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A previous study of & in deuterated chlorobenzene generated evidence suggestinga€ experiencing

unique reorientational behavior at given temperatures. The present study explores the possibility that this
behavior is present across other solvents. f@espin-lattice relaxation rates for four carbon resonances in
Crowere analyzed in benzeng-dhlorobenzenesgdando-dichlorobenzene4gland as a function of temperature,

to probe the reorientational dynamics of this fullerene. Anisotropic behavior was observed at the lowest (283
K) and highest temperatures (323 K), isotropic diffusion was seen between 293 and 303 K, and quasi-isotropic
at 313 K. When anisotropic motion was present, diffusion about the figure axis was seen to be higher than
diffusion of the figure axis. Experimentally obtained diffusion coefficients generated reorientational correlation
times that were in excellent agreement with experimental values. Theoretical predictions generated by a modified
Gierer—Wirtz model provided acceptable predictions of the diffusion constants;Dyjthsually being more

closely reproduced ard; values generally being underestimated. Overall, the results indicate that the factors
affecting rotational behavior are complex and that multiple solvent factors are necessary to characterize the
overall motion of G in these solvents. Although a solvent’s viscosity is normally sufficient to characterize
the tumbling motion, the spinning motion is less sensitive to solvent viscosity but more responsive to solvent
structure. The balance and collective influence of these factors ultimately determines the overall rotational

behavior.
I. Introduction a more comprehensive understanding of the reorientational
. . dynamics of these spheroids, we studied the temperature
In a previous study of the molecular dynamics ofo @ dependence of th&C spin-lattice relaxation rate of { in
chlorobenzene«{(CBZ), we found evidence suggestingoS benzene-g chlorobenzenes and o-dichlorobenzene-d Our

reorientational motion oscillated between anisotropic and is0- experimentally extracted correlation times allowed us to probe
tropic behavior depending on the temperaturgo further e rotational dynamics of % as well as allowing us to

explore the uniqueness of this behavior, we have expended oureyperimentally and theoretically evaluate the rotational diffusion

measurements to include;Cin benzene-g (BZ) and in constant®; andDx. The calculated activation energies indicate
o-dlcl:hloroben.zeneﬂ(DCBZ). ) thatDz motion is preferred. To provide a theoretical explanation
Since the discovery of buckminsterfullerene;d®y Kroto for the experimental observations, we applied a modified

and co-worker$;® numerous other fullerenes have since been Gierer~Wartz model and found that this approach was able to
discovered. The common feature of these fullerenes is their all- provide acceptable predictions of the diffusion constants.
carbon structure. This structure yields, provided a given allotrope
has high enough symmetry, a relatively simgh€ NMR
spectrum which makes line assignments a relative simple task.
Of particular interest to this communication is;oCwhich Cyoand the various solvents were purchased from the Aldrich
because of it®s, symmetry gives rise to 5 resonances. A second Chemical C&? A typical 33C NMR spectrum of & showed
common feature of fullerenes is their spheroidal molecular the 5 unique resonances expected for this molecule. Carbon
shape, which makes them ideal for investigating molecular resonances were found at approximately 151, 146.5, 147.5,
dynamics because many theoretical models contain the underly-145.5, and 131 ppm. These carbon resonances correspond to
ing presumption that a solute possesses this georfiéfty.  the carbons labeled in Figure 1. Resonances for carbeds 1
Among the various experimental opportunities afforded by were used for the analysis. Unfortunately, because of slight
fullerenes, the possibility of studying the rotational dynamics solvent peak interference and weak peak intensity of the carbon
of true spheroids is provided by its memb&ts*2 To develop 5 resonance in chlorobenzeng-avhich led to higher than
acceptable error bars, it was not feasible to include the analysis
* Corresponding author. Fax: (252) 328-6210. E-mail: rodriguezar@ Of this peak across all solvents.

II. Experimental Section

ec‘ﬁ-gﬂﬁé University Medical Center All solvents were received prepackaged in glass ampoules
f UniversifeH. Poincafe ' and were used as received. Optimum room-temperature con-
8 East Carolina University. centrations of & in the solvents were calculated from published
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TABLE 1: Average Values for the Calculated Tensor
Components, Chemical Shift Anisotropies, and the Chemical
Shift Tensor (CST) Orientation of Carbons in Cyg

carbon o (PPmM) gy (PPM) 022 (PPM) Ao (ppm) 6 (deg)

1 —33.56 —0.97 162.06 179.32 13.94
2 —24.35 0.04 164.65 176.81 51.99
3 —32.24 3.04 165.95 180.55 62.15
4 —22.30 —2.62 167.19 179.65 72.88
5 —8.62 11.56 181.77 180.30 90.00

wherey, is the carbon magnetogyric ratio, Bepresents the
field strength,Ac is the chemical shift anisotropy, ar’r@ff is

the effective reorientational correlation time. The chemical shift
anisotropy is obtained from the three principal components (i.e.,
072 2 Oyy = Oxx) Of the CST as defined by eq 3

Ao = 0,,— 0.5(0, + 0y, 3)

Figure 1. Carbon assignmen’[s im&:Carbon 1 (151 ppm), carbon 2 Although SO“d‘State NMR measurements prOV|de a dll’eCt
(146.5 ppm), carbon 3 (147.5 ppm), carbon 4 (145.5 ppm), and carbon method for determining the principal components, the approach
5 (131 ppm). can be experimentally challenging. This was experienced by
Tycko and co-workers who attempted to evaluate the CST for
data?* Samples were contained in 5 mm tubes, connected to athe carbons in @.3! The relative high noise in their measure-
vacuum line, and thoroughly degassed by several freeze ments only permitted the determination of an average value of
pump-thaw cycles to remove molecular oxygen. The tubes were 200 ppm for each carbon in;& Alternatively, this information
then sealed under a vacuum. can be derived theoretically since recent advances in compu-
3C spin-lattice relaxation measurements were made on tational methods allow their determination with a high degree
Varian instruments operating at 11.75 and 7.05 T. Experiments ¢ accuracy??-3° Henceforth, we performed a quantum me-
were conducted at five different temperatures (283, 293, 303, chanjcal calculation of the chemical shielding tensors to generate
313, and 323). The three higher sample temperatures wereine shielding anisotropy for the carbons ise@nd compared
controlled by a FTS Systems heating apparatus (model TC-84)them to the experimentally derived values. For brevity, the
attached to the instruments, while the lower temperatures werecg|cylation was performed with the Gaussian software package,
controlled by a Kinetics Air-Jet cooling apparatus in conjunction employing the B3LYP exchange-correlation energy density
with the FTS Systems heater. Temperature accuracy for thesﬁ‘unctional, the 6-31G* basis s&t#2and the gauge-independent
systems ist0.1 K. _ _ atomic orbital method (GIAO¥346 A more thorough descrip-

All relaxation times were obtained using the standard tgn of the approach is presented in ref 32. Although the
inversion-recovery pulse sequence as qescribed in our earlier experimental analysis was done on carbong 1calculations
work 120 The seven delay times used in the pulse sequenceere performed on all five carbons yielding values of 179.32,
ranged in value from 0.1 to 1.5 times the estimalgdA delay 176.81, 180.55, 179.65, and 180.30 ppm for carbors,1
time (D1) of approximately B, was used between the transients.  egpectively. Along with values fako, the calculation yielded
Each experiment used a minimum of 112 transients, resulting {he necessary information to determine the orientation of the
in an acquisition time of approximately 36 h. CST relative to the molecular axié,32 These results are given
in Table 1. One quickly sees from this table that the shielding
anisotropy varies little between the carbons and the values

It is now well-established that the only viable mechanisms compare relatively well to the average found experimentally
for 13C spin—lattice relaxation in fullerenes are the chemical by Tycko3! It is interesting to note the similarity afo in Czo
shift anisotropy (CSA)R®", and spin rotation interactions to Ceo's (178 ppm)?” suggesting that anisotropies in other
(SR), RfR_25—28 Therefore, the overalC spin-lattice relax- members of the fullerene family fall within this range.
ation rate in Go can be expressed as sum of these two The spin rotation interaction depends upon the symmetry of
mechanisn? the molecule, its moments of inertia, and the spin rotation

coupling constantC. For a symmetric-top moIecuIeRfR is
R, = Tl = RESA 4 R 1) proportional t8°
1

Ill. Relaxation Mechanisms

To obtain precise rotational information, the overall rate must R =
be decomposed into its individual contributions which, when i

possible, can be accomplished by taking advantage of CSA’s

direct dependence and SR'’s independence to the appliedwherela,gandCy, are the average moments of inertial,§2-
magnetic field. Under extreme narrowing arguments, and |,,)/3, and spin rotation coupling constant,sz + ng)/ 3,
assuming axial symmetry of the chemical shift tensor (CST), respectively, whereas:" is the effective angular momentum

877l KT
—azvgkcivgrg " 4)

the CSA relaxation process is described®y correlation time.
Substitution of relations 2 and 4 into eq 1 generate an
R‘fSA = (A)V CZBOZAaerﬁ 2) expression that can easily be exploited to separate the CSA from
15 the SR contributions
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2 872 ng TABLE 2: Spin—Lattice Relaxation Rates, Mechanistic
R = (—)y 2B A(A0)* e+ —28 2 o (5) Contributions, and Effective Reorientational Times for
1 \15/C 0 ¢ K2 avg™J Carbon 1 of Cyoin Benzene-g@ at Various Temperatures
a b CSA c R eff
A fit of the overall relaxation rate against two or more field T(K) R1(>1</i)02 R1(>]<./;.)02 Ry (175)1 ¢ Rf(1>/<s)102 (;CS)
2 . .
strengths Bf), yields the magnitude of the CSA and SR
T . 283 6.80 2.52 6.69 0.11 25.0
contributions, as well as the value fdf". Complete evaluation (1.90) (1.20)
of rjﬁ requires knowledge do€avg Which is currently unavail- 293 3.94 1.63 3.61 0.33 13.5
able. (0.70) (1.03)
303 3.49 1.61 2.94 0.55 11.0
: . (0.90) (0.80)
IV. Molecular Reorientation 313 416 > 78 220 1.96 8.1
Reorientation dynamics in liquids is normally described in (1.56) (1.32)
323 5.50 4.34 1.81 3.69 6.8

terms of either diffusion constantd);, or reorientational
correlation timesz,, because these two parameters are closely (0.76) (0.88)

correlatedD; is the diffusion rate about a given molecular axis, aRelaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
whereag is the time period required for the angular correlation parer_1the_sis represent standard deviatid@hemical shift anisotropy
function to decays to #/of its initial values’48 These two  Contribution at 11.75 T.

parameters are related #a TABLE 3: Spin —Lattice Relaxation Rates, Mechanistic
Contributions, and Effective Reorientational Times for
Te= i (6) Carbon 2 of C7oin Benzene-@ at Various Temperatures
6D Rix10® R x10® FR*x10* R"x1? &
A spherical molecule (e.g.,¢§ experiencing isotropic type 1 (K) (1/s) (1/s) (1/s) (1/s) (ps)
motion would be characterized by a single diffusion constant 283 3.74 1.49 3.52 0.22 13.5
D or assingle correlation time,. On the other hand, symmetric- (%-1%) (0.22) 16 0.40 )
top molecules, such as;§; are expected to exhibit anisotropic © '751) (5'3?74) 1 4 121
motio_n and_therefore require two diffusiqn C(_)nstants to char- 3q3 3.30 153 277 053 10.6
acterize their overall motion. These two diffusion constabis, (0.27) (0.35)
andDy, represent rotational diffusion about and of the top axis. 313 4.20 2.90 2.03 2.17 7.8
This type of motion is now characterized by an effective (0.34) (0.36)
reorientational correlation time that, in the limit of small-step 323 6.03 4.88 1.80 4.23 6.9
diffusion, is given bg® (.08)  (051)
aRelaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
off 0_25(3(;0%9 — 1)2 3sirf 6 co< O parenthesis represent standard deviatio@hemical shift anisotropy
Tc = 6D 5D. - D + contribution at 11.75 T.
X X z
0.75sift 6 TABLE 4: Spin —Lattice Relaxation Rates, Mechanistic
————(7) Contributions, and Effective Reorientational Times for
2Dy + 4D, Carbon 3 of Cy in Benzene-¢ at Various Temperatures
a b SA c R eff
For CSA relaxationf) is the orientation of the CST tensor ) Rlalsl)oz Rlalsl)oz RY (173)102 Rf(1>/<s)102 (’pcs)
relative to the molecular frame. In principle it is possible to
determineD; and Dy for a symmetric-top molecule provided 283 (3-550) (36‘55) 3.52 0.18 12.9
2" and 0 values are known for different nuclei in the 593 351 1.49 316 0.35 11.6
molecule. In our case, this information is accessed via the (0.20) (0.28)
resonances for carbons-4 of C;o. We employed our experi- 303 3.20 1.54 2.59 0.61 9.6
mental correlation times, along with the Gaussian gener@éted (0.09) (0.12)
values, in eq 7 to simultaneously solve four equations (i.e., one 313 (S‘ﬁ) (5?&% 1.89 2.12 7.0
for each carbon) and obtained the best-fit valueDipandDx 323 5.88 4.97 1.38 4.50 5.
at each temperature. (0.58) (0.62)

a Relaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatie@hemical shift anisotropy

The overall relaxation rates, along with tR§>* and R7R ~ contribution at 11.75 T.
contributions, for carbons 1 thru 4 in;£as a function of csA o .
temperature, in the various solvents, and at the two field The Separate& ™ contributions were used, a'?fng with eq
strengths are given in Tables-23. A cursory analysis of the 2, t0 extract the effective reorientational timeg,, in the
relaxation rates for all carbons at 11.7 T indicate that the CSA Vvarious solvents and temperatures. Valuestfbrare given on
mechanism plays a more significant role at the lower temper- the last columns of these tables. Since carbon nucleiirace
atures with a systematic increase in the SR contribution with part of a rigid 1‘ramew0rk,rgff is a measure of the rotational
rising temperature. A transition to the SR mechanisms is motion of Gy itself. The observed differences in the rotational
observed at approximately 313 K. On the other hand, the SRtimes for the carbons arise from their relative locations on the
pathway dominates at 7.05 T. It is interesting to note that the molecule giving them different angles of rotation in relation to
relaxation rate for carbon 1 is always higher in all solvents the symmetry axis. In all cases one observes a decrease in the
suggesting a correlation between the effectiveness of thecorrelation times indicating faster rotational motion with rising
relaxation mechanism and the location of a nucleus relative to temperature. Alsorecff for carbon 1 is always longer than the
the symmetry axis. other carbons indicating slower displacement of this nuclear site

V. Results and Discussion
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TABLE 5: Spin —Lattice Relaxation Rates, Mechanistic
Contributions, and Effective Reorientational Times for
Carbon 4 of C;o in Benzene-@ at Various Temperatures
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TABLE 8: Spin—Lattice Relaxation Rate, Mechanistic
Contributions, and Effective Reorientational Times for
Carbon 3 of C in Chlorobenzene-g at Various

Rix10® R x10® R¥x10® R"x10 &
T(K) (1s) (1s) (Us) (1s) (ps)
283 3.60 1.35 3.52 0.08 13.1
(0.23) (0.28)
293 3.50 1.45 3.20 0.30 11.9
(0.11) (0.51)
303 3.38 1.61 2.77 0.61 10.3
(0.09) (0.21)
313 4.33 3.05 2.00 2.33 7.4
(0.29) (0.32)
323 6.87 5.85 1.59 5.28 5.9
(0.31) (0.55)

Temperatures
Rix 107 R x10®° R*x1* RRfx1¢ &
T (K) (1/s) (1/s) (1/s) (1/s) (ps)
283 3.70 1.49 3.45 0.25 12.7
(0.10) (0.30)
293 3.60 1.59 3.14 0.46 11.6
(0.06) (0.16)
303 3.21 1.64 2.45 0.76 9.0
(0.29) (0.59)
313 2.69 1.65 1.63 1.06 6.0
(0.35) (0.77)
323 2.83 2.07 1.19 1.64 4.4
(0.43) (0.32)

aRelaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatio@hemical shift anisotropy
contribution at 11.75 T.

TABLE 6: Spin —Lattice Relaxation Rate, Mechanistic
Contributions, and Effective Reorientational Times for
Carbon 1 of C;in Chlorobenzene-d at Various

aRelaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatie@hemical shift anisotropy
contribution at 11.75 T.

TABLE 9: Spin —Lattice Relaxation Rate, Mechanistic
Contributions, and Effective Reorientational Times for
Carbon 4 of C;g in Chlorobenzene-d at Various

Temperatures
Rix 107 R x10® R¥x10* R"x1? &
T(K) (2/s) (2/s) (2/s) (2/s) (ps)
283 5.62 2.12 5.47 0.15 20.4
(0.28) (0.34)
293 4.58 2.28 3.59 0.99 12.7
(0.37) (0.87)
303 3.86 2.22 2.48 1.38 9.3
(0.40) (0.90)
313 3.47 2.26 1.89 1.58 7.1
(0.52) (0.82)
323 3.97 2.90 1.67 2.30 6.1
(1.04) (1.24)

Temperatures
Rix10° R x10® FR¥x10* R"x1 &
T(K) (1/s) (1/s) (1/s) (1/s) (ps)
283 4.43 1.78 4.14 0.29 15.4
(0.17) (0.50)
293 4.02 1.80 3.47 0.55 12.9
(0.33) (0.43)
303 3.61 1.90 2.67 0.94 9.9
(0.15) (0.35)
313 2.99 1.79 1.88 1.11 7.0
(0.13) (0.53)
323 3.45 2.52 1.45 2.00 5.4
(0.28) (0.58)

2 Relaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatio@hemical shift anisotropy
contribution at 11.75 T.

TABLE 7: Spin —Lattice Relaxation Rate, Mechanistic
Contributions, and Effective Reorientational Times for
Carbon 2 of C;in Chlorobenzene-g at Various

aRelaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatio@hemical shift anisotropy
contribution at 11.75 T.

TABLE 10: Spin—Lattice Relaxation Rates, Mechanistic
Contributions, and Effective Reorientational Times for
Carbon 1 of C;g in o-Dichlorobenzene-d at Various
Temperatures

Temperatures
Rix10® R x10® R*x10® R"x10? &
TK — (Us) (1/s) (1s) Ws)  (ps)
283 4.70 1.83 4.48 0.22 17.2
(0.60) (0.90)
293 3.66 1.97 2.64 1.02 10.1
(0.07) (0.17)
303 3.46 1.98 2.31 1.15 8.9
(0.22) (0.61)
313 3.37 2.03 2.09 1.28 8.0
(0.03) (1.40)
323 3.49 2.45 1.63 1.86 6.3
(0.85) (0.55)

eff

Rix 107 R x10”° Rx10* RRfx1¢
T (K) (1/s) (1/s) (1/s) (1/s) (ps)
283 7.04 2.55 7.02 0.02 26.2
(0.28) (0.55)
293 5.06 2.75 3.61 1.45 13.5
(0.39) (0.59)
303 457 2.81 2.75 1.82 10.3
(0.76) (0.86)
313 4.93 3.40 2.39 2.54 8.9
(0.29) (0.58)
323 6.12 4.79 2.18 3.94 7.8
(0.90) (1.01)

2 Relaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatio@hemical shift anisotropy
contribution at 11.75 T.

aRelaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in
parenthesis represent standard deviatie@hemical shift anisotropy

contribution at 11.75 T.
as Go undergoes its reorientational motion. A comparison of
the correlation times for carbon 1, at the lowest temperature, overcome solutesolvent related forces allowing for freer
indicate the reorientational motion to be slowest in DCBZ but rotational motion.
about equal in all solvents once the temperature rises. The Columns 2 and 3 of Tables 346 contain values for the
differences between the correlation times for carbond 2re diffusion coefficientsDx andDz, obtained by using experimen-
not as drastic, with the differences narrowing with rising tally obtained correlation times‘éﬁ, the relative angles of =
temperature. The data also show that the difference in the C4 to the symmetry axis, and simultaneously solving eq 7. In
correlation times between solvents decreases with rising tem-benzene, one sees that at 283 K, the diffusion about the top
perature and approaches an average value of approximately 5.@wxis, Dz, is significantly larger than the motion of the top axis,
ps at the highest temperature. This observation implies thatDx. Between 293 and 313 K, one observes quasi-isotropic type
thermal energy at 323 K is becoming sufficiently large to reorientation within this temperature range. At 323 K, the
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TABLE 11: Spin—lattice Relaxation Rates, Mechanistic Table 15 contains diffusion information for,gn CBZ. From
Contributions, and Effective Reorientational Times for this table, one sees that,at the lowest temperature, diffusion about
_Cr:arbon 2 of Cro in 0-Dichlorobenzene-d at Various the top axis is approximately twice as fast as motion of the top
emperatures . . . . . .
axis. Because pure inertial effects would predict the diffusion
Rix 107 R x 107 R <107 RS x 10 o constants to differ only by about 15%, this observation suggests
TK ) rs) (1/s) @s)  (ps) that the tumbling motion is more sensitive to solvent effects
283 4.30 1.65 4.14 0.16 159  (e.g., solvent displacement) and, consequently, is slower than
(0.22) (0.32) expected. A 10rise in temperature has no effect @ but
293 (égg’) (&gg’) 359 044 138 causes a nqticeable .increaseD';a. Alt.hough this observation
303 3.69 1.80 205 0.74 11.3 is unusual, it would imply that the increased thermal energy
(0.57) (0.22) allows G to more efficiently displace solvent molecules during
313 3.78 251 1.98 1.80 7.6 its tumbling motion. The ratio of the diffusion constants is more
(0.16) (0.25) in line with inertial effects being the primary factor affecting

323 g"llf 6"'615 170 349 6.5 the diffusional motion at this temperature. Beginning at 293 K
(0.11) (0.68) and progressing to 313 K, the differences betwBerand Dx
* Relaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in  are within experimental error indicating that;{Cis now
parenthesis represent standard deviatib@emical shift anisotropy  ayperiencing isotropic reorientation. Surprisingly, however, the
contribution at 11.75 T. motion is predicted to once again become anisotropic at the

TABLE 12: Spin—Lattice Relaxation Rates, Mechanistic highest temperature. This latter prediction is highly anomalous
Contributions, and Effective Reorientational Times for and could be resulting from errors propagated from the
Carbon 3 of Cro in o-Dichlorobenzene-d at Various experimental measurements since error bars at this temperature
Temperatures were higher. An Arrhenius fit of the diffusion constants as a
Rix107® R x10® FR¥x10® R"x10 & function of inverse temperature yielded activation energies of
T(K) (17s) (17s) (17s) (17s) (ps) 21.9 and 17.0 kJ/mol for théy and Dz type motions,
283 4.33 157 4.31 0.02 15.9 respectively, indicating a higher retarding force, 4.9 kJ higher,
(0.14) (0.34) for the tumbling motion. Table 15 also shows the close
293 4.08 1.69 3.73 0.35 13.7  agreement between experimental and calculated correlation
303 (%_%%) (01'_57%) 284 0.76 105 times, ré” (cal), Whig:h shows_ that the (_ext_racted diffusic_)n
(0.06) (0.14) constants are providing an suitable description of the reorien-
313 3.67 2.28 2.17 1.50 8.0  tational motion of Gy in CBZ.
0.59 0.64 i ; i
423 (4.19) (3.11) 6o 250 62 A comparison of the diffusion constants forgdn BZ and

CBZ shows that th®; component remains relatively unchanged
(0.36) (0.77) . ..
across both solvents, whereas a slight increak iis observed
aRelaxation rate at 11.7 T’.Re|axati0n rate at 7.05 T. Values in |n the more Vlscous CBZ Thls behav|0r may result from a
parenthe_5|s represent standard deviatid@hemical shift anisotropy balance of several factors (e.g., viscosity, intermolecular forces
contribution at 11.75 T. = . ) !
solvent structure, etc.) affecting the tumbling motion a6.C

TABLE 13: Spin—Lattice Relaxation Rates, Mechanistic Since solute-solvent interactions in fullerenes have been shown
Contributions, and Effective Reorientational Times for experimentally to decrease in magnitude in the order of>BZ
Carbon 4 of Cy in o-Dichlorobenzene-d at Various CBZ > DCBZ%5! and calculated free-volume increase in the
Temperatures order of BZ> CBZ > DCBZ 52 the data suggest that solvent
Rix 107 R x10® R¥x10* R"x1? & structure plays an important role in this observation.
T(K) (1/s) (1/s) (1/s) Ars) (ps) The diffusion information for @ in DCBZ is given in Table
283 4.96 1.88 4.81 0.15 17.9  16. Analysis of these data show that the reorientational motion
203 (%gz) ((i-%) 283 0.41 14 s slightly anisotropic at 283 K, witiDz = Dx. The motion
(01'22) (o.'49) ’ ’ ' be_comes_lsotropm betwee_n 293 and 303 K and reverts back to
303 4.00 1.08 3.16 0.84 11,7  anisotropic at the two highest temperatures. This unusual
(0.14) (0.51) behavior suggests that a balance of several interrelated factors,
313 4.24 2.77 2.30 1.94 8.5 (e.g., solvent structure, bulk viscosity, thermal energy, etc) are
(0.73) (0.60) determining the molecular dynamics of this fullerene. An
323 4.36 3.29 1.67 2.69 6.2

Arrhenius fit of these diffusion constants generated activation
energies of 22.8 and 14.1 kJ/mol Dk andDz type motions,
*Relaxation rate at 11.7 P.Relaxation rate at 7.05 T. Values in  respectively. The last columns in Table 16 illustrate the
parenthesis represent standard deviatio@hemical shift anisotropy agreement between experimental and calculated correlation
contribution at 11.75 T. . . . . . .
times which suggests that the fitted diffusion constants provide

reorientation reverts back to anistropic type motion, suggesting a satisfactory description of the reorientational motion ef C

an unequal and preferred activation of gtype motion. An in this DCBZ.
Arrhenius fit of the diffusion constants yielded activation A comparison of the diffusion constants fofgh this solvent
energies of 25.2 and 5.9 kJ/mol fbxx and Dz type motions, with those found in BZ and CBZ generates some interesting

respectively, indicating a clear preference for the spinning observations. Because the spinning réig, is generally seen
motion. The close agreement between experimental and calcu+to be slightly lower in this more viscous solvent than in BZ or
lated correlation times;f:ff (cal), in Table 14 signifies that the  CBZ, this observation suggests that the viscosity parameter is
extracted diffusion constants are providing an acceptable not the dominant factor giving rise to the observed spinning
description of the overall reorientational motion ofo@ this behavior of Go in these solvents. It appears that in CBZ and
solvent. DCBZ, the balance lies between the strength of the intermo-
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TABLE 14: Predicted Rotational Diffusion Constants and Experimental and Calculated Correlation Times for the Different
Carbons at Various Temperatures for G, in Benzene-@

carbon 1 carbon 2 carbon 3 carbon 4
Dyx x 10710 Dz x 10710 ‘L’CEﬁ ‘L’(:eff (cal) ‘L'CEﬁ ‘L’ceff (cal) ‘L’ceff Tceﬂ (cal) ‘L’ceff .[Ceff (caI)
T (K) (1/s) (1/s) (ps) (ps) (ps) (ps) (ps) (ps) (ps) (ps)
283 0.6 1.6 25.0 25.0 13.5 14.1 12.9 12.8 13.1 12.5
293 1.2 1.7 13.5 13.5 12.1 12.2 11.6 11.9 11.9 11.6
303 1.5 1.9 11.0 11.0 10.6 10.3 9.6 10.1 10.3 10.0
313 2.0 2.7 8.1 8.2 7.8 7.6 7.0 7.4 7.4 7.3
323 2.4 35 6.8 6.9 6.9 6.2 5.2 5.9 5.9 5.8

TABLE 15: Predicted Rotational Diffusion Constants and Experimental and Calculated Correlation Times for the Different
Carbons at Various Temperatures for Gy in Chlorobenzene-g

carbon 1 carbon 2 carbon 3 carbon 4
Dx x 10710 Dz x 10710 ‘L'Ceff ‘Eceﬂ (cal) ‘L'Ceff ‘[ceff (Cal) ‘Eceff ‘[(;eff (cal) ‘[ceff Tceﬂ (cal)
T (K) (1/s) (1/s) (ps) (ps) (ps) (ps) (ps) (ps) (ps) (ps)
283 0.8 1.6 20.4 20.5 17.2 15.9 12.7 15.0 15.4 14.4
293 1.4 1.6 12.7 12.1 10.1 11.8 11.6 11.7 12.9 11.6
303 1.8 1.8 9.3 9.3 8.9 9.3 9.0 9.3 9.9 9.3
313 2.3 2.6 7.1 7.3 8.0 7.0 6.0 6.9 7.0 6.9
323 2.6 3.9 6.2 6.3 6.3 55 4.4 5.3 5.4 5.2

TABLE 16: Predicted Rotational Diffusion Constants and Experimental and Calculated Correlation Times for the Different
Carbons at Various Temperatures for G in o-Dichlorobenzene-d

carbon 1 carbon 2 carbon 3 carbon 4
Dyx x 10710 Dz x 10710 ‘L’CEﬁ ‘L’ceff (cal) ‘L’CEﬁ ‘L’ceff (cal) ‘L’ceff Tceﬂ (cal) ‘L’ceff .[Ceff (caI)
T (K) (1/s) (1/s) (ps) (ps) (ps) (ps) (ps) (ps) (ps) (ps)
283 0.6 1.1 26.1 26.1 15.9 17.7 15.9 16.2 17.9 15.6
293 1.2 1.2 13.5 13.8 13.8 13.8 13.7 13.8 14.2 13.8
303 1.5 1.5 10.3 10.9 11.3 10.9 10.5 10.9 11.7 10.9
313 1.9 2.3 8.9 8.7 7.6 8.2 8.0 8.1 8.5 8.0
323 2.1 3.6 7.8 7.7 6.5 6.6 6.2 6.3 6.2 6.1

lecular forces and solvent structure. Because the free volume isTABLE 17: C o and Solvent Molecular Parameters Used in
greater in DCBZ, this suggests that the available free space isthe Application of the Gierer and Wartz Model*

more important than solutesolvent interactions in determining solvent Vs (A3) Co ocw fow

the spinning freedom of £gin these two solvents. The tumbling benzene-d 905 473 0.063 0.297
motion, Dy, is slowest in DCBZ: consistent with the higher chlorobenzened 112.8 4.97 0.058 0.287
viscosity of this solvent. One must however be cautious of o-dichlorobenzened 125.9 5.21 0.053 0.277

oversimplifying this observation, because as we saw for the other  ay,_govent van der Waals volumes were calculated at the 6-31G*
type of motion, other solvent-related factors are also present.|evel. The value for G, was calculated to be 685.13A

VI. Comparison with Theoretical Predictions coefficient,fow, is a function of the solvent-to-probe molecular

The anisotropic rotational diffusiorD;, of a spheroid is volume ratio (i.e.Vs/Vp) and is defined &8
regularly analyzed via models derived from the Stokes

Einstein-Debye (SED) diffusional equatiofidJsing the SED fow = awCo )
theory as its basis, Perrin was able to derive expressions for
diffusion about and of the top axed; andDyx, respectively?? where
These are given as
0.33 -1
1\ (1)) KT c = | 8VVe + L (10)
D;=[F|Ps= (5 (8) o 0334 0.333
f fi)\8wr 3y (L+2(VgVe) ™" (1 + 4VeVp)™ D)

wheref; is a friction coefficient associated with the spinning or  andogw = (1 + 6(Vs/Vp)Y3C,) L. A oew value of unity indicates
tumbling motion and depends on the axial ratig, of the the “stick” limit, whereas the “slip” limit is reached whersw
spheroid in question. The solute’s average molecular radius isequals zero. Thegw factor also provides an indication of the
given by r,7 is the solvent bulk viscosity, arkl corresponds angular velocity coherence between the first solvent shell and

to the thermal energy. the angular velocity of a probe molecule. Essentially, this
We recently applied the Perrfd,Hu-Zwanzig!? Gillen and approach correlates the frictional changes being experienced by
Griffiths,>* and the GiererWirtz8 models in the study of {3 a probe to the varying solvent-probe molecular volume ratios,

in chlorobenzene and found that, of these models, only a Vs/Vp. Table 17 lists solvent molecular parameters along with
modified Gierer-Wirtz approach generated rates that were calculated G, ocw, and fgw parameters. Solvation values
consistent with our experimental valueey features of the indicate that Gy is similarly solvated in these solvents amgly
Gierer—Wirtz approach is the “sticking factorgcw, a solvation suggests that fg's diffusion is much closer to the slip than the
number, C,, and the concept of microviscosity effects on stick limit with the solute-solvent velocity coherence decreasing
reorientational motion. According to this model, the friction in the order of BZ> CBZ > DCBZ.
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TABLE 18: Experimental and Gierer —Wirtz Predictions of
the Rotational Diffusion Rates of G in Benzene-d at
Various Temperatures?

Hughes et al.

TABLE 20: Experimental and Gierer —Wirtz Predictions of
the Rotational Diffusion Rates of G in
o-Dichlorobenzene-d at Various Temperatures

experimental GW experimental GW
Dz x 1010 Dxx 101 Dzx 101 Dyxx 1010 Dz x 101° Dyxx 10 Dz x 1010 Dxx 10710

T(K) h(cP) (a/s) (1/s) (1/s) (1/s) T(K) h(cP) (1/s) (1/s) (1/s) (2/s)

283 0.755 1.6 0.6 1.6 1.0 283 1404 11 0.6 0.9 0.5
293 0.649 1.7 1.2 1.9 12 293 1.283 1.2 12 1.0 0.6
303 0.562 1.9 15 2.2 14 303 1.180 15 15 11 0.7
313 0.492 2.7 2.0 2.6 1.7 313 1.080 23 1.9 12 0.8
323 0434 3.7 2.4 1 2.0 323 1.013 3.6 2.1 14 0.9

a Solvation parametet,, ocw, and friction coefficientfew, in this
solvent were found to be 4.73, 0.063, and 0.297, respectively.

TABLE 19: Experimental and Gierer —Wirtz Predictions of
the Rotational Diffusion Rates of Ggin Chlorobenzene-d at
Various Temperatures

experimental GW
Dz X 10_10 Dx X 10_10 Dz X 10_10 Dx X 10_10

T(K) h(cP) (1/s) (1/s) (1/s) (1/s)

283 0.929 1.6 0.8 1.9 12
293 0.814 1.6 14 2.2 14
303 0.719 1.8 1.8 2.6 17
313 0.640 2.6 2.3 3.1 1.9
323 0573 3.9 2.6 3.6 2.2

a Solvation parametet,, oew, and friction coefficientfew, in this
solvent were found to be 4.97, 0.058, and 0.287, respectively.

In our previous study, we intuitively modified the Gierer
Wirtz model by proposing that fgs spinning and tumbling
motion could be viewed as being equivalent to the reorientation
of spheroids with two different molecular radiin this modified
approach, motion about tteaxis, Dz, is equated to motion of
a spheroid of radius,r 3.545 A in Go. For a prolate, motion
about thex or y-axis would correspond to motion of the top
axis, b, which in Gy equals 4.130 A.

We used the calculated Gierer-Wirtz friction coefficiefaty,
from Table 17 and the appropriate semi-axes values firC
eq 8 to derivdDz andDx values in these solvents at the various

temperatures. These predictions are shown in the last two

columns of Table 18- 20.

a Solvation paramete,, ocw, and friction coefficientfew, in this
solvent were found to be 5.21, 0.053, and 0.277, respectively.

with rising temperature indicating the model's ability to
characterize diffusion decreases with rising solvent viscosity.
Noting that the GiererWirtz approach uses a common
friction coefficient cw) for the spinning and tumbling motions
leads one to propose that separate friction coefficients, one for
each type of motion, are necessary to adequately treat the
molecular dynamics for these types of molecules. For £fit
of our experimentalD; values to the GierefWartz theory
yieldedfgw values for the spinning motion of 0.126, 0.122, and
0.065 in benzene, chlorobenzene, and dichlorobenzene, respec-
tively. It is interesting to note that these fitted friction coefficients
parallel ogw values suggesting thaicw values provide a
measure of the rotational “freedom” of a solute in a given
solvent and/or of the angular velocity coherence between the
solute and the first solvent shell. This observation is consistent
with the view that, unlike the tumbling motion, spinning does
not require solvent displacement, which results in a lofy@r
value. Although spinning does not require solvent displacement,
the value forfew will still reflect the presence or absence of
interactions and the degree of rotational freedom that can arise
from the ability of the solute to create “cavities” within the
solvent.

6. Conclusions

The relaxation measurements indicate that the CSA mecha-

In benzene, the predicted diffusion constants follow the same nism dominates the relaxation process at 283 K and decreases

trend as was observed experimentally. Model caculdgd

with rising temperature. The SR pathway begins to dominate

values are seen to be slightly lower than observed experimentallyat 323 K. Experimental correlation timesg', and diffusion

indicating that Gpis spinning faster than predicted. On the other
hand, the tumbling motiorDy, is predicted to be faster at the

coefficients Dz and Dy in all solvents showed the overall
reorientational motion to be anisotropic at the two extreme

lowest temperature and is semiquantitative at the remaining temperature but, within experimental error, to be isotropic from
temperatures. For both diffusion constants, the agreement293 to 313 K. When anisotropic, diffusion about the figure axis
between experimental and predicted values is quite good with (i-€., spinning) was seen to be significantly higher than diffusion
better agreement being realized with rising temperature. In the Of the figure axis (i.e., tumbling) indicating the presence of a
case of chlorobenzene, Table 19, the overall concurrencehigher frictional force for the tumbling motion. These measure-
between experiment and predicted values is also acceptableiments indicate that £g's oscillating behavior, between aniso-
especially forDx. The model predicts that 4 should be tropic and isotropic molecular reorientation, is not isolated to
experiencing faster spinning motion in this solvent than chlorobenzene but is also exhibited in at least the other two
observed. One also notices the agreement between model angolvents, suggesting that this behavior may be ubiquitous across
experimental diffusion constants improve with rising temper- other solutions.

ature. In DCBZ, Table 20, the predicted diffusions are not quite  The theoretical predictions calculated via the modified
as good as in the other two solvents. The model predicts thatGiererWirtz model generated diffusion constants that were
diffusion, about either axis, should experience a higher retarda-congruent with the temperature behavior of the experimental
tion than is experimentally seen. Consequently, the predictedvalues. Predicte®x values were usually more closely repro-
Dz values are lower than experiment signifying that @& duced indicating that the model is better at representing the
spinning much faster than calculated. The calcul&@igdalues tumbling motion of a symmetric-top molecule. On the other
in this solvent do not increase as dramatically with rising hand, the approach generally underestimated Dhevalues
temperature, suggesting the model overestimates the role playeguggesting that fg is undergoing freer rotation than predicted.
by solvent’s bulk viscosity. Unlike the other two solvents, the Overall, our data indicate that the factors affecting rotational
agreement between model predictions and experiment worserbehavior are complex and that multiple solvent factors are
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necessary to characterize the overall rotational motion-gf C

in these solvents. Although a solvent’s viscosity appears to be

sufficient to characterize the tumbling behavior, the spinning

motion is less sensitive to solvent viscosity but more responsive
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cavities). In fact, according to our experimental fit of the

Gierer—Wartz friction coefficients, we estimate that the friction

coefficient for the spinning motion to be approximately 2.5
lower than for the tumbling motion. Ultimately, the balance and
collective influence of these factors determines the overall
rotational behavior.
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