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We have employed the Hubbard relation to acquire semiquantitative information dACtrepin—lattice
relaxation rate of buckminsterfullerene in £SNe found the spin rotation mechanism to be operative and

its contribution to be significant at all temperatures studied here. With the exception of values at 303 K, we
found very different chemical shift and spin rotation contributions in this solvent than in 1,2-dichlorobenzene-
ds. In fact, the respective contributions were reversed at 313 K. This observation indicates that solvent
effects play a critical role in determining how effective these mechanisms will be in a given solvent. Three
hydrodynamic-based models were applied in an attempt at theoretically describing the rotational motion of
the title molecule in C§ The StokesEinstein-Debye (SED) model proved superior in duplicating our
experimental findings. The agreement between the SED predictions and our experimental reorientational
times suggests thatgxeorients in the “stick” limit where solutesolvent velocities are predicted to be similar.

We, however, believe that the velocity coherence is not due to their separate matched velocities but rather
originates from the presence of intermolecular interactions.

Introduction lattice relaxation rate of the title molecule in 1,2 dichloroben-

. ) zened, (1,2-DCB-,) provided further evidence of the impor-
The discovery of € has generated a considerable amount (5nce of the SR interaction in the overall relaxation prodss.

of |nteres_t n _the study of the physiochemical properties of this In line with these later observations, our present measurements
very fascmat_lng molecul&:® In the past few years our_efforts in CS show the spin rotation contribution to be indeed
htalvedpeenfcti;:e(;te? towe;;d ?.evetlggng gC(I)r:ltprehelnsws under'significamt, even at low temperatures. We found this to be
standing Of th'e ac Iors('lﬂ ec ‘ljng s_p![n—? |cedr_(i_ axa 'OIQ | amazing, since SR interactions are generally not effective at
process ot this molecule under a variety ot conditions. £arly o, 4 temperatures. Moreover, when we compared our CSA
spin—lattice relaxation studies assumed that the chemical shift . : o . .

) ) - and SR values in GSwith quantities obtained in 1,2-DCB8,
anisotropy mechanism (CSA) was the only efficient pathway S ) -
by which carbon nuclei in € could undergo this type of we found these contributions to be considerably different at
relaxation®” Later studies showed, however, that spin rotation aImo;t all temperatgres, sugggsting that so!vent effects play a
interactions (SR) were also efficient at promoting spittice very important role in determining the magnitude of these two

contributions. Also surprising was our finding thaj,@orients

relaxation®® Our very recent investigation of théC spin— ' )
much more slowly in Cgthan in 1,2-DCBd,. One would have
expected & to reorient more quickly in Csthan in the more
T Graduate fellow. : . . . .
* To whom correspondence should be addressed. viscous 1,2-DCBd;. Besides viscosity, we believe that sokdte
® Abstract published irAdvance ACS Abstract€ctober 15, 1996. solvent interactions also affect the observed CSA and SR

S1089-5639(96)01548-4 CCC: $14.00 © 1997 American Chemical Society




104 J. Phys. Chem. A, Vol. 101, No. 2, 1997

TABLE 1: Experimental Spin —Lattice Relaxation Rates,
Chemical Shift Anisotropy, Spin Rotation, and %
Contributions at Various Temperatures of Cgo in CS;2

T Rix 100 RAx 1P R x 10°
(K) (1s) (Ls) (1s) %CSA % SR
278  9.35(0.49) 8.34 1.01 89.2 108
293 7.10(0.28) 5.59 1.51 788 212
303 6.11(0.38) 4.01 2.01 656  34.4
313 11.2(0.98) 3.74 7.46 334 666

aValues in parentheses represent one standard deviation.

contributions as well as the rotational motion ofp@ these
two solvents.

In this communication we present our analysis ef £spin—
lattice relaxation rate and its reorientational dynamics in CS
at a field strength of 4.7 T. Also, to further expand our
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R = 1M =R{™+R" (2)
Expansion of eq 2 with the respective theoretical expressions
for R>* andR® yields eq 33

2 872IKT
R, = 1/Tl = l_S(VHoS)ZTc + (T)CZTJ 3)

In eq 3, H, is the field strength (4.7 T)S is the shielding
anisotropy (1.78< 1074),° 7. is the reorientational correlation
time, | is the moment of inertia (1.08 1043 kg mP), C is the
spin rotation coupling constant (258 radigindr; is the angular
momentum correlation time. All remaining parameters have
their usual meaning.

understanding of the factors affecting the relaxation process and As briefly cited above, the CSA and SR contributions can

the dynamics of this molecule in various environments, we have
compared our CSresults to observations made in 1,2-
dichlorobenzenel,. We have attempted to explain our findings
in terms solute-solvent interactions.

Experimental Section

Raw soot, containing roughly 10%s§; was purchased from
the Texas Fullerenes CorporatifnThe separation of & from
the raw soot and its purification were accomplished by the same
procedure as described previously.

The GoCS sample, with a mole fraction of 9.8 1074,
was containedn a 8 mmtube that was degassed via a series of
three pump-thaw cycles. The sample tube was sealed under
vacuum and placed in a 10 mm tube in a coaxial configuration.

typically be separated by measuring the relaxation rate at various
field strengths. Alternatively, this separation can be ac-
complished by employing the Hubbard relation (i.e;,=
I/(6KTzc)).1* This alternative approach, however, requires that
the system be undergoing small step diffusion (re<< 7¢).
Although this approach is subject to more uncertainty, we
recently demonstrated that this procedure provides reliable data
when applied under the right conditioHs® Briefly, inclusion

of the Hubbard relation into eq 3, followed by rearrangement,
yields a quadratic expression with respect4o

1.154hIC) 0

2
1_5(VH0$27(:2 - erc + ( h 4)

Experimental relaxation rate®,;, were fitted according to

The outer annulus of the 10 mm tube contained deuterated watereq 4 to render two possible values for However, only the

which served as a lock solvent.
All measurements were performed on an instrument operating
at 50.3 MHz (i.e., 4.7 T) and at temperatures of 278, 293, 303,

positive root ofz; leads to the theoretically acceptable temper-
ature behavior oRfR. 7c Values obtained at the three lower
temperatures were used to calculate CSA contributions at these

and 313 K. Lower or higher temperature measurements weretemperatures. These CSA values were then fitted vs the

not possible owing to precipitation and boiling point restrictions.
Sample temperatures were controlled by the previously cali-
brated spectrometer (accuracy is estimated te-Bel K).

Since we are limited to a single instrument in our department,
we employed the Hubbard relation to separate the CSA from
the SR contribution at the three lower temperatures where this
relation is known to hold. Although ideally one would prefer

to perform this separation via field dependent measurements,

we have shown that the Hubbard relation provides an excellent
alternative to this separatidf.

All relaxation times were obtained using the standard
inversion-recovery pulse sequence (el;—r—7—n/2). Seven
7 values ranging from 0.1 to 1.5 times the measufeavere
employed in acquiring the magnetization data. A delay time
(Dy) of 5 x Ty, was used between repetitions.

To guard against any pulse imperfections, all carbon mag-
netization data were fitted according to a three-parameter
equation given b¥? Average experimental relaxation rates are

M(7) = M[1 — (1 — cos6 ) exp(/T,)] 0}

given in column two of Table 1. Values in parentheses represent

one standard deviation.

Theory

It is now well established that the only two pathways for
spin—lattice relaxation in buckminsterfullerene is via the spin
rotation and chemical shift anisotropy mechanigsTheir
contribution to the overall relaxation ratBy, is given by eq

temperature to interpolate this contribution at 313 K. CSA
values were subsequently used in eq 2 to obtain spin rotation
guantities at each temperatur&>" and R;" values obtained

via this procedure are listed in columns three and four of Table
1.

Results and Discussion

Table 1 clearly shows the spin rotation mechanism to be an
important pathway for spialattice relaxation at each temper-
ature. In column two one observes the overall relaxation rate
steadily decreases with rising temperature with a dramatic
reversal occurring at 313 K. At 313 K, the relaxation rate
experiences a significant enhancement, which can only be due
to the increased efficiency of the SR mechanism. At the lower
temperatures one observes the CSA mechanism to be the
preferred mode for relaxation. The temperature behavior of
these two interactions is better illustrated in Figure 1. According
to this fit, SR will become the dominating pathway f&iC
relaxation in Go at 308 K. The dominance of the SR
mechanism at such a moderate temperature is due primarily to
the inefficiency of the CSA interaction to promote relaxation
at this field strength. Interestingly, we found our interpolated
SR contribution at 283 K (12%) to be much lower than the
solid-state finding of 5698. This suggests that solvent effects
play an important role in determining the magnitude of these
mechanisms in £g.

With this in mind, we compared our present CSA and SR
data to values obtained in 1,2-dichlorobenzene-CSA and
SR data in 1,2-DCRY, is found in Table 2. With the exception
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Figure 1. Temperature behavior of the chemical shift anisotra@y (
and spin rotation contributions\j in CS,.

TABLE 2: Experimental Spin —Lattice Relaxation Rates,
Chemical Shift Anisotropy, Spin Rotation, and %
Contributions at Various Temperatures of Cg in
1,2-Dichlorobenzened,

T Rx1¢ FR*x100 RRfx10

(K) (1s) (1s) (Us) % CSA % SR
278 6.81 5.19 1.62 76.2 23.8
293 6.37 4.48 1.89 70.3 29.7
303 6.20 4.19 2.01 67.6 32.4
313 5.82 3.63 2.19 62.4 37.6

aValues at this temperature were interpolated from the graphs given
in ref 10.

of values at 303 K, one finds very different CSA and SR
contributions in these two solvents. In fact, the respective
contributions are reversed at 313 K. Unlike our findings in
CS, we found that in 1,2-dichlorobenzeng-the SR mecha-
nism becomes the dominant pathway for relaxation at a much
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TABLE 3: Comparison of the Reorientational Times of Cg
in CS; and in 1,2-Dichlorobenzened,

CS 1,2-DCB4,
T(K) 1 (cP) 7c (PS) 1 (cP) 7c (ps)
278 0.423 19.8 1.47 12.3
293 0.363 13.3 1.28 10.4
303 0.348 9.50 1.18 9.93
313 0.318 8.86 1.09 8.60

@Values at this temperature were interpolated from the graphs given
in ref 10.

fit of In 7. vs 100071 yielded an activation energy of 17.5 kJ/
mol. In surveying our. values, we noticed thatggreorients
somewhat more slowly in this liquid than in its solid phase (e.qg.,
9.2 ps at 283 KJ. This once again suggests that solvation is
affecting the rotational motion of gin this solvent. Perhaps
more interesting is the comparison mfvalues in this solvent

to those obtained in 1,2-DCB,. 7. values in 1,2-DCBd, are
found in the last column of Table 3. Hydrodynamic-based
arguments would lead one to expect the rotational motion of
Ceso to be much more rapid in GShan in the more viscous
1,2-DCB4;. However, at the lower temperatures, one sees that
Ceo reorients much more quickly in 1,2-DC&@#r The reorien-
tational motion is seen to be about the same at the two higher
temperatures even though the viscosity difference of these
solvents is still very large. The anomalous behaviorofan
best be explained by considering solus®lvent interactions.
Reed and co-workers found that solvent effects on the electronic
spectrum of Gy were greater in C&han in 1,2-dichlorobenzene
(band shift of 364 cm! vs 168 cnT?, respectively), indicating
that intermolecular forces are much stronger in @@n in 1,2-
dichlorobenzené®1” This observation correlates exceptionally
well with our activation energy difference in these two
solvents: 17.5 kJd/mol in GSand 7.7 kJ/mol in 1,2-DCRly.
When solute-solvent interactions are taken into account, one
would then expect g to experience greater rotational freedom
in 1,2-DCB4, than in C$. Consequently, shorter rotational
times are seen in 1,2-DC#&than in CS.

The theoretical interpretation of the reorientational motion
of Cgpin CS, was accomplished by comparing our experimental
reorientational times to those predicted by several hydrodynamic-
based models. For brevity, we present only essential details
regarding the theories employed in this analysis. A much
broader treatment can be found in several previous communica-
tions10.18.19 Theoretically, reorientational correlation times are
usually expressed as a sum of a hydrodynamic and an inertial
contribution:

higher temperature of 346 K. These findings once again suggest

that solvent-related factors (e.g., solusolvent interactions)
can cause a noticeable affect on the spattice relaxation

process at a given temperature and field strength. In terms of

solute-solvent interactions, the larger SR contributions in 1,2-
dichlorobenzenel, at the two lower temperatures suggest that
Cso is experiencing greater rotational freedom in this solvent
than in C3. This is conceivable if solutesolvent interactions
are stronger in C&han in 1,2-dichlorobenzerg: In fact, we

c

(4Jtr317

3T )fc T

5)
wherer is the radius of the solute molecule (3.512 A fa)C

1 is the bulk viscosity,T is the temperaturef, is a friction
coefficient (i.e., a shape parameter) for the solute molecule (e.g.,
it is equal to 1 for a sphere{; is an experimentally determined
correlation coefficient, and, is the inertial contribution to the

believe this to be the case, since recent studies have found theyerall reorientational time. Since inertial effects are usually

strength of these interactions to follow the order,GS1,2-
dichlorobenzeneh.’817 At higher temperatures these dispersive-

found to be negligibly small in liquidsy is frequently ignored.
As one can see, a successful theoretical analysis of experimental

type interactions are overcome by thermal motion, and expectedy, values very frequently depends on the interpretatioiC.of

spin rotation behavior is then observed.

The rotational dynamics of gg in this solvent were probed
through the rotational correlation timas, These reorientational
times, which are listed in column 3 of Table 3, were obtained
via the CSA contribution. One sees from these values that C
is undergoing rapid molecular reorientation in LA linear

We applied three commonly employed theories in an attempt
at analyzing our experimental correlation times. These com-
parisons are discussed in the following paragraphs.

The first model attempted, and which has been successfully
applied in a number of systems, was first proposed by Gierer
and Wirtz2° According to this theoryC depends only on the
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TABLE 4: Comparison of Experimental Correlation Times motion in CS. The motion in CSis, however, slower than in
with Model Predictions at Various Temperatures in C$ 1,2-DCB4,. The activation energy for this mode of motion
7c(GW)  7.(HKW)  7(SED) was found to be 17.5 kJ/mol compared to 7.7 kJ/mol in 1,2-
T(K) n(cP) 7c(ps) (ps) (ps) (ps) DCB-d;. Of the hydrodynamic-based models employed to
278 0.423 19.8 5.41 7.24 20.0 characterize the rotational motion of the title molecule, the
293 0.363 13.3 4.40 5.89 16.3 Stokes-Einstein-Debye (SED) model proved to be slightly
303 0.348 9.50 4.07 5.44 15.1 better in duplicating our experimental findings. The closer
313 0.318 8.86 3.59 481 13.3

agreement between the SED predictions and our experimental

solvent-to-solute molecular diameter ratio. For the(@iameter r.eo.nentanonal times suggests.t.hag*o(ﬂaonen.ts in the St'.Ck.
= 7.024 A)— CS, (diameter= 2.70 A) pair,C has a value of limit where solute-solvent velocities are predicted to be similar.

0.373. The GiererWirtz predictions,z{(GW), are found in We, however, believe that the velocity coherence betwegn C
the fourth column of Table 4. On ’sees th’at the agreement and CSis not due to their separate matched velocities but rather
betweenr; and7o(GW) is far from satisfactory. All predicted originates from the presence of intermolecular interactions.
values are at least a factor of 3 smaller than what is observed

experimentally. This lack of agreement indicates that the/\G Acknowledgment. The authors thank the National Science
model overestimates the degree of rotational freedom being Foundation for their generous support of this project under Grant
experienced by & in this solvent. Number CHE-9312952.

An alternative approach proposed by Hynes, Kapral, and
Weinberg (HKW) introduces the concept of a microscopic References and Notes
boundary layer and a slip coefficiem8)(?* In this modelf is _
still unity, butC is defined asgr/(3y + fr))~t. According to (1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley,
. . . . . . R. E.Nature 1991 318 162.
this theory, a molecule will experience increasing rotational . ) ‘
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pf Table 4. _Using this model, one Qbserves only slight (5) Hirsch, A.; Grosser, T.; Skebe, A. Soi, hem. Ber1993 126
improvement in the predicted rotational times. In all cases the 1061.

model underestimates the degree of friction being experienced  (6) Jones, J. A.; Rodriguez, A. &hem. Phys. Lett1994 230, 160.
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model, one observes improved agreement with our experimental (10) Shang, X.; Fisher, L. A.; Rodriguez, A. A. Phys. Chem1996

times. One also notices that the agreement becomes noticeably00 (11), 4361.
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generated by this model were somewhat surprising, since this (12) Rodriguez, A. A; Chen, S. J. H.; Schwartz, b.Magn. Reson
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s e . . Press: Oxford, U.K., 1985.

near the “stick limit” (i.e.,C is closer to unity than to zero)

where carbon disulfide’s viscosity plays the greater role in ~ (14) Hubbard, P. SPhys. Re. 1963 131, 1155, ,
determining Go's rotational behavior. (15) The Hubbard relation has been found to be valid at temperatures

. . where the product oT:¢5A and T;SR is constant (see ref 8). In our study
The fact that these models were unable to generate predictionshis was found to be the case between 278 and 303 K WhH&RST,SR =

that were better in line with our experimental correlation times 1.2 x 10° &>

was not completely unexpected, since none of these theories (16) Gallagher, S. H.; Armstrong, R. S.; Lay, P. A.; Reed, CCAem.
account for the presence of intermolecular interactions. In our Phys. Lett1996 248 353.
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K, we found very different CSA and SR contributions in 1,2- 85, 2169.
dichlorobenzenel, than in CS. In fact, the respective contri- (23) Values used for the calculation SfwereVs = 5.18 x 1072% m3,
butions were reversed at 313 K. This observation indicates that\l/&j3 i-4?T?2 xvl(fzj\;rﬁ Iss; 1.283dx 1&“5 Ikg rT|12 and][pp Z;{c?ogx
H H F g . Vg an p are the van aer aals volumes f1or 0,
Solver_1t effects play a'? ImpOIttant role |r_1 determining how respectively, whildss and I, are their average moments of inertia.
effective these mechanisms will be in a given solvent. ! ) o
. . . . . . (24) Stokes, GTrans. Cambridge Philos. Sot856 9, 5. Einstein, A.
Reorientational correlation times were obtained via the CSA Investigations on the Theory of the Brownian Aément Dover: New York,

contribution and show thatdgis undergoing rapid rotational  1956. Debye, PPolar Molecules Dover: New York, 1929.



