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13C spin-lattice relaxation measurements were performed on, @8t Go, two spherical molecules, to
investigate the role of molecular size on reorientational dynamics. Measurements were taken at common
temperatures and in a common environment; deuterated chlorobetizéder data indicate that both CCI

and Gy reorient in the small-step diffusion limit. Correlation times for ¢®ere found to be smaller in CBZ

than in the neat and much shorter than predicted by viscosity arguments. We have attributed the higher rotational
freedom to higher “free volume” or lower solutsolvent contact probability, in CBZ than in the neat.
Experimentalrc values for CCJ and G in CBZ were found to be much different than those predicted by
hydrodynamics. Pure inertia differences did not explain the disparities in the correlation times. However, a
very reasonable explanation for our experimental findings was found by considering the solvent-to-probe
molecular volume ratio and its effect on rotational diffusion. We applied four hydrodynamic-based theories
to our data and found that the model by Gierer-Wirtz best duplicated our experimental observations. The
success of this model suggests that the relative size of solute and solvent molecules, as well as events at the
microscopic level, rather than bulk properties, are excellent descriptors of the factors affecting rotational
diffusion.

I. Introduction explaining our experimental findings as well as to assess their

For a number of years, the study of molecular rotation in broad applicability.

liguids has been a subject of much intefes$t.Theoretical
characterization of the experimental observations frequently
involve Brownian based theories that presume solutes possess A. Spin—Lattice Relaxation. 13C spin—lattice relaxation in
spherical geometry which, in a number of cases, is an extremeboth CCl and G is known to proceed via a limited number of
approximatiorf:"~11 With symmetries ofT4 and I, carbon pathways: intramolecular dipotaipole R°) and spin rota-
tetrachloride (CG) and buckminsterfullerene §g}, respectively, tion (RfR) in CCls and through the chemical shift anisotropy
possess molecular shapes which remove any uncertainty of their(RSSA) and RfR in Cs0.1920In CCl,, the overall relaxation rate,
spheroidal nature. Rarely does one encounter two candidatesR;, can be expressed?ag2

more suited for probing those factors affecting molecular

diffusion. Carbon tetrachloride has been described as the most R =RP + RR (1)
prominent representative of the pseudospherical tetrahalides,

whose individual isotropic polarizability makes them perfect
for studies of molecular interactions in liqui#sSimilarly, Cso

II. Theory

where

has been the most thoroughly studied member of the fullerene 20y 242,

family. Our interest for several years has been the utilization RP=""2__<0.75,%+0.25.7) )
. . 1 6 1935 e 37

of dynamic NMR, as well as the employment of various el

theoretical models, to investigate the intricacies of molecular
diffusion in liquids!3~16 An issue that has persisted for a number gnq
of years in these types of studies is how molecular size
differences, between solute and solvent, influence solvent R 87AKT )

structure and diffusional behavibrBecause of their size 1 == |CT (3)
differential, CCh (Vccy, = 85 A%) and Go (Ve,, = 181 A%) are h

natural candidates for experimentally addressing these i5stfes.

In this paper, we present experimental data aimed at improving
our understanding of the possible factors affecting molecular
reorientation in liquids, in particular, the roles that molecular
size differences and/or solvent “free volume” might play in
reorientational diffusion. Additionally, we applied four com-
monly used hydrodynamic-based models in an attempt at

In eq 2,y13, v35 andysz correspond to the gyromagnetic ratios

for 13C, 35Cl, and3"Cl, respectivelyrc ¢ is the carbor-chlorine

bond distance (1.76 A, andzc is the reorientational correlation

time. In eq 3,1 is the moment of inertia (4.9 10745 kg nmy),

C is the spin-rotation coupling constant (0.45 kHZandz; is

the angular momentum correlation time. The remaining param-

eters (i.e k, T, andh) have there usual meaning. The decon-
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For Gso, the overall relaxation rate is express as
R =R(*+ R 4)

where is the rate due to chemical shift anisotropy
interactions given B¢

CSA
Rl

RfSA (15)3/13 B 232 Tc 5)

andeR is again given by eq 3; with the moment of inertia (1.0
x 10743 kg mP) and the spin rotation coupling constant (0.258
kHz) values now corresponding togf In eq 5, Bg is the
magnetic field strength, where&ss the shielding anisotropy,
1.78 x 104.20 The various relaxation contributions insgare
readily isolated by measuring the overall relaxation rRieat
various field strengthsB,, sinceR** is directly dependent on

Bo, whereastR has no such dependence. Once separated,

these results lead to the determination wf and z;. The

experimental methodology and analysis is explained more

thoroughly in our previous communicatiéf.

Because of their spherical nature, rotational diffusion for both
CCl, and Gy is characterized by a single diffusion coefficient
and related tac by?!

1

DZGTC

(6)

This inherent relationship allows the use of eitBeor 7c when
describing reorientational behavior. Althoughrepresents the
period of time required by the correlation function for magnetic
relaxation to decrease byeldf its initial value, classically, this

parameter is frequently viewed as the amount of time required

for a molecule to undergo rotation by 1 rad. Because of their
inverse relationship, a small value feyindicates rapid diffusion

while the reverse is valid for an opposite observation. We chose

to describe our experimental observations viamuralues since

these were directly obtained from the various relaxation equa-

tions.
B. Theoretical Models.Rotational correlation times are often

expressed theoretically as the sum of a hydrodynamic and an

inertial contributioR3.24

Ve
Tc= (kBT)qu + 15

whereVp is the probe volumey is the bulk viscosityks is the
Boltzmann constan, is the temperature; is a shape parameter
(which is unity for a sphere), ang, the inertial or “free rotor”
correlation time, is an experimentally obtained parameter which
is often associated with the rotational motion in the pure “slip”
limit. It is common to ignorerp since inertial effects are usually
found to be negligibly small. C is also an experimentally
obtained dimensionless fitting coefficient which contains in-
formation on a probe’s link to its immediate environment. A
value of one refers to a condition frequently known as the “stick
limit", whereas a value of zero is known as the “slip limit.”
Under the latter limitzc reduces tao. The effectiveness of a
theoretical model to replicate experimental correlation times lies
in its ability to generate acceptable values for C.

The Stokes-Enstein-Debye theory (SED) was one of the

)
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to the stick condition, and the inertial contributiag, is ignored.
Under this approach eq 7 reduces to

V,
1o(SED)= (kB"_’Z)

A different approach, which has encountered mixed success,
and commonly referred as the “free space model”, is the theory
by Dote-Kevelson-Schwartz2® This model incorporates sol-
vent size as well as free volume effects to characterize the
rotational diffusion of a solute in solution. In a nut shell, this
model suggests that, in the absence of significant intermolecular
forces, a perfectly spherical solute should not need any free
space to experience “free rotation” as predicted by hydrodynam-
ics. However, it would require increasingly more space as its
shape deviates from this ideal geometry. In this the@ys
given by

8

-1
C= [1 - }é] 9)
wherey is defined a®
V.\23
)= (%)[4(72) + 1] (10)
and@ is given a$§?°
Tslip
=—— 11
7(SED) (11)

In eq 10, Ve and Vs are the probe and solvent molecular
volumes, respectively, wherea&V is obtained using the
isothermal compressibilitkr, viscosity,;, temperature], and
the Hildebrand-Batschinski parameteB,?%27in eq 12

AV = kgk,TyB 12)

The Hildebrane-Batschinski parameter can readily be calculated
from a solvent’s viscosity, density, and density at zero fluidity,

A I

P Po

In eq 11,7y is the correlation time calculated under true slip
conditions whiler(SED) is obtained via eq 8.

An alternative approach, proposed by Hynes, Kapral, and
Weinberg (HKW)?8-2%introduces the concept of a microscopic
boundary layer which surrounds the rotating molecule and
proposes that collisional effects within this layer determine the
rotational behavior of the molecule. A slip coefficient),(
obtained through the Enskog collision thedfy3? is used to
measure the velocity coherence (i.e., coupling) of the boundary
layer relative to the outer hydrodynamic region./Aapproaches
zero, the “slip” limit is approached signifying little or no velocity
coherence. Molecules in this limit are believed to be experienc-
ing free rotation. The other extreme, the “stick” limit, is
approached a8 nears infinity. The values gf between these

two extremes is referred as the “intermediate” region. In this

early attempts at modeling the behavior of a solute in a viscous model, ¢ is still unity (i.e., a sphere) buf is defined as

environment. In this model, a probe is viewed as being affected
primarily by solvent viscosity. The shape parameterand

coefficientC are both set to one, corresponding to a sphere and

c= (1+ 3’7)

3 (14)
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wherey is the bulk viscosity ang is given a$®

b (ZkBuSPT)O'S

1+ Db)

JT

B= 1+

V,p\0-392
(VS) S]PSUSPQ(USP) (15)

In f3, kg is the Boltzmann constantgp is the reduced masg,

is the temperatur&/r andVs are the probe and solvent molecular
volumes,ps is the solvent number densitygp is the average
solvent-probe contact distanag(osp) is the pair distribution
function at the solvenrtsolute contact distanéé,and b, the
reduced moment of inertia, is given¥y

V067 /06 0.67
b= gl —=— + ——||-> (16)
lss lpp J\47
wherelssandlppare the solvent and probe moments of inertia,

respectively.

A far more straightforvard model that has been used
successfully to characterize the reorientational behavior of a
number of molecular systems was proposed by Gierer and
Wirtz.3% This theory introduces microviscosity effects, a “stick-
ing factor,” ogw, and a solvation numbe€y. According to this
approach,C is a function of the solvent-to-probe molecular
volume ratio (i.e.Vs/Vp) and is defined as

C=06uwCo 17)

where

[ svgve
(14 2(veVp) 3’

andogw = (1 + 6(Ve/VR)3Co) 1. A oew value of unity indicates

the “stick” limit, whereas the “slip” limit is reached whersw
equals zero. Essentially, this approach correlates the frictional

0

-1
1
(1+ 4(vslvp)°-33)3] e

changes being experienced by a probe to the varying solvent-

probe molecular volume ratio¥g/Vp.

Ill. Experimental Section

Carbon tetrachloride was purified by distillation, and a
sample, in solution with chlorobenzedg{CBZ), was prepared
in a 5 mm NMRtube. Chlorobenzenés was purchased from
Aldrich Chemical Co. and was used as received. The,/CCl
CBZ solution was prepared with a mole fraction of 387202
for consistency with the earlier study of4ICBZ.13 The sample
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TABLE 1: Experimental Relaxation Times and Rates of
CCl, in Chlorobenzeneds at Different Temperatures and
Field Strengths of 11.75 and 7.05 T

11.75T 7.05T

T(K)  Tis) Rux10(Ls) Ti(s)  Rux 10°(1/s)

288 204.5 4.89 2105 4.75
9) (8)

303 182.8 5.47 190.7 5.24
(5) (15)

318 167.8 5.96 174.2 5.74
(11) (14)

333 153.4 6.52 153.0 6.53
(3) (10)

aValues in parentheses represent standard deviations of at least three
measurements at each temperature.

TABLE 2: Experimental Relaxation Rates and Correlation
Times of CCl, in Chlorobenzeneds at 11.75 T and at
Various Temperatures

RSR x 16

T R x 10° RED x 10% 73 Tc
(K) (1s) (1/s) (1/s) (ps) (ps)
288 4.89 4.45 4.41 0.159  1.30
303 5.47 5.09 3.77 0.173  1.13

18 5.96 5.63 3.28 0.182  1.02
333 6.52 6.23 2.88 0192  0.92

Once values foRE® were known, values foR;" were deduced
from the difference between the experimerfalvalues and
RTP, as given by eq 1. Angular momentum correlation times,
73, were then derived from the extract&d” and eq 3. The
correlation times of CGlin the neat were extracted from a fit
of the data obtained by Gillen and co-workers on this moleEule.

For brevity, the separation &%>* andR;", along with the
determination of values forc and z;, in Cgo are thoroughly
described in ref 13.

IV. Results and Discussion

A. Experimental Results. Table 1 lists the temperature-
dependent3C relaxation rates of CGht the two different field
strengths, 11.75 and 7.05 T. The relaxation rates at these two
field strengths are seen to be within experimental error indicating
an independence on frequency (i.e., the chemical shift anisotropy
mechanism does not play a significant role in the overall
relaxation process). This is expected since the symmetry at the
carbon nucleus in this molecule is high. Hence, only intramo-
lecular dipole-dipole, R°°, and spir-rotation, R;®, rates
contribute to the relaxation process, as found by Gillen and

tube was connected to a vacuum manifold and subjected to atassociated? Since random experimental error was generally

minimum of three freezepump-thaw cycles to remove mo-
lecular oxygen and then sealed under vacuum.

To test for the presence or absence of &&" in CCly, Ty
measurements on this molecule were performed on two instru-
ments operating at field strengths of 7.05 and 11.75 T.
Temperatures were chosen to simultaneously overlap a previou
study by Gillen and co-workers and to our study fap @ this
same solvent®1°The temperature was regulated and maintaine
with an accuracy of-0.5 K. A minimum of three measurements

d

were conducted at each temperature with average values bein%

reported in Table 1.

The dipolar contributionR?®°, in CCl, was obtained through
eq 2 by utilizing values forrc generated via the method by
Gillen and co-workers, who found: to be in the rotational
diffusion limit (i.e., 7; < t¢) and obeyed the relation 19

,L,C — (867 X 10714)e(l.81kcallm0I)RT (19)

lower at 11.75 T, the data at this field strength were used in the
analysis of our measurements.

Table 2 illustrates the relaxation rates and dynamic correlation
times, tc and t; for CCly at the various temperatures. A
comparison of¢ andz; indicates that CGlis indeed experienc-

gng small-step diffusion (i.ez; < 7¢) throughout the temper-

ature range. The reorientational correlation timeg,is observed

to decrease slowly with rising temperature indicating a gradual
increase in rotational rate.

Table 3 illustrates the correlation times of G@i the neat

nd in CBZ. Although the values fag in both the neat and in
CBZ span a range of approximately 0.70 ps, the values are
appreciably lower in CBZ than in the neat. Although chlo-
robenzene’s viscosity is roughly 11% lower, the rotational times
of CCl, in this solvent are an average of 31% lower than in the
neat. The larger than expected decrease-isuggests CGlis
experiencing higher rotational freedom in chlorobenzene. The
presence of weak intermolecular interactions is a possible
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TABLE 3: Comparison of the Correlation Times of CCl, in
the Neat and in Chlorobenzeneds at Different

Temperaturest
Neat CC} CCl,in CBZ
T(K) 1 (cP) 7c (PS) 7 (cP) 7c (ps)
288 1.05 2.01 0.90 1.30
303 0.85 1.72 0.72 1.13
318 0.70 1.49 0.61 1.02
333 0.59 1.31 0.52 0.92

aCorrelation timessc, in neat CCJ] were extracted from a fit of the
data found in ref 19.
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Figure 1. Linear fit of experimental correlation times in neat G&l
obtain values for the friction coefficiert;, and “free rotor” contribution,
To-
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Figure 2. Linear fit of experimental correlation time of C{h CBZ
to obtain values for the friction coefficienC, and “free rotot”
contribution, 7.

TABLE 4: Comparison of Correlation Times for CCI 4 and
Cso in Chlorobenzeneds at Various Temperaturest

CCls Ceo
T(K) 7 (cP) 75 (ps) 7c (pS) 73 (pS) 7c (PS)
288 0.90 0.159 1.30 0.008 10.9
303 0.72 0.173 1.13 0.010 8.99
318 0.61 0.182 1.02 0.011 7.40
333 0.52 0.192 0.92 0.019 4.85

aCorrelation times for g were obtained from our previous work
as given in ref 13. The; values for Gy were obtained indirectly and
so must be treated as estimates.

identical fit of Gso's data in CBZ revealed a friction coefficient
of 0.28 suggesting higher interactions between this selute
solvent pair. Similar free rotor contributions were found for neat
CCl, (0.5 ps) and for CGlin CBZ (0.6 ps), whereas a value of

explanation for the observed differences, but the polarizabilities 0.2 ps was found for £ in CBZ. As expected, the free rotor

of the molecules in questioéc, = 0.215< acgz = 0.235)3%6

which is a good indicator of possible London dispersive forces,

contribution is lower in the larger g molecule.
Table 4 shows a comparison of and; for both CCl, and

would predict the reverse tendency. A second possibility for Cgpin chlorobenzene at the same temperatures. As was observed
the enhanced rotational freedom in CBZ can be due to the lowerfor CCls in CBZ, Gsg's rotational dynamics lie in the diffusion
packing efficiency expected in this solvent. Because of the limit (7 < 7¢).38 The much longet; values for CCJ indicate

molecular volume difference¥ccy, (85 A3) < Vcpz (97 A3),17:37

this molecule is remaining in a rotational state significantly

the larger chlorobenzene molecules would be unable to packlonger than G. This may arise, once again, from the greater

as effectively around C@lwhich would generate more free
volume or less solutesolvent contact; more free volume

free volume available in the CE£+CBZ mixture than in the
Ceo—CBZ case since molecular volume differencése, (85

translates to less drag and, hence, freer rotational motion.A3) < Vcgz (97 A3) < Veeo (181 A3),171837%would predict higher

Moreover, since the size and shape of £@imains constant,

whether in the neat or in CBZ, a linear fit of its experimental
7cs versus (Wn/ksT), as given by eq 7, should provide details

on the friction coefficientC, for CCl, molecules in the neat

and in CBZ. The intercept from this fit will also generate

information on the free rotor contributiom,. We performed
this fit, as shown in Figures 1 and 2 and found valuesddo

be 0.06 and 0.04 for neat CCind CC} in CBZ, respectively.
These values indicate the diffusion of GCih both cases, to

be closer to the “slip” limit and that it is experiencing slightly
higher friction (i.e., “stickiness”) in the neat than in CBZ. An

packing efficiencies aboutggthan about CGl The calculated
radial distributions at the van der Waals contact radii for spheres,
012(CCly) = 7 andg;»(Cso) = 9, Support this observatici.The
rotational correlation timesge, for both CCl and Go are
observed to decrease with rising temperature indicating enhanced
rotational diffusion with rising temperature. However, the
correlation times are very different, witle being significantly
longer for Go suggesting this molecule experiences a higher
retardation force as it reorients. In fact, an Arrhenius fitef
versus inverse temperature for Ga@hd Gy yielded activation
energies of 5.94 and 13.8 kJ/mol, respectively, indicating the
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TABLE 5: Solvent Parameters for CCl, and the Comparison of Its Experimental Correlation Times to Theoretical Predictions
T(K)  p2(@/mL)  #*(cP)  krx10®(m%N)  7c(ps)  wc(SEDP(ps)  wc(FSP(ps)  tc(HKW)"(ps)  tc(GW) (ps)

288 1.60 1.05 10.01 2.01 22.5 0.34 8.15 3.69
303 1.58 0.85 11.27 1.72 17.3 0.26 6.26 2.84
318 1.55 0.70 12.71 1.49 13.6 0.20 4.92 2.23
333 1.52 0.59 14.32 131 10.9 0.16 3.95 1.79

2 Solvent parameters were either obtain from CRC 71st edition or abstracted from the corresponding temperature relétfitdtupsoefficients
used or averages generated via the model<Cé8&D) = 1, C(FS) = 0.015,C(HKW) = 0.362, andC(GW) = 0.164.

TABLE 6: Solvent Parameters for Chlorbenzeneds and the Comparison of the Experimental Correlation Times for CCl, to
Theoretical Predictions in This Solvent

T(K)  p@mL)  7*(P)  krx10%(mIN)  7c(ps)  wc(SEDP(ps)  tc(FSP(ps)  tc(HKW)®(ps)  7c(GW)° (ps)

288 111 0.90 7.21 1.30 19.2 0.38 6.51 3.03
303 1.10 0.72 7.88 1.13 14.6 0.29 4.95 231
318 1.08 0.61 8.61 1.02 11.8 0.23 4.00 1.86
333 1.06 0.52 9.43 0.90 9.60 0.19 3.25 1.52

2 Solvent parameters were either obtain from CRC 71st edition or abstracted from the corresponding temperature relétfidtuipsoefficients
used or averages generated via the model<C&8&D) = 1, C(FS) = 0.019,C(HKW) = 0.339, andC(GW) = 0.158.

TABLE 7: Experimental and Predicted Correlation Times of Cgg in Chlorbenzeneds
T (K) 02 (g/mL) 7?2 (cP) kr x 10'% (m?/N) 7c (pS) 7c(SEDY (ps) 7c(FSY¥ (ps) Tc(HKW)4 (ps) 7c(GW)? (ps)

288 111 0.90 7.21 10.9 411 0.23 9.45 9.85
303 1.10 0.72 7.88 8.99 31.2 0.17 8.88 8.11
318 1.08 0.61 8.61 7.4 25.0 0.14 8.36 7.00
333 1.06 0.52 9.43 4.85 20.5 0.11 7.89 6.17

a Solvent parameters were either obtain from CRC 71st edition or abstracted from the corresponding temperature relétisittlupsoefficient
used via the SED modeG(SED), was unity¢ The “free space model” coefficien§(FS), had a value of 0.0058The coefficients generated via
the HKW model C(HKW), for Cgo were found to range from 0.14 to 0.25 angfHKW) values listed reflect the free rotor contribution as explained
in ref 13.© The Gierer-Wirtz coeffiecient,C(GW), had a value of 0.2 andt(GW) values listed reflect the free rotor contribution as explained in
ref 13.

reorientational barrier is more than twice as high feg i@ this Debye which treats the rotational motion of a molecule as being
solvent. Since the samples were prepared with common molesimilar to the motion of a sphere in a viscous environment. In
fractions and share identical solvent environments, it is highly this approach, as pointed out in the theory section, the shape
unlikely the differences in the correlation times are due to bulk parametep andC are set to unity (i.e., stick boundary condition)
viscosity. A factor that can contribute to the differing correlation while 7o is disregarded. Reorientational times calculated via this
times in these molecules is their relative moments of inertia. In model,7c(SED), for CC}, in the neat and in CBZ are given on
their study, Gillen and co-workers found the correlation times the sixth column of Tables 5 and 6. The model predictions for
for CCl, to be in quantitative agreement with the extended Cgoare found in the sixth column of Table 7. The reorientational
J-difussion theory; a model which depends critically on a times calculated by this approach are seen to be significantly
molecule’s moment of inerti#. If we assume the disparity in  longer for both molecules, approximately an order of magnitude
the rotational times is caused solely by differences in the longer for CC} and 4 times longer for &, than what is observed
molecules’ moments of inertia (i.e., only inertia effects), one experimentally suggesting these molecules are experiencing far
would expect the correlation times to differ by approximately greater rotational freedom in this solvent (i.e., slip conditions)
2 orders of magnitude. However, we only found ¢& be than this model predicts. On a positive note, one sees improve-
rotating approximately 9 times faster tharsoCTherefore, ment in the predictions as thé/Vp ratio decreases.

although inertial effects may contribute to the observed differ-  The predictions via the Dote-Kevelson-Schwartz approach,
ences, it is highly unlikely its influence is the dominating factor. “free space model”, for both C¢and G are shown on column
The observed variance is likely due to a balance between various? of Tables 5-7. Since hydrodynamic arguments project zero
factors. A plausible explanation for the observed diversity in rotational friction for a sphere in the slip limit, we equateg

the rotational motions of Cg¢land Go may be due to the  to the experimentally obtained “free rotor” contributiamg, in
changing solvent-to-probe molecular volume ra¥ig’\/p) which the calculation of) in this modePR® Probe and solvent volumes
has been found to affect rotational diffusi$hGenerally, in (CCly = 85 A3, Cso = 181 A3, and CBZ= 97 A3), along with

the absence of strong solverstolute interactions, the magnitude other solvent parameters given in these tables, were used to
of the retarding reorientational force is enhanced with decreasingcalculate the correlation times according to this modg(FS).
Vs/Vp ratio. In this scenario, the expected correlation times for As one can see from the tables, alt (FS) values are
CClyin the neatYs/Ve = 1) would be longer than in CBA%/ significantly smaller than what is experimentally observed. The
Vp = 1.14), consistent with our experimental observation. model also predicts that the correlation times for £€Hould

Similarly, in comparing the correlation times for GGind Go remain relative constant or experience a very slight increase
in CBZ, one would expect the rotational times fogo@o be from the neat to being in CBZ. A more dramatic but opposite
longer since the solvent-probe volume ratio here is 0.54. trend is however seen. Similarly, the model generates a

We applied four commonly employed theories in an attempt contradictory trend when comparing the correlation times
at analyzing and supplementing our experimental results. Thesebetween CCland G in CBZ. Although this model incorporates
comparisons are discussed in the following section. both solvent and solute molecular volumes, as well as the

B. Comparisons with Theoretical Models.The first model concept of relative solvent free space, we found that this
applied to our data was the theory by Stokes, Einstein, and approach did not adequately duplicate solvestlute structure
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