using this representation of the molecular shape
and transition moment direction, time-dependent anisotropies
were calculated as described in ref 4 using friction coefficients
calculated from Perrin’s equations for théactor’? and theC
factor appropriate for slip boundary conditions obtained by
interpolating the numerical tabulations of Youngren and Acri-
vos!® Ther(t) functions so obtained are biexponential functions
of time whose components are listed at the bottom of Table 1.
(See also Figure 4.) In Figure 6 we have plotted the average
times associated with thesét) functions, which are strictly
proportional to solvent viscosity. As can be seen in this figure,
nearly all of the experimental data lie between the rather broad
limits set by these two hydrodynamic calculations. The polar
solvent data lie closer to the stick predictions but are faster than
the stick line by roughly a factor of 2. The alkane data are

generally closer to the slip predictions and appear to be going A . S .
subslip at thg highest viscosi_ties. Howev_er, some discretion Eszmgimr'gmsgg Ct(;rgriutg i'?;:;t'gmgga;f tlzgfstmone
must be applied when comparing the experimental data to thesehydrogen bond made between a solvent molecule and+@ C
ellipsoid-based slip calculations. Whereas the stick predictions _: . .
. L site of C153. Why then does the presence of this relatively
are likely to be an accurate approximation to the results that . .
strong hydrogen bond not lead to a different rotation

would be obtained from a hydrodynamic calculation using the . . : -
true shape of the molecule, the slip calculations probably are time—viscosity correla_tlon in such solvents comparefnl to ott:t_ar
not. The reason is that, for an ellipsoid of the shape defined polar solvents? That is, why does C153 not appear "bigger” in
: o ' . . bulk alcohol solvents in the same way that C102 in dilute TFE
above, the friction constant for the spinning motion qf the solutions appears bigger due to the attachment of a single TFE
molecular plaqe, which contrlbutes.the domlngnt par(of IS molecule? There are two possible explanations. First, whether
a stro_ng function of the aspect rad (Th|s_|_s not true In such a solventberg perspective is appropriate in bulk solution
the stick case.) Under the slip boundary condition only motions depends on the longevity of complexes relative to the rotation

that displace solvent give rise to any friction. For the nearly- time. In bulk alcohol solvents (especially in shomealcohols)
oblate p = c) shape chosen to represent C153 here, the amountgent molecules would be expected to exchange on a much

of solvent displacement required for this spinning motion is taqter time scale than in dilute solution. Second, it may well
probably significantly undergst.imz?lted.. The rapid rotation (and pg that hydrogen bonding between the solute and solvent is
the degree of nonexponentiality nft)) is therefore probably  5cyally anecessarycondition for observing comparable rota-
exaggerated by use of the ellipsoidal model and should only be+jona| hehavior in alcohols and non-hydrogen-bonding solvents.
a rough approximation to the complete slip prediction which The |arge viscosities of hydroxylic solvents when compared to
would be obtained using the real molecular shape. (We are gpyotic solvents arise mainly due to the presence of hydrogen
currently investigating the use of all-atom modet® obtain bonding between solvent molecules. If there wessolvent-
better approximations to the true slip-limit friction constants.) gqjute hydrogen bonds present, one might expect the friction
We now consider what might give rise to the rather remark- experienced by the rotating solute would less thanthat
able difference in rotation times shown by polar and nonpolar indicated by the bulk solvent viscosity. In fact, just this sort of
solvents of the same viscosity. A natural interpretation of Figure behavior is observed for polyaromatic hydrocarbon solutes
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rotating in alcohol solvent®. In such systems the rotation times 1000. e T '
are usually found to be subslip, i.e., much less than what is . ﬁ‘fggna i;‘;tic A
expected based on the solvent viscosity. We therefore conjec- I

ture thatthe comparable rotational bel@r exhibited by C153
(and probably also C102) in protic and polar aprotic sehts

reflects a similarity in the hydrogen-bonding statics/dynamics 100. ¢ 1
between the solute and seht and between molecules in the
neat sobent itself.
Having considered specific solvation effects, we now ask
whether nonspecific dielectric friction effects can explain the 10. | .

differences between polar (both protic and aprotic) and nonpolar
(alkane) solvents. To do so, we will first assume that the
difference in rotation times between a polar solvent and an
isoviscous nonpolar solvent is a direct measure of the dielectric

friction effect. Using the correlation established for the rotation o1 N 10 100, 1000.

<T>rot “Thp (pS)

times of alkane solvents{y), we can thus test the differences, _
0.63 (AUTU )solv
@l — Tnp(’?) = [0} — 34.87 (17) Figure 7. Comparison of “excess rotation times” in polar solvents,

@Lh: — np(), to the solvation produchvz, (in units of 16 cm™ ps).
for proportionality to the dielectric component of the friction, The latter product is predicted to be proportional to the magnitude of
Ca in eq 4. The least model-dependent measure of the the dielectric friction according to the van der Zwan and Hynes
magnitude of the dielectric friction expected in a given solvent connection (egs 7 and 18). Circles denote polar aprotic solvents and
is provided by the van der ZwarHynes connection (eq 7) triangles hydrogen-bonding solvents. The solid line represents the

: - . complete prediction of eq 18 using the proportionality constart
This relation states thag, should be proportional to the product 2.63 x 1072 cm, determined from the dipole solute approximation as

(Av(zL), whereAw is the magnitude ant() the average time  gescribed in the text. Data in normal alcohol solvents are plotted as
constant of the solvation shift observed in a given solvent. Thus, filled symbols to show their distinction from all of the remaining

if the separation between polar and nonpolar solvents in Figure solvents. The dashed line through these alcohol points shows a fit with
6 is indeed a manifestation of nonspecific dielectric friction, the proportionality constark = 0.68 x 10°* cm.

we should observe the relation
as being a secondary result of the strong correlation that exists

@05 — Tnp() = A(AYVT, ) (18) between [Z0L; — np and solvent viscosity. As could be
anticipated from the data in Figure 6, a plot®; — 7, versus
with A being a solvent-independent proportionality constant. In solvent viscosity yields a much higher degree of correlation (
the case where a point dipole representation of the solute’s= 0.97) than what is shown in Figure 7. Furthermore, the
charge distribution is valid, this constant should be given by normal alcohols no longer appear distinct from the other solvents
) in such a plot. Thus, what correlation is observed betwégh
_ hc He — Tnp and AVT,)sow in Figure 7 mainly reflects the fact that
- @- (Aﬂ)z (19) solvation times, which are primarily responsible for variations
in the product A77,)s0n, are at least roughly correlated to solvent
whereu, is the excited-state dipole moment ahd the change ~ Viscosity. The correlation between and solvent viscosity is
(St — Sp) in dipole moment of the solute. rather good when one stays within a homologous family of
Figure 7 shows the comparison betwe@fi: — 7np and solvents such as thealcohols, thus the much better correlation
(AP7,)son.  The solvation shifts and times used in this com- With this selected set of data in Figure 7 is understandable.
parison are from the previous studies of time-resolved emission Based on the above results, it does not appear that the large
shifts of C153 reported in refs 70 and 77. (For convenience, differences between rotation times of C153 in polar and
the relevant quantities are also reproduced in Table 1.) Theisoviscous nonpolar solvents can be directly attributed to
solid line in Figure 7 represents use of the proportionality dielectric friction. As we will show presently, there are other
constanfA = 2.63 x 1073 cm calculated assuming a point dipole  effects that are at least as important in determining these
solute and valuege = 15 D andAu = 8.3 D/7:8688 The differences in the case of C153. But before closing this section,
correlation between the rotation time difference and the predictedit is useful to point out a lesson that Figure 7 provides. We
dielectric friction is relatively poor when all solvents are note that many past studies of dielectric friction have concen-
considered together. (A linear fit of these telgg data yields trated attention on only one or perhaps two series of solvents,
a correlation coefficient oR = 0.83 with 27 data points.) In  and in most cases threalcohols were one of the series selected
part, this poor fit is due to the fact that the normal alcohols (because dielectric friction is predicted to be greatest in these
exhibit a different correlation from the polar aprotic solvents solvents). The considerations just discussed with respect to
and from other hydrogen-bonding solvents. Whereas the Figure 7 indicate that caution should be used when drawing
observed differencéils — 7np iS generally larger than the  conclusions about trends observed with such limited data sets.
dielectric friction estimate (solid line) in other solvents, in the Since many factors vary systematically along a solvent series
normal alcohols the observed difference is about 3-fold smaller such as the-alkohols (i.e., viscosity and solvation time in the
than predicted. In addition, we note that within just the normal present case), it is often not possible to cleanly associate
alcohol series, the correlation betwéef — tnp and AVT,)solv observed variations with only the particular variable one has in
is rather good. However, this correlation in ti@lcohols, and mind.
indeed any overall correlation observed in Figure 7, is largely  C. Effect of Solvent Size. If dielectric friction is not the
fortuitous. Rather than there being a direct causal relationship primary source of the remarkable difference between the rotation
between the observedli: — tnp and AVT,)son, the correlation times of C153 in polar and nonpolar solvents, what is? A clue
between these variables in Figure 7 is in fact better understoodis provided by the nonlinear dependence [@fl: on # in
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0.9 A dependence of the solutsolvent coupling on solvent size,
while not predicted by purely hydrodynamic theories, should
5 & be expected from a molecular perspective. Both the strength
o0 & and the time scale of the soluteolvent interactions which
A0 Q determine the friction should partially depend on the relative
0.6 A%A@AOO | sizes of solute and solvent molecules. There are two theories
" ﬁ% w O that can be readily applied to model this size effect. The first
g e is the relatively old theory proposed by Geirer and Wirtz in
S . e 195324 These authors envisioned the solute to be surrounded
03l "a ] by concentric shells of solvent, each a solvent molecule diameter
2 in thickness. By considering how the angular velocity of solvent
=—nonpolar - molecules surrounding the rotating solute should decrease as
o—polar aprotic function of distance away from the solute, Geirer and Wirtz
2a—H-bonding . . .
derived the following expression fdg:
0.0 S
10. 100. 1000. CGW — (1/6,0)5_1 (21&)
Vg (A7)
Figure 8. Observed rotational coupling paramet€sss = [#[lrsick (€q where
3) versus the van der Waals volume of solvent moleciWgsA value o
of zsick = 99.87 was used for calculation d@ops S= 20(1 n 2mp)_4 (21b)
nonpolar solvents. As Zwanzig and Harridpoint out, there =

are fundamental reasons why friction should be proportional to ) .

the first power of solvent viscosity. They therefore argue that @ndp = Vs/Vp is the ratio of solvent (“S”) to solute ("P=
any other type of dependence is best viewed as reflecting aProbe) volumes. _There are no adjustable parameters in t_hls
change in the coupling parameter with some other solvent theory, perhaps with the exception of how one chooses to define
property that simultaneously varies along with its viscosity. We the solute and solvent volumes. (Here we will consistently
therefore switch attention from the rotation times themselves €Mploy van der Waals volumes.)

to the observed values of the rotational coupling parameters 1he second theory we consider is from the more recent work
defined here by of Dote, Kivelson, and Schwartz (DKS. In this theory the

solvent-solute coupling is viewed as being a function of the
ratio of its size to the free volumey/) available to the rotating
solute. Their result fo€ can be written

Cobs = H'[:l)[/rstick (20)

Viewing these ratios removes the “correct” viscosity dependence

(through the use ofsick) and better enables one to discern what Coks =1+ V/¢)_l (22a)
other solvent features might be giving rise to the unexpected

viscosity behavior. (We usesick in preference toy itself for with

this purpose since the former value provides an exact benchmark

(C = 1) that should be approached in the limit of vanishing y = (AVIVg)p(40 P+ 1) (22b)

solvent size.)

While there is no single solvent property that completely The factory/¢ is the ratio of the free space available to the
accounts for the solvent variation 6f,s One property thatis  solute §Vp) to its effective rotational volumegl/p). The
well correlated to this coupling parameter is the size of solvent parametep is taken to be the ratio of the rotation time predicted
molecules. In Figure 8 we illustrate this point using the van by slip hydrodynamics to the stick prediction for the sphere of
der Waals volume of the solvenVd) as the size measure. the same volume. For C153, this value is 0.28. The one input
Despite the presence of a large amount of scatter in the datato the DKS theory that is hard to determine unambiguously is
there is a clear trend of decreasing coupling parameter with the free volume of the solvent. Free volume is a theoretical
increasing solvent size, especially among the nonpolar solvents.construct that can only be determined from semiphenomeno-
We note that such behavior is not unique to C153. A number logical theories for properties such as viscosity and diffusion
of past studies on a variety of solutes have reported a nonlinearconstant§* For this quantity, we use the free volumes
viscosity dependence of rotation tinié&and/or a variation in n-alkanes determined from viscosity data by Ben-Amotz and
Cobs With solvent size similar to those observed h&&-93 Drake®® In order to simplify the calculations and their
(Unlike the present work, nearly all past studies had examined interpretation, we parametrize these free volumes using the
nonpolar solutes in a series ofalkane solvents.) For our  approximate proportionalityAV/Vs = 0.334. By virtue of this
purposes, a critical observation to be made from Figure 8 is choice,Cpks, like Cow, varies with solvent only through the
that, when the data are plotted in this manner, there is no longersolvent-solute size ratig.
an obvious distinction between the behavior of nonpolar and  Figure 9 illustrates the predictions of these two theories in
polar solvents. The main difference between these two classeghe form of a plot of (1€ — 1) versusp. This particular format
of solvents appears to be that, in order to obtain comparableis suggested by the fact that both theories predict that the
viscosities, the nonpolar solvents are substantially larger thencoupling parameter should approach unity (i.e., the stick limit)
their polar counterparts. Thus, rather than being due to dielectricasp — 0 and that 1€ should be proportional to some increasing
friction effects, at least a large part of the difference in rotation function ofp asp — . Figure 9 shows that, over the range of
times of C153 in polar versus nonpolar solvents can be attributedvalues of p typical in experiment, both theories predict an
to this size effect on the coupling coefficient. If there is also a approximate power-law dependence on this size rati@ 1/
dielectric friction effect, in order to use comparisons between 1) O p% with agw ~1 andapks ~a.
polar and nonpolar solvents to detect it, one must first be able The experimental data shown in Figure 9 are also consistent
to understand or at least empirically model the size dependencewith this type of power-law relationship. To demonstrate that
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Figure 9. Rotational coupling parameters (plotted aGqd{— 1) versus Figure 10. Comparison of the “residual coupling parameters” in polar

the solvent/solute size ratja Large squares denote data for C153 in  solvents to the predicted dielectric friction contribution to the rotational
nonpolar solvents. Data for C153 in polar solvents are also shown ascoupling (eq 24). The residual coupling is definedGags minus the
small filled symbols. The large diamonds denote values calculated for contribution to the solventsolute coupling due to “hydrodynamic”
the collection of assorted solutesrihexane compiled in ref 89. The  interactions. The latter quantity is estimated in two ways. In (a) it is
solid line is the fit (eq 23) to all of the nonpolar solvent data (open assume thaCyyq is approximately the same for all polar solvents. For
Symbo|s)_ The dashed curves are the predictions of the Galvatz?4 purposes of presentation we have subtracted off the minimum value
and Dote-KivelsorSchwart?® theories. observed in the polar solvent s&{, = 0.45 in HMPA). In (b)Ciyq

is estimated using thedependence described by eq 23. Circles denote
such behavior is relatively general, in addition to the C153 data polar aprotic solvents, and triangles denote hydrogen-bonding solvents.
(open squares), we have also plotted a second set of datdVormal alcohols are shown as filled triangles. In (b) we also show

- . . ) points corresponding tGos — Chp(p) for the nonpolar solvents (small
(diamonds) previously compiled by Ben-Amotz and Dréke. filled squares) in order to illustrate the scatter about eq 23 in these

Thgse authors collected 'and_ co_mpared the rotation times of 8solvents. (The latter data are plotted at an arbitrary valug&dkiic.)

series of 16 solutes ranging in size from OG& € 40 A%) to The solid curves on both panels indicate equality between the ordinate

the large molecule “BTBP” (733 A all in a single reference  and abscissa values.

solvent,n-hexane. As can be seen from Figure 9, both sets of

data appear to follow the same correlation with Fitting all In Figure 10 we therefore reconsider the possible role of

of these data simultaneously yields the approximate relation: dielectric friction, this time focusing on the coupling parameters
rather then the rotation times. To do so, we will use an estimate

1=(3.534 0.24p"°*%% (N=32,R=0.94) of the dielectric friction effect on the overall coupling constant,

(23) CeI = Celléstick (24)

1/C

obs

Comparing this empirical correlation with the theoretical

predictions, we find that the GeireWirtz theory is in reason-  with g calculated using observed solvation data and the van
able accord with experiment. For a typical valuegof= 1/, der Zwan-Hynes connection, eq 7. (The values ©f so

this theory predict€sw = 0.31, compared to the observed value calculated are provided in Table 1.) Given the basic assumption
Cobs~ 0.44. Furthermore, the dependence on the solvent/soluteof the separability of dielectric and other sources of friction
size ratio is only slightly underestimated by the Geir@firtz (eq 4), one expects that the observed coupling parameter can
theory. In contrast, the DKS theory does a poor job of modeling be decomposed as

the present data. Fqr = Y, the predicted value 0€pks =

0.16, a factor of 3 smaller than experiment. More importantly, Cobs= Crya T Cq (25)
the dependence op predicted by the DKS theory is much
weaker than observed in the experimental data. In Figure 10 we have employed two methods for estimating

D. Dielectric Friction Revisited. The coupling factors the “hydrodynamic” part of the coupling paramet€yq. In
observed for C153 in polar solvents, shown as small filled (a), we assume that to a first approximation the hydrodynamic
symbols in Figure 9, are roughly consistent with the correlation coupling is the same for all polar solvents. For the sake of
observed in nonpolar solvents. The main difference appears topresentation we further assume that this uniform valu€gf
be a larger degree of scatter among the polar data, undoubtedlys given by the minimum value &, within the polar solvent

the result of the much greater variety of solismlvent set Cmin = 0.45, which occurs in HMPA). We thus compare
interactions present with this set of solvents. As already noted, Cops — Crin t0 &elCsiicke N (b) we instead assume that the
in the solvents studied here the average valygistignificantly hydrodynamic part ofC.ps follows the same correlation with

smaller for the polar solvent set, and as anticipated from the solvent size in polar solvents as it does in nonpolar solvents. In
nonpolar solvent correlation, the values@,sare on average  this panel we therefore compaBgns — Cnp(p) t0 Cel/Cstick, Where
larger for these solvents. This size difference can account for Cny(p) is the value ofCyyq calculated using eq 23.

the majority of the differences observed between the rotation Figure 10 shows that there is relatively little correlation
times in polar and nonpolar solvents, without invoking dielectric between the “extra” solutesolvent coupling and the expected
friction effects. However, we now use what we have learned dielectric friction in polar solvents. The curved lines in both
about size effects from the nonpolar solvents and examine panels represent equality between the valugS.pfletermined
whether dielectric friction might be able to at least account for from the rotation times and the friction ratig/Zsick. Note that

the scatter observed in the polar data in Figure 9. for ease of comparison we have calculatgdexplicitly from
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eq 7, including the factor afe?/(Au)?. Although this propor- it represents an exceptionally well-studied example of a highly
tionality constant is strictly correct only for a point dipole solute, dipolar solute (in $u ~ 15 D?9) that interacts strongly with
alteration of this factor would only shift the points along the polar solvents mainly through nonspecific dipetdipole forces”
logarithmic horizontal axis and would therefore lead to no better The primary objective of this work was to analyze the rotation
agreement betwee@e and Zeflsicke AS previously seen in times of C153 in order to determine what effect these electrical
Figure 7, there is a clear distinction between the normal alcohols forces, or “dielectric friction”, have on its rotational dynamics.
(filled triangles) and the remaining solvents. The majority of In particular, we sought to use the extensive database on polar
the solvents, mainly the polar aprotics, are clustered aroundsolvation dynamics accumulated for the C153 préfiéto test
relatively small values ofe/Csick. If no account is made of  the general connection between rotational dielectric friction and
solvent size effects (panel a), the observed coupling parameterssolvation dynamics first proposed by van der Zwan and Hynes.
in these solvents show no correlation at all to the predicted The present study is the first to test this connection by comparing
dielectric friction contributions. If the size dependence is taken solvation and rotational dynamioseasured for the same solute
into account (panel b), some hint of a correlation may be found, In light of the conclusions reached in this most general test, we
especially in the polar aprotic solvents. However, usiigp) have not examined analytic theories of dielectric friction here.
to determineCyyq yields estimates o that are mostly negative.  However, an investigation of the accuracy of the dielectric
In the case of the normal alcohol solvents, the observed couplingcontinuum models employed in such theories (using the same
parameters are much less than those predicted on the basis o153 solvation data) is carried out in a separate p&per.

Cel/Csiickc _ _ A number of unexpected results emerged from this study.
What can be concluded from these comparisons regardingThe first is the observation that the rotational anisotropy decays
the applicability of dielectric friction ideas? To answer this of C153 and thus the rotational correlation functions they imply
qyegtion, itis helpfull to examine the magnitudes of the plieleqtric are generally nonexponential functions of time (Figures 3 and
friction effects pred|cted on the baS|_s of eq 7. Consider first 4). Nonexponential anisotropies have seldom been reported for
the polar aprotic solvents. Comparing the valuesCafand  |arge solutes like C153. When nonexponential behavior is
Copsprovided in Table 1, one finds that the predicted dielectric gpserved, it has normally been attributed to anisotropic rotational
friction effect on the coupling parameter is a relatively small motions which result from very different friction constants for
fraction of Cops  For this class of solvents (and also for the (otation about different molecular axes. (Perylene is a well-
protic solvents other than tirealcohols)Ce/Consaverages only  ynown exampld?) In the present case, nonexponential anisotro-
~15%, with few solvents showing values larger than 25%. pies do not appear to reflect anisotropic rotational motion. Nor
These numbers can be compared to the variations in the coupling, ;o they a direct manifestation of solvation dynamics as we

parameters observed in different nonpolar solvents. In theseqginally postulated? Rather, the nonexponentiality observed
solvents we have noted a primary correlation betw@ggand with C153 results from the rotational friction falling outside of

the .sollvent/solute size ratip. But indi\(idual solvgnts shpw the Markovian regime. That is, in many solvents, the time-
deviations Cnplp) — CO‘?S)/COD_S ff_‘?m this correlation which dependent friction on the rotational motion is not fast enough
average about14%. This variability presumably reflects other ;" jaad to purely exponential rotational decays. To our
shape/interaction features not accounted for by solvent Sizeynowledge, nonexponential rotational anisotropies having this

96 i I .. . .
aI(TIne._ S;]nce hthe polalr SOII\’entS pr_esl_fle(ntl ah mohre var::ed origin have not been previously report&dBut, such behavior
collection than the nonpolar solvents, itis likely that these other o, 14 probably not be viewed as an anomaly. It is probably

solvent attributes (whatever they are) would cause acomparablethe case that our use of multiple time steps and good signal-

or larger variability among the coupling parameters in polar to-noise ratio in these measurements enabled observation of what

Zpl\llerlt_s ]Eh_a:_ wouflfd :end_l_lflo O?hSCll”ekth]? varlaélons ?uf to may be a common phenomenon in molecules the size of C153.
Ielectric inction eflects. us, the lack ot a good correlation By fitting the nonexponential anisotropies to biexponential

betweerCe andZelsick In the case of these solvents says litde model friction functions (eq 14, Table 2), it is possible to infer

about the correctness of dielectric friction ideas. However, the semiquantitative information about the time dependence of the

zg?t;rtsoz?;gget?c ?rng?gﬁcgfrfzit;r;i §g|mt:(|gu:|sor:;htgit’c|1n53ma?ztr0tati0na| friction on C153. As expected, such fits show that
v  ai Ic mct u u the friction consists of a dominant fast component (usually

likely to be smaller than, or at best comparable to, other SOUrces . geo, amplitudez < 1 ps) together with a small-amplitude

of ngnhydrpdynamlc behavior. . . slow component. The time constants of the slow component

tis only in the case of normal alcohol solvents that dielectric ;0 4 remarkably close to the slowest time constants observed
friction effects on rotation are predicted to be large. Among , soivation dynamics measurements. However, this slowest
the sixn-alcohols examined here the average valu€gCobs dynamics is represented to an extent that is roughly an order of

IS ~1b;5%. ITh??je tvalugs y?rek\thi" b(fayong the dg;:attgr In tEF magnitude smaller in the rotational friction than in the solvation
nonpolar solvent data and should therefore be readily observabley o o nse (Table 2).

However, no large increase @yysis found for these solvents. Th . its of thi K th vent
In fact, usingCnp(p) to estimateCyyq yields negative values of € primary results ol this work concern thé Soven
dependence of the average rotation times, which are directly

C. for most of then-alcohols studied. Thus, in the case of the X o . .
n-alcohol solvents, there is clearly something wrong with the rqlate_d to the integral frlct|0q on .the rotational motion (gq 16.)'
basic notion of dielectric friction and its relation to solvation V'?W'“g these average rotation times as afur_1ct|on of viscosity
dynamics as embodied in the van der Zwafynes connection (Figure 6),_ one finds that there is a marked difference between
(eq 7). the behavior of C1_53 in nonpolar _(alkane) and polar solvents.
C153 rotates considerably faster in nonpolar solvents than in
polar solvents of comparable viscosity. The two classes of
solvents also show distinct correlations with viscosity. In the
In this study we have employed fluorescence anisotropy case of polar solvents rotation times are simply proportional to
measurements with subpicosecond time resolution to study theviscosity, whereas in nonpolar solvents the relationship is of a
rotational dynamics of the dipolar solute C153 in a wide range power law 20, O #° with p = 0.6. Another important
of polar and nonpolar solvents. C153 was chosen partly becausebservation is that hydrogen-bond-donating and polar aprotic

V. Summary and Conclusions
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solvents behave in an indistinguishable manner as far as theseletermining the effects of dielectric friction in polar solvents.
viscosity correlations are concerned. Thus, in contrast to In the case of C153 it appears that approximately the same
previous conjectures concerning rotation of such molec@les, correlation betweef,psandp holds for both polar and nonpolar
the rotational dynamics of C153 appears to be relatively solvents alike. Thus, it seems that this size effect rather than
unaffected by specific associations with hydrogen-bonding dielectric friction is the primary cause of the dramatic difference
solvents. Collectively, these observations suggest that thebetween the rotation times observed in the two classes of
“excess” rotation times of C153 in polar solvents compared to solvents. Once this dominant influence of solvent size is
isoviscous nonpolar reference solvents might be ascribed to theapproximately accounted for, the residual variation€dgs are
operation of dielectric friction. However, attempts to correlate no larger than the scatter of the nonpolar solvent data. There
these excess times with the magnitudes of dielectric friction is no clear correlation between the variationsSgfs derived in
predicted from solvation dynamics data (via eq 7) proved this manner and predicted dielectric friction magnitudes. Thus,
unsuccessful (Figure 7). Rather than polarity being the key we cannot claim that we have observed any manifestation of
factor differentiating these two classes of solvents, it seems moredielectric friction in the present experiments. Part of the
important that for a given viscosity nonpolar solvents are larger. problem is that we have fallen slightly short of the “ideal”

Contrary to expectations, the rotation times of C153 in both experiment described in section 1. While the present e'xperi-
polar and nonpolar solvents can be interpreted primarily in terms MENLS incorporate many of the necessary features required for
of a decreasing solutesolvent coupling with increasing solvent providing stringent tests of dielectric friction ideas, their one

size (Figure 8). This nonhydrodynamic effect is most apparent Major drawback is that we have only measured rotational
in the nonpolar solvents, where the solvent size varies widely. dynamics in one electronic state of the probe. If rotation times

It provides a satisfying explanation for the power-law relation 1N Poth the $and 3 states were available, examining the-S
between the rotation times and viscosity observed in these_SOd'ﬁere_nces Inagiven so_lvent WOU_Id_ObV'ate the d|ﬁ|cult|_es
solvents. As previously noted, such size effects are not unique'nhe"?nt In measuring the dielectric friction effect by comparing
to C153. Similar effects have been observed in a number chemllcally different solven.ts (or solutes). . We are hoplng that
contexts previously, mainly with nonpolar soluf§g2.83.8993 we will be able to accomplish more exacting tests using C153

- . 0
and it seems likely that this size dependence is a generalor similar probeg in future V\-/OH@.. o

phenomenon. Some indication of this generality is provided Some conclusions regarding dielectric friction can neverthe-
by the comparison (Figure 9) between the data collected herel€SS be drawn from the present work. In polar aprotic solvents,
on C153 and data compiled on the rotation times of 16 assorted@nd in many protic solvents as well, the effect of nonspecific
solutes in the single solventhexane®® At least for these two dielectric friction on the rotation of uncharged molecules is
sets of data, we observe what appears to be a single, relativelyPredicted to be quite small. Even in the case of thstéte of
simple correlation between the rotational coupling parameter €153, which has a 15 D dipole moment, the dielectric
and the solvent/solute size ratip The relationship can be component of the rotational friction is predicted to account for
approximately expressed Clbs — 1) O p¥2. A number of only 10—20% of Cops Thus, in most solvents, to confidently
theories of rotational friction predict a dependence of the conclude that one has observed the effects of dielectric friction
coupling parameter op of this general sort. As in previous pr(_)b.ably does require measurements of a single solvent/solute
experimental studie®$;8382 93 we compared experimental results P!l 1N different solute electronic states. Of the solvents studied
to the predictions of two of these theories, due to Gierer and N€re. the only exceptions to this small predicted effect are the
Wirtz24 and to Dote, Kivelson, and Schwartz (DK&) While normal alcohols. In these solvents, dielectric friction is expected
neither theory provides predictions in quantitative agreement fo have a Igrge mfluenpg on rotation times, much larger than
with experiment, the GeireiWirtz theory comes close to the scatter in the remaining d_ata. At least for these solvents,
predicting the proper form of the dependence The more there appears to be a clear discrepancy between the observed

sophisticated DKS theory predicts a dependence tmat is {kc])tatlo?ogln}is alnd thed_g?netrgl e>;rpe<t:ta:||10r;s ?}f dll((aj|eCtl'IC|tfrfIC'[I0n
much weaker than observed experiment&lyThis apparent theory. i e ”argtle e elc ”tc. e t(_ac S ?ts ou relsul rr?r?
failure of the DKS model is disappointing given the fact that it € exceptionally slow solvalion imes ot tné normaj alcono’s

represents the most advanced model currently available that?r:stssirgﬁzgw;%nmamfesa";nthermtnat'tonral mr?ttli(r)1n£h Itf'ris trim:]
affords simple comparison to experiment. components are not prese € riction.

. . . The results of fitting (t) to model friction functions clearly show

Itis important to realize that, even within the class of alkane 4t sjow components are indeed present in the time-dependent
solvents considered here, solvent size is not the only determinantition. As already mentioned, the approximate times deduced
of Cops Thus, the sgatter abou_t thg single-variable correlation for these components bear an uncanny resemblance to the
betweenCops and p illustrated in Figure 9 average&14%. slowest solvation times in the-alcohol solvents. However,
Individual solvents can show much larger variations. For he effect of these slow components on the total friction is much
example, in cyclohexane, the deviation between the observedsmajier than anticipate2 To understand why this is the case
coupling and that predu(:)ted on the basis of the remaining ther experiments of the sort discussed above would be helpful.
solvents is as much as 50%. Presumably, such deviations reflectcomputer simulations of realistic solute/solvent combinations
the influence of solvent shape and possibly other factors on theghould be even more helpful in testing and refining our
frictional coupling. Given the wealth of experimental informa- nderstanding of dielectric friction. The simulations that have
tion available in the literature, more could probably be learned recently appeard®1%3and those ongoing in our laboratéfy
through attempts to correlat€ons with more sophisticated  point to one likely reason for the failure of dielectric friction
solvent/solute properties. Success in this endeavor wouldmodeling. They indicate that the coupling between dielectric
provide empmcalgwdance fo_r improving theoretical mod8ls.  gng hydrodynamic components of the friction may be too
We are currently pursuing this approach. important to allow for easy separations of the sort used in current

For the present, we note that the interesting variability of analysis (i.e., for the validity of eq 4). Some basic revision of
Cobs found even among nonpolar solvents undermines the useour thinking about the nature of dielectric friction may be
of the solvent dependence of rotation times as a means ofrequired before further progress can be made in this area.
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To conclude, the present results on C153 underscore the fact (25) Dote, J. L.; Kivelson, D.; Schwartz, R. N. Phys. Chem1981,

that we are far from having a complete understanding of how 8

it is that the molecular details of solutsolvent interactions
translate into friction on solute motion. In nonpolar solvents,
existing theories provide only qualitative guidance with respect
to the rotational dynamics observed with molecules such as
C153. In polar solvents the situation is worse. Here the
qualitative ideas of dielectric friction in current use may not
even provide a correct first-order description of how polar
interactions modify the friction. Since the concept of friction
is central to any description of dynamics (i.e., chemical reaction)
in solution, this situation is unsatisfying to say the least. We
hope that the results provided by this and similar experiments
will encourage more theoretical interest in treating this old but
central problem in solution phase chemistry.
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