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Rotational Relaxation in a Nondipolar Supercritical Fluid: Toluene in CO,'
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Studies of rotational relaxation dynamics provide particular insight into local solution structures and
consequently into the interactions between species in a solution. We report here the results of molecular
dynamics simulations describing a neat £&0percritical fluid and an infinitely dilute solution of toluene in
supercritical CQ. Over a period of 0.20.2 ps, the rotation of the near-critical solvent molecules is relatively
unhindered, becoming purely diffusive only on a time scale that is long compared with the decay of the
orientational correlations. As expected, the rotational relaxation rate of a toluene molecule is found to increase
with increasing solvent density, although the simulation results imply some anomalous behavior near the
critical point that may be associated with the appearance of long-range spatial correlations. We also show
that a system consisting of a nonpolar toluene analogue experiences an isotropic rotational friction environment,
unlike the anisotropic environment in which a real toluene molecule is found when dissolved in supercritical
CO..

I. Introduction molecule (experimentally 0.36 ¥,0.24 D in the potential model
. . , , used herei#) will interact with the large quadrupole moméht

Because their densities may be varied continuously over a ¢ CO, (—1.4 x 10730 C-m?), but it is not clear just how great
wide_ range, supercritical quids_, (SCFs) afford an unparallel_ed an effect these shorter-range (as compared with digtifgole)
medium for the study of solvation phenomena. Much attention neractions will have on the rotational dynamics. Stokes shift
recently has focused on a partlcullarl.y intriguing aspect of these heasurements by Maroncelli and co-work&cg coumarin 153
sy_s_tems, tr_]e ap|:1)3earance of density inhomogeneities in the neary, a variety of solvents have suggested that solvation in
cr|t|(_:al r_eg|me1, but SCFS also h_ave proven the sol\_/enets of nondipolar solvents, while qualitatively very similar to what is
choice in more gen_eral investigations of ,ﬂu'd dynarifts! . seen in dipolar solvents, is not quantitatively modeled by theories
Our e”?phas's. here is on the characterization of solute rc’ta'['onalparametrized by the solvent’s dielectric constant, i.e., by standard
_dynam|_cs, which is profoun_dly aff_ecte(_j by local sotugelvent continuum dielectric modef&.Very recent work by Khajehpour
|nteract|ons._Those Interactions yu_ald, in the language sugg(_astedand Kauffma#@?® also has indicated that quadrupolar fluids can
by the casting of the problem in terms of an appropriate p,ye 4 considerable effect on the observed emission spectra of
generalized Langevin equatiéh,a local-density-dependent . tes and that in SCF GQhe quadrupole moment of the

i ictinn15,18-20 1-23 4,25 .
rotational friction- Both Maroncelff™™2*and Waldeck"> <.\ ot may be largely responsible for the commonly observed
and their respective co-workers, have investigated the contrlbu-Iocal density enhancements in the near-critical regime

tions to this friction, which can be fundamentally “mechanical” . .
in character (i.e., deriving from the short-range forces conven- If one follows the rotation of an equilibrated solute molecule
tionally characterized in terms of Lennard-Jones interactions) b(_e”g;)nmng_a: somle arbn_r;ry ZEro %f t'{nS' one eﬁpeﬁttithat lthtere
or “dielectric” (a consequence of permanent molecular electrical will be an interval, possibly very short, during which the solute
moments). Although it would be convenient to view these two rotates freely within its solvent cagé Rotational relaxation

y dynamics in this regime is essentially inertial in character. On

contributions as being independent and hence sepafable, ) o .
Maroncelli has shown in very recent wétkhat any attempted a.much Ionggr time sqale, however, the .actual dynamics is quite
separation is intrinsically flawed. Even short-range electrostatic different and is mo5re likely to be Qpproxmated reasonably well
effects alter the local density profile and thus produce a by a Debye modet® whereby rotational relaxation results from
nonnegligible change in the friction deriving from what a myriad of uncorrelated collisions with solvent molecules. The
otherwise would be viewed as purely mechanical contributions time scale associated with the transition between these inertial
' and diffusive regimes depends on the local solvation environ-

relzggtiggaﬁg\i l:ﬁﬁzsggsramg?tlasrtuedfﬁm?,rf]os%lg:: nrg[% té%?:é ment, which in turn reflects the solutsolvent interactions and
9 b the solvent density. But also reflected is the geometry of the

having substantial dipole moments and, quite often, dipolar . X
9 P q P solute molecule-a large solute necessarily collides almost

4—28 i _
solvents’ However, by selecting toluene and g@espec immediately with solvent species upon undergoing even a very

tively, as our solute and solvent for study, we choose a quite I iar displ h f I
different sort of system, one not dominated by dipedépole small angular displacement. For that reason we focus on a sma
! solute molecule (toluene), hypothesizing that the inertial dy-

interactions. That is not to say that no dielectric frictional effects namical regime persists long enough for it to be readily probed,

are expected here, since the small dipole moment of the aromatic . e o
especially at subcritical densities.

T Part of the special issue “William H. Miller Festschrift”. Of course, understanding the dynamics of a single toluene

* To whom correspondence should be addressed. E-mail: AdamsJE@ Molecule dissolved in SCF Gecomes easier if one already
missouri.edu. has a sense of the dynamics of the solvent molecules themselves.
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We therefore began our study by briefly investigating the neat dipole

fluid. (A more extensive study of COs being carried out,

however, and will be the subject of another publica®n. :

Relatively few inquiries into density-dependent rotational Me

relaxation in pure SCFs have appeared, at least in comparison

with similar studies on “ordinary” liquids. A good example of

such work, though, is the experimental and theoretical work on

CHF; reported by Okazaki et al’,who observed an onset of |7 feellon » tumble

liquidlike diffusional relaxation near the critical density. They

also found (at least qualitatively) much the same sort of density

inhomogeneities in the near-critical regime that Goodyear,

Maddox, and Tuckéf characterized in their two-dimensional Figure 1. Structure of toluene showing the principal rotational axes,

model studies. C@also has been examined by Versm#ldgho labeled as described in the text. Thg thir_d rotation axis, about which

carried out depolarized Rayleigh scattering experiments at state;hrinr:;:icr?r!‘; undergoes planar rotation, lies normal to the plane of the

points significantly removed from the critical density. Although '

the results obtained in the subsequent simulation biynBaet Rotation of a molecule like toluene, however, is characterized

al.® are in reasonably good agreement with Versmold's by three distinct correlation functions, corresponding to (1)

experimental dat# the significance of this agreement is unclear, rotation in the plane of the aromatic ring, (2) end-over-end

since the phase diagram corresponding to their potential modeltumbling, and (3) rotation about the dipole axis, which lies in

is unknown. (This agreement also is in contrast to that afforded the direction of the methyl group (Figure 1).

by the work of Singer et af%**who employed a C@potential A particular practical advantage to the use of angular velocity

energy description that predicts a zero quadrupole moment.)correlation functions is that they generally decay on a faster

Thus, there remains cause for examining the density-dependentime scale than do the analogous orientational correlation

dynamical properties of SCF GQusing a potential function  functions. Furthermore, they provide direct access to axis-

that correctly predicts the position of the critical point. specific rotational diffusion constants, which are obtained
straightforwardly via integratio##:24

A

Il. Theoretical and Computational Background

A. Correlation Functions. Time correlation functions pro- D, = j:om’i(o)wi(t)mt
vide a convenient and powerful formalism for encapsulating
the relaxation dynamics of a molecular system. Of particular = m)i(o)z%wcw (t) dt
interest in the case of rotational relaxation are orientational '
correlation function¥ of the form where [@;(0)20= kgT/l;, I; being the moment of inertia about

theith principal axis. They also lead directly to values of the
total (zero-frequency) rotational friction coefficiefy;,, which
are given (in the limit of diffusive dynamics) big, = kgT/D;,
and to characteristic relaxation times,

C() = B (u(0)-u(®)t

whereu is a unit vector directed along one of the principal axes
of the molecule, an&(2) is anlth order Legendre polynomial.

The choice ofl here depends on the particular process being @) — [°C d
modeled; for exampld,= 1 for infrared absorption and= 2 R /E) wi(t) i

for Raman scattering and fluorescence depolarization. For a . ) )
molecule having a permanent dipole moment, it is usually To describe the interactions between{ablecules, we have

appropriate thati be taken in the direction of the permanent 2adopted the EPM2 model devised by Harris and Ytingn

dipole. Integration of(t) then yields a corresponding rotational all-atom, pairwise-additive potential consisting of Len_nard-Jones
correlation time and Coulomb terms. Although a number of £abtentials are

readily available in the literatur®, the EPM2 model is

t(')=f°°C(t) dt particularly appropriate for the present work, because its

R o parameters have been scaled such that the critical point and
liquid—vapor coexistence curve are reproduced. Many will
recognize this basic functional form as being that of the all-
atom OPLS potential suggested by Jorgensen®t‘al’lhe most
reasonable choice for a toluene potential parametrization is thus
Jorgensen’§? which in this case includes the useful simplifica-
tion of replacing the methyl group with a single spherical
interaction site. The Lennard-Jones parameters for the totuene
CGO; interactions are subsequently obtained using the conven-
tional combining rules of the OPLS model, namejy= v/(ei€;)
ando; = v/(0i0;). All the molecules in these studies are assumed

For a linear molecule in the Debye (Brownian particle) lifdit,
these orientational correlation functions are known to reduce
to a particularly simple exponential fort,

C|(t) — e—l(H—l)DRt (21)
whereDg is the rotational diffusion constant.

Alternatively, one may characterize rotational relaxation by
calculating an angular velocity correlation function of the form

@:(0) ()0 rigid, fixed at their equilibrium geometries.
C,(t)= : '2 (2.2) B. Simulations. The molecular dynamics (MD) simulations
: b, (0D on which this work is based are reasonably standard, having
been performed using thdoldy code?® which implements a
where the rotation is about a principal axisf the molecule. modified Beeman integration algoritifr{(accurate to ordedt*

For a linear molecule, molecular rotation is isotropic, and thus in the coordinates andt® in the velocities) to solve the center-
C,(t) is the same for rotation about any axis perpendicular to of-mass and quaternion dynamical equations. In all cases
the molecular axis (and will be denoted merely @g(t)). reported here we began with 1024 £@olecules (and, for the
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solvation studies, a single toluene molecule) in a (periodically 25
replicated) cubic box, the edge length of which is chosen so as 1.8-; y neat CO2
to yield the desired solvent density. The long-range Coulomb 1.63 E

forces are calculated using Ewald sums with conducting
boundary condition&® Although Harris and Yunf used a
reaction field method for computing the contribution of these
forces, we have chosen to follow the lead of workers such as
Ladanyf® and Maroncell? who also have opted for calculating
Ewald sums, either directly or with a spherical truncation. )
Furthermore, we have made the conventional assumption that e
we are working in the infinite dilution limit, that the presence 0 02 04 06 08 1 12 14
of a t_oluene solu'gg mole(?ule does not perturb significantly the R (nm)
position of the critical point of ce . Figure 2. Radial distribution functions for supercritical G@t 307

We also have begun exploring the role of electrostatic effects k_ “The thin solid line corresponds to a density of 0.200 g/épt =
on rotational relaxation by conducting a few simulations in 0.427); the thick solid line corresponds to a density of 0.468 (gt
which the Coulomb terms are omitted from some or all of the = 1.00); the dotted line corresponds to a density of 0.600 g(pm=
potential functions. Any comparison between these results and1.28).
those deriving from simulations performed using the full
potential function is imperfect, in a sense, because we have not
compensated for the loss of the electrostatic contribution to the
binding energies by adjusting the Lennard-Jones well-depth
parameters. Nevertheless, we should be able to estimate the
magnitude of the net contribution of the dielectric environment
to the dynamics in this way. Of course, rescaling Lennard-Jones
potentials in order to preserve net binding energies can be
fraught with difficulties as well; a simple rescaling of the solvent
potential certainly need not yield the same system critical
parameters due to the differences in the length scales over which
the Lennard-Jones and Coulomb potentials act.

Prior to generating the trajectories used in calculating the
correlation functions, we equilibrated our systems by performing
300 psNVTsimulations §t = 0.005 ps), the temperature being Figure 3. Snapshot of supercritical GGrom a simulation at 307 K
set toT* = T/T. = 1.01 and maintained via periodic rescalings and a density equal to the critiqal dens[ty. For purposes of clarity, only
of the velocities. (The critical temperat@?el, is 304.2 K, so 226 molecules were included in this simulation.
T* corresponds to 307 K. This temperature was used in all the
simulations described in this work.) Since the various popular
thermostating algorithn% all produce an unknown effect on
the dynamics of individual molecules, the simulations for . . X X . . L )
analysis were all performed at constant energy. Specifically, SCOP!C correlanons in an SCF in the |mmed|ate vicinity of its
10 segments of 10 ps each were generated using a time step o‘fr't'cal point. 'These RDFs do not proy|de, though, inasmuch
0.002 ps, with a rescaling of the velocities being implemented S they are highly averaged (both in time (25 ps) and over all

prior to the beginning of each new segment to compensate for1024 CQ mo_IecuIes), a sense of the_'”S‘aF“ar?e"”S fluid
integrator drift over the previous segment and (when necessary)StrUCture' ,A s!ngle .snalpshot (orthographlc prqjectlon) of that
to reequilibrate the toluene molecule. (The energy fluctuations structure Is given in Figure 3 for a sh_g_htly S|mp_ler system

of the single toluene molecule are necessarily far greater thancontaining _only _256 molecules at the critical dens@y. LG
are those of the aggregate solvent.) Correlation functions were"© qualltat|_ve dl_ﬁeren_ce be_tween_ the results of Figure 3 _ar_ld
then calculated over each of these 10 segments from moleculat0Se c.)b.talned n a simulation with .1024 molecules, but it is
positions and velocities (extracted from the quaternions and theMore d|ff|cu_|t to dl_scern the structure in the larger system yvhen
quaternion velocities) stored at 0.04 ps intervals,(eeery 20 the three-dimensional cell is projected onto two dimensions.)

simulation time steps) and were averaged to produce the finalNOt,e’ in particular, the presence of open (_:hannels f[hat e>_<tend
reported results entirely through the cell. Clearly, one finds in these simulations

the same sort of density inhomogeneities reported by Tucker
IIl. Neat CO , and_ co-worker¥ in _their two-dimen;ional_ SCF work _and

' depicted by Okazaki et &l.for three-dimensional GJ. This

To characterize the structure of an equilibrated,Gi@id, finding suggests that our implementation of the Harris and Yung
we computed radial distribution functions (RDFs) at a variety potentiat? indeed yields reasonable values for the critical
of fluid densities. (These RDFs, calculated on the basis of the parameters and that our chosen temperature places us in the
final 10000 steps of thBIVT simulation, reflect the distribution ~ near-critical regime.
of molecular centers of mass, i.e., of the carbon atoms.) We turn now to the calculated correlation functions for neat
Representative results from those calculations are displayed inCO,, which are displayed in Figure 4, for a system at the critical
Figure 2 to a distance of 1.5 nm. The obvious change obtaineddensity. (Note also the corresponding rotational relaxation
upon increasing the density is the appearance of a clear secongharameters given in Table 1.) Comparing the two orientational
solvation shell as one reaches the critical density, and (althoughfunctions, we find thaC,(t) decays on a shorter time scale than
it is not obvious from the plots presented) the hint of a third doesCs(t), just as one would expect on the basis of the predicted
shell appearing at about the same density. One also finds thatong-time diffusive behavior captured in eq 2.1. That diffusive

C-C RDF

the RDF remains distinctly greater than unity to longer distances
at the critical density than it does at the other two densities
shown, a result that is consistent with the presence of macro-



Rotational Relaxation of Toluene in GO

1%

AN neatCO2
T*=1.01
p*=1.00

0.2 T
10 02040608 1 12141618 2

0.1

0.014

4

0.001

UL B BN R RN IR RN R

0 02040608 1 12141618 2
t (ps)

Figure 4. Time correlation functions for near-critical G@s defined

by egs 2.1 and 2.2. The upper and lower panels differ only in the scale

used (linear in the upper and logarithmic in the lower) in the plotting
the ordinate.

TABLE 1: Calculated Rotational Parameters, T* = 1.01

p* = p* = * = * =
0.427 1.00 1.28 1.00 {10 = 0)
Co,
"W (ps) 0.44
7@ (ps) 0.26
R (ps) 0.36
Dr (ps™) 2.2
Cr(x10°32 sy 0.19
Toluene-CO;,
Planar
= (pS) 0.58 0.33 0.46 0.34
Dr (ps™) 0.43 0.23 0.0 0.25
Er (x10732 Js) 0.99 1.9 1.06 1.7
Tumble
=) (ps) 0.080 0.17 0.089 0.20
Dr (ps?) 0.088 0.22 0.14 0.23
Cr(x107323s) 4.8 19 3.0 1.8
Dipole
=) (ps) 0.20 0.18 0.14 0.076
Dr (ps™) 0.57 053  0.42 0.22
Cr (x1073%23s) 0.74 0.80 1.0 1.9

aFor reference, a friction coefficient is given even though the
dynamics is not necessarily diffusive.

regime is not achieved in the 2 ps time interval depicted,
however. Even though botb; andC; are effectively zero after
1 ps,C, tails away more slowly. Indeed, only for> 2 ps has
the angular velocity of C@relaxed entirely. It is therefore not
surprising that the logarithmic plots &i andC, shown in the
lower panel of Figure 3 are not the straight lines with slopes in
the ratio 1:3 that would be found if eq 2.1 were applied. (The
shapes of these later curves at longer times, Whéh < 0.01,
are relatively uncertain, but it nonetheless is clear that the
behavior predicted by a purely diffusive model does obtain
here at times shorter than 2 ps. Subsequent $itws revealed
thatC,(t) exibits faster decay tha@i(t), | = 1 or 2, only when
pco, > 0.6 gcm3. At these higher densities, diffusive dynamics
is indicated after an initial 0:20.3 ps period.)

At first glance all of the correlation functions appear to exhibit
a quadratic time dependence at very short time3. {—0.2 ps).
If the rotational dynamics of C&s essentially ballistic on that

time scale, then the data should be consistent with the short-
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1.8
1.6
1.4
1.24
15---- A
0.8
0.6
0.4
0.2
0 T T
0 0.5 1 1
R (nm)
Figure 5. Radial distribution function corresponding to the disposition
of the centers of mass of G@olvent molecules about the center of
mass of the single toluene solute molecule. The heavy line is found
using the full potential energy function, while the thin line is obtained
when partial charges on all the atoms in the toluene molecule are set
to zero. The data shown have been smoothed somewhat according to
the procedure cited in the text.

RDF

toluene-CO2
T*=1.01
p*=1.00
T T

5 2

2.5

time expansions of; andC,, appropriate to (nearly) free-rotor
dynamics'® namely

C=1- %I (I + 1)k'%Tt2
N(0)? QY
C)=1- % ZIE(B)T[# —1-3¢  (31)

whereN(0) is the torque at time zero ar§ey plays the role of

an average frequency of collisions that “scramble” the angular
velocity. In the present case for G@he coefficient multiplying
t2in eq 3.1 is found to be 3.0@ + 1) ps?2 (i.e., 6.04 ps?
whenl = 1 and 18.1 ps? whenl = 2). If we fit the C4(t) data
shown to this quadratic form, in the limit— O we obtain a
value of 6.3 ps? for this coefficient, which is in good agreement
with the theoretical value. (A direct fit of a Gaussian to this
same data yields the limiting value 6.2783 The same fitting
procedure when applied to i@, data yieldsQo = 9.2 ps?,
which appears to be an entirely reasonable result given that in
the lower panel of Figure 3, I€, exhibits an inflection point

in the intervalt = 0.1-0.2 ps, and the curve is linear after about
t= 0.8 ps.

In the above discussion when we refer to parameters obtained
in the limitt — O, we mean values that are approached as we
use successively fewer points in the fitting procedure. (The final
limiting value is then obtained by extrapolation.) Since for both
Ci(t) andC,(t), the limiting values represent upper bounds, it
appears that even on this short time scale, the rotational motion
of CO; is not strictly free, but rather it is retarded as a result of
intermolecular interactions.

IV. Toluene—CO,

We begin the discussion of the toluer@0, results by giving
the RDF for the solution at its critical density (FigureRshere
is the distance between the toluene and,Cénters of mass).
Because there is only one toluene molecule included in this
simulation, additional time steps (a total of 50 000) must be
included in the averaging to obtain noise levels more comparable
with those obtained in the neat @Gimulations. Further
smoothing has been accomplished by application of the simple
algorithm detailed by Allen and Tildeslé§ The first-shell peak
seen in the RDF has two components, a broad main peak
between 0.4 and 0.7 nm and a second weaker feature that
appears as a distinct shoulder on the main peak just below 0.4
nm. Results from studies of benzer@O, cluster§! suggest
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Figure 6. Time correlation functions for the rotation of toluene in t (ps)

supercritical CQ at three different densities. The temperature in all

cases is 307 K. Figure 7. Angular velocity correlation functions for rotation of toluene

) ) about its three principal axes. The heavy line corresponds to rotation
that this shoulder derives from G@nolecules centered above about the axis perpendicular to the aromatic ring; the thin line

and below the aromatic ring (the lowest energy binding sites corresponds to end-over-end tumbling of the molecule about an axis
reported by Nowak et & lie at a distance of 0.33 nm), while  lying in the plane of the aromatic ring and perpendicular to the direction
the main peak reflects a broad distribution of solvent molecules ©f the dipole moment; the dashed line corresponds to rotation about
that are either displaced from the centered positions on either® @Xis containing the molecular dipole moment vector.
face of the ring or are peripheral to the ring. the calculated correlation functions due to the averaging over
The calculated correlation functions for this system at three the large number of solvent species.
different densities are presented in Figure 6. As the density is In an attempt to clarify the rotational dynamics of the solute,
increased, one finds as expected that the rate at which thewe have calculated angular velocity correlation functions for
angular velocity relaxes increases, while little change (especially rotations about the individual principal axes of toluene (see
in the short-time behavior @@,(t)) is found in the orientational  Figure 1), the results of those calculations being shown in Figure
relaxation. (Of course, one should note that the orientational 7. The heavy lines in these plots relate to rotation about the
relaxation does not reflect rotational motion about the axis axis perpendicular to the plane of the aromatic ring; i.e., the
parallel to the dipole moment of toluene, but only those rotations rotational motion is strictly in the plane of the molecule. This
that reorient that dipole direction.) In the case of the solution motion is also associated with the largest moment of inertia, so
at the critical densityd* = 1.00), the decay o€4(t) is nearly the rotation about this axis is inherently slower than the other
linear over the interval= 1—3 ps, while at the highest density  rotations. The slower decay of this correlation function is in
shown, its decay is not complete until about 6 ps. One also part a consequence of the slower rotation, but it also reflects
finds a complicated oscillatory structure appearing in the angular the fact that, particularly at lower densities, the Z@blecules
velocity time correlation function after its initial (rapid) decay. prefer to aggregate above and below the ring rather than
Certainly, noise in the calculations makes attributing any peripherally in the plane of the ring. Thus, planar rotation, which
physical significance to this structure problematic. But even so, is sensitive only to these peripheral solvent molecules, is
the analysis would be complicated by the fact that rotation of relatively unhindered in comparison with out-of-plane motions.
a toluene molecule is by no means isotrop(e,(f) given here The other two rotations, end-over-end tumbling of the methyl
is obtained from eq 2.2 by substituting the full angular group (the thin solid line) and rotation about the dipole axis
momentum vector(t) for its component about a particular  (the dashed line), decay on very similar time scales, at least
axis.) It is also worth noting that energy transfer between the initially. Both motions are sensitive to the presence of the CO
single solute molecule and the solvent bath may significantly molecules in their preferred interaction sites (above and below
perturb the energy of the solute molecule over the time scale the ring), although the tumbling motion will be influenced to a
of a simulation. In the case of the pure solvent, even though greater extent by local interactions in the vicinity of the methyl
energy transfer between molecules can impact the rotationalgroup, where the dipotequadrupole forces are strongest.
behavior of those individual molecules, it has little impact on Although the statistical noise in the simulations precludes a
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guantitative analysis of the dynamics at longer times, it is 14
interesting to note that all the frequencies of the oscillations in 0.8
theC,,(t) increase as the density of the solvent increases, while e C1
the amplitudes of these oscillatory components diminish with 0.6 -
increasing density. 0.4 c
The rotational parameters characterizing the correlation 0.2 2
functions of Figure 7 are summarized in Table 1. Since ] c
integration of the oscillatory angular velocity correlation func- 0_: ®
tions is problematic in any case and is especially questionable 0.2 S B e B
for results that are noisy at longer times, we have adopted the 6 o5 1 15 2 25 3
strategy implemented by Kurnikova et?aland have fit our 13
numerical functions to the form = a; exp(—ast?) + ag exp- 0.8
(—aqt) cos@st + ag). Note that this form has the correct long- 0.64 3
time behavior (decay to zero) as well as an oscillatory factor, ]
and it may be integrated analytically. Our fits to this function 0.4
emphasize the short-time data< 2.5 ps), thus minimizing 0.2
any contribution from artificial oscillations resulting from 04
incomplete averaging at longer times. 1 ~
. . . . -0.2 +—m——r————1—1 1
The values pertaining to rotation about the dipole axis are 0 05 1 15 2 25 3

the most easily interpreted, so we begin there. This is the fastest t (ps)
rotational motion (smallest moment of inertia), thus at low o ’ )
densities it is characterized by the largest diffusion constant andF19ure 8. Upper panel: time correlation functions for a model system

L - . - identical to toluene-C@except that the partial charges on the toluene
the smallest friction coefficient. At this density, we expect that analogue have been set to zero. Lower panel: angular velocity

the principal toluenesolvent interaction will be with C®  ¢orrelation functions for this same model system. The legend is the
molecules lying above and below the aromatic ring and that same as in Figure 7.

these molecules are most likely to be oriented in the same
direction as the toluene’s dipole, since that orientation places a
negatively charged oxygen atom in the direction of the relatively
positive methyl group. Thus, when the toluene molecule rotates
about its long (dipole) axis, it can undergo a relatively large
angular displacement before suffering a repulsive interaction
with a solvent molecule. This dynamical behavior is only weakly

density dependent due to the strongly favored interaction skewing the results at that point and leading us to underestimate
geometry assumed by the _solvent .mol_ecules. that particular diffusion constant. On the other hand, if peripheral
The end-over-end tumbling motion is the next fastest, but molecules must move out of the way as toluene rotates, then at
we find that at both the lowest and highest densities, it is the critical density a “critical slowing down” may be retarding
associated with the most rapid rotational relaxation, smallest the response of the solvent molecules to the relatively ponderous
diffusion constants, and the largest friction coefficients. This motion of the toluene and enhancing the frictfoh Studies of
strongly hindered rotation derives in part from interactions with sjmjlar systems will be required to elucidate this point further.
the same C@m0|ecu|es that U|t|mate|y retard the I’Otation about F|na||y’ we have es“mated the Con’[ribution of electrostaﬂc
solvent molecules and the partially charged methyl group that the one described above gt = 1.00 exceptthat the partial
contribute to the friction. Curiously, though, at the critical Charges on the atoms of toluene have been set to zero. The
density tumbling appears to be less hindered, although it is alsoresulting molecule now has zero electrostatic moments. Results
at th|S denSity that we haVe found |t most d|ff|CU|t to aChieVe a Obtained from th|S Calculation are Shown in Figure 8 and in the
good fit of the calculated correlation function to the form rightmost column of Table 1. Most remarkably, in this case we
indicated above. Nonetheless, the long-range ordering of thefind no real differences among the calculated rotational diffusion
solvent in the immediate V|C|n|ty of its critical point necessal’ily constants for motion about the orthogona| principa| axes. This
leads to a competition between the tolueselvent interactions  result is not necessarily surprising, though. The principal effect
and the solventsolvent interactions, and this competition may  of including the partial charges is creating a strong preference
be inducing a structural change that leads to a net reduction infgr CO; to be found in the binding sites above and below the
the friction felt by the methyl group as it moves through the ring plane. In the absence of those charges, the solvent molecules
fluid. (A small change in the positions of a few solvent garrange themselves around the toluene molecule more uniformly,
molecules would be sufficient to produce the observed reduction causing any motion of the toluene to be uniformly retarded. It
in the friction. We will return to this point briefly in the s clear that eliminating dipotequadrupole electrostatic interac-
discussion of our final model system.) At the higher system tjons alters the local ordering of the solvent, a result that also
density, one then finds an increase in local density that leavescan be seen in the radial distribution function appropriate to
the motion once again strongly hindered. this case (the thin line shown in Figure 5). One finds there a
A different behavior is seen for rotation of toluene in the notable narrowing of the first-solvation-shell peak in comparison
plane of its ring. This is the slowest rotational degree of freedom with the one determined using the full potential energy function
of the molecule, but the few peripheral €@®olecules are not  and a loss of the peak shoulder corresponding to the previously
particularly effective at hindering planar rotation. As the density preferred binding sites.
is increased to the critical density, solvent molecules are more These final model calculations also are interesting in that they
likely to populate the generally repulsive peripheral sites, and yield diffusion constants and friction coefficients for rotation

an increase in the friction is observed. With a further increase
in density, more molecules are crowded into those peripheral
positions, and yet we find that the rotational diffusion constant
increases somewhat, although it still remains smaller than the
corresponding low-density result. What should we make of this
behavior? It is possible that the aforementioned difficulty in
modeling the correlation function oscillations @t = 1.00 is
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in the plane of the ring and for end-over-end tumbling that are (2) Heitz, M. P.; Maroncelli, M.J. Phys. Chem. A997 101, 5852.
essentially identical with those obtained when the full potential 104(5%2?0”9’ W.; Biswas, R.; Maroncelli, MI. Phys. Chem. 2000
function is usgd. Th|§ result suggests that the local solvent ’(4) Egorov, S. AJ. Chem. Phys200Q 113 1950.
structure (and in particular the local structure near the methyl  (5) Egorov, S. AJ. Chem. Phys200Q 112, 7138.
group, since the same effect is not seen for rotation about the  (6) Egorov, S. A; Yethiraj, A.; Skinner, J. IChem. Phys. Let200Q

dipole axis) in the near-critical regime indeed is being signifi- 317’(?)58Adams 3. EJ. Phys, Cher. B998 102, 7455
cantly influenced by the appearance of long-range structural @) Goodyéar,G.; Maddox, M. W.: Tucker, S.& Chem. Phy200Q

correlations in the solvent. The next step in this study would 112 10327.
be to map more completely the density range over which this ~ (9) Goodyear, G.; Maddox, M. W.; Tucker, S. & Phys. Chem
coincidence is found and to determine its dependence on the200Q 104 6258.

. ) 10) Goodyear, G.; Maddox, M. W.; Tucker, S. &.Phys. Chem
magnitude of the solvent’'s quadrupole moment. 20(()Q )104 624%. Y

.B
.B
: (11) Maddox, M. W.; Goodyear, G.; Tucker, S. &.Phys. Chem. B
V. Concluding Remarks 200Q 104, 6266.

.B

In this study we have investigated the rotational dynamics (12) Maddox, M. W.; Goodyear, G.; Tucker, S. &.Phys. Chem
of a small, weakly polar solute in a nondipolar solvent 2000 104 6248. —
characterized by a quadrupole moment that is large, particularly 83 g;ﬁg?rj_;s;sfréty?d&‘gﬁevr\g: Euﬁéggg TiZB%%%éOZ 2431.
when viewed relative to the size of the solvent molecule. As  (15) Jang, J.; Stratt, R. M. Chem. Phys200Q 112, 7524.
anticipated, we find that the rotation of the toluene molecule is  (16) Reynolds, L.; Gardecki, J. A.; Frankland, S. J. V.; Horng, M. L.;
notably anisotropic, that, in general, the angular velocity about Maroncelli, M. J. Phys. Cheml99§ 100, 10337.
the axis perpendicular to the plane of the molecule relaxes on gig 'gifr’] ; ' gY"waﬁgrz;?'GF‘)j]'D(.:r;;'a]l'jaigssl?zqcﬁn?isa?'Physips
a time scale that is longer than that for the relaxation of the prigogine, I., Rice, S. A., Eds.; Wiley: New York, 1970; Vol. 17, pp-63
other two rotational degrees of freedom. Our results also hint, 227.
though, that the appearance of long-range spatial correlations (19) Bruehl, M.; Hynes, J. TJ. Phys. Chem1992 96, 4068.
in the near-critical regime may alter the details of the general g% 'I\B/'Srrs'h:ly';rog' g.r;ezc?ghfhg.sﬁ?(r;fﬁ 313 ;’ﬁf;_ Chem1996
tendency for the angular velocity relaxation to become faster 10q 1392.
as the solution density increases. Furthermore, we have provided (22) Kumar, P. V.; Maroncelli, MJ. Chem. Phys200Q 112, 5370.
an example in which “turning off” the electrostatic interactions ~ (23) Papazyan, A.; Maroncelli, MI. Chem. Phys1995 102, 2888.
between the solute and the solvent produces a dramatic changggé%“)loguéggo"a' M. G.; Waldeck, D. H.; Coalson, R. D.Chem. Phys.
in the relaxation dynamics. It is worth emphasizing that we have  (25) Kurnikova, M. G.; Balabai, N.; Waldeck, D. H.; Coalson, R.DD.
done more than just eliminate the dipelguadrupole interaction ~ Am. Chem. Sod 998 120, 6121.
in our syster-we have eliminated solutesolvent electrostatic 95(%?3)7 ZHaftma”v R.S.; Alavi, D. S.; Waldeck, D. Bl.Phys. Chenl991,
forces entirely (although not 'thse acting pe_tween solvent molec- ‘(27) Balabai, N.: Waldeck, D. H. Phys. Chem. B997 101, 2339.
ules). In future work we anticipate examining systems such as  (28) Spears, K. G.; Steinmetz, K. M. Phys. Chem1985 89, 3623.
benzene-C®(with and without partial charges on the carbon (29) Nelson, R. D.; Lide, D. R.; Maryott, A. ANatl. Stand. Ref. Data
and hydrogen atoms of benzene) in which we can examine Sew., Natl. Bur. Stand. U.S1967, 10, 1.

: : - (30) Jorgensen, W. L.; Laird, E. R.; Nguyen, T. B.; Tirado-Rives, J.
selectively the loss of the quadrupelguadrupole interactions. Comput. Chem1993 14, 206.

One of our goals when beginning this project was to evaluate  (31) Buckingham, A. D.; Disch, R. LProc. R. Soc. AL963 273 275.
the suitability of the toluene-COsystem as a target for (32) Mataga, N.; Kubota, TMolecular Interactions and Electronic
experiments that probe inertial rotational dynamics. Information SpectraMarcel Dekker: New York, 1970.
about free (or nearly free) rotation in such systems may be %g?’) Khajehpour, M.; Kauffman, J. R.. Phys. Chem. /200Q 104
extracted from the parabolic time dependence of the orientational  (34) Mmyers, A. B.; Pereira, M. A.; Holt, P. L.; Hochstrasser, R. M.
correlation functionsC(t) at short times. Even at the highest Chem. Phys1987 86, 5146.

density consideredCi(t) is essentially parabolic and thus (35) Debye, PPolar Molecules Dover: New York, 1945.
(36) Adams, J. EJ. Phys. Chem. Bmanuscript in preparation.

deviates from a simple exponential decay on a time scale of ) Okazaki, S.: Matsumoto, M. Okada,Jl.Chem. Phys1995 103
about a quarter of a picosecond, which is well within the gs594. T T
temporal resolution of modern instrumentatf8nThus, we (38) Versmold, HMol. Phys.1981, 43, 383.

conclude that toluene may indeed be a useful solute for studies (39) Bthm, H. J.; Meissner, C.; Ahlrichs, Rol. Phys.1984 53, 651.
of rotational relaxation in SCFs. In fact, there are a host of small, Singer, K.; Taylor, A. J.; Singer, J. V. IMol. Phys.1977 33,
substituted benzenes that also ought to be appropriate targets™ (41) singer, K.; Singer, J. V. L.: Taylor, A. 3Mol. Phys.1979 37,
for such investigations, differing only in the nature of the 1239.

specific interactions attributable to the substituents (e-@H, (42) Harris, J. G.; Yung, K. HJ. Phys. Cheml995 99, 12021.
—NH,) and in the overall dipole moment of the molecule. The 50(233’)1. Murthy, C. S.; O'Shea, S. F.; McDonald, I. Rlol. Phys.1983
significance of these interactions in a nondipolar solvent is still ~"(44) " Jorgensen, W. L.; Tirado-Rives,ZI.Am. Chem. S0d988 110,
uncertain, but we expect short-range dipedgiadrupole and ~ 1657.

quadrupole-quadrupole forces again to make an important _ (45) Jorgensen, W.L.; Briggs, J. M.; Contreras)LPhys. Cheni99Q
contribution to the dynamical properties of these systems. '(46)83hefson, K. Moldy: 2.15 ed., 1999,

; (47) Refson, KPhysical985 131B 256.
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