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The reorientational motion of toluene in neat liquid was examined by ddguclear magnetic relaxation.
The temperature-dependent dipolar sgattice relaxation rates and cross-correlation rates between the dipolar
and the chemical-shift anisotropy relaxation mechanisms were measured for diff€rantlei in the molecule

over a temperature range of 253 to 318 K. Assuming the molecular frame to show an anisotropic rotational
motion, we found three different rotational diffusion constants about the molecular rotation axes. Reorientation
velocities about th€, axis and the axis perpendicular to the molecular plane were of comparable magnitude,
but change their ratio in the temperature range investigated in this study. The reorientation about the axis in
the molecular plane and perpendicular to @eaxis was found to be approximately 2 to 3 times slower. The
rotational diffusion constants were fitted to an Arrhenius equation, and activation energies from 3.5 to 9.1 kJ
mol~! were found. Furthermore, correlation times for the reorientation of diffeéf@t'H bonds, spir-

lattice relaxation rates for the chemical-shift anisotropy and spin-rotation mechanisms were also derived for

the different!3C nuclei.

Introduction constants will be obtained that are a measure of the reorienta-
tional velocity about the molecular axes.

If the NMR signals of different3C nuclei in the aromatic
ring cannot be resolved, the rotational motion may be interpreted
in terms of an averaged isotropic modélEven if different
spin—lattice relaxation times are observed for monosubstituted

Toluene is a common solvent used in a variety of technical
processes, and an investigation on its rotation dynamics will
be helpful in the understanding of its solvation properties.
Furthermore, comparing the rotational motion of different
substituted benzenes with benzene will give information on the S S
effect of substituents on the overall dynamics of the molecules. benlzenes, th_e_re is still the problem _o_f the re_laxatlo_n t”T‘e_S of
Several authofs” have investigated the rotational dynamics of 1€ °C nuclei in ortho and meta positions being quite similar
toluene with NMR and light-scattering techniques. With NMR, to each other due to the molecular symmetry. In effect, only
13C or 2H spin—lattice relaxation is used to assess the dipolar WO €quations can be used to evaluate the three unknown

or quadrupolar contribution to relaxation, respectively, from rotational diffusion constants. Treating toluene as a symmetric-
which a correlation time for the reorientation of the respective 0P molecule, Levy et af.Hamza et al?,and Lambert et &.
13C—1H/2H bond can be obtained. In general, i.e., for anisotropic Obtained results for the anisotropy of its rotational dynamics.
rotational motion of toluene, three different rotational diffusion Combining NMR correlation times with correlation times
obtained from depolarized Rayleigh scattering measurements,
*To whom correspondence should be addressed. E-mail: doelle@ Bauer et af. obtained three correlation times for the reorientation
rwth-aachen.de. of toluene about its principal axes. Bluhmeported the first
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results obtained by using only measurements of NMR relaxation for toluene are
data and assuming fully anisotropic motion. However, this

derivation of three different rotational diffusion constants from r,= 1 1 4= §JDD 4 J°sA0
the dipolar relaxation rates of the carbon nuclei has the drawback T,°° 1,050 6

that the similarity of these rates for the carbon nuclei at meta

and ortho positions introduces a large error into the calculations r..=T..= EJDD 1.1

as described above. Thus, when only conventional NMR 127212 N

relaxation data from the dipolar or quadrupolar pathway are
used, there are doubts about the reliability of these results. T,,= 1 1 . SPD 4 CSA® 4

Other mechanisms important for the relaxatiortf nuclei TP TS T 6
in toluene are the chemical-shift anisotropy and spin-rotation
mechanism. Separating the relaxation rates is difficult in the [,=T5= JPP—CSAN
first case, because it requires measurements at different reso-
nance frequencies, i.e., magnetic fields® the second case, I=-T..—T +£’F )
reliable values on the coupling constants between spin system 8 1 2 512

and the lattice are not reported in the literature. Another

ossibility to gain information about molecular tumbling is the ; S ;
b vy 9 9 I, I';; is the longitudinal relaxation rate of tHél nucleusS,

cross-correlation of the dipolar and chemical-shift anisotropy ‘ . .
mechanisms. This cross-correlation, which can be observed in.F12 is the cross-relaxation rate between the nuctendsS, T'ys

coupled!®C spectra, causes relaxation asymmetries of the split is the cross-correlation rate between the dipolar and the

e . X oD
multiplet lines, and cross-correlation rates can be calculated from chemical Sh'ft anisotropy mechamsms_ for ””C"’“af?dJ '

- : JCSA andJPP-CSA are the spectral densities for the dipolar and
the evolution of these asymmetries. In the present study, the '

13C dipolar relaxation rates and one cross-correlation rate of chemical-shift anisotropy autocorrelation functions and the

the aromatic ring were used to determine the three rotational cr(\);i-cortrﬁlatlon dfulnctflon, re”sptectl\(/je'flgl. L li€dth
diffusion constants. In a forthcoming publication the internal hen the mode! of small-step difiusion 1S app e
rotation of the methyl group will be treated by applying the relatl_on bet_wee_n the longitudinal _relaxat|on times and the
results of the present paper and using an anisotropic model forrotla(;tlonal diffusion constants are given according to Grant et
reorientational motions of toluene. al% or Huntres$!

in whichI'y; is the longitudinal relaxation rate of tA&C nucleus

Theoretical Background T—iD = 1—(2)JDD =
1
The formalism by Grant et &1'° and Canét is used to 2 2 2

describe the relaxation in couplédC—H systems. In this KgD[llR‘ +O8RR + LIRS + B8R+ RYR, F 3R, +
formalism the longitudinal relaxation is given by the time %R+ R+ 4R)(RR,+RR,+ RR)
dependence of the magnetization modé$ with 2 12R,— R)(R,+ R, + 4R) cos(M) — IR, + R/)2 cos(49)

dv(t) ” 96R, + R+ 4R)(RR, + RR,+ RR)

5 =0 (1)

1 — JCSAD —

whereT is the relaxation matrix and the vecteft) contains T,05A0

the orthonormal magnetization modes. In a two-spirsystem 2R+ R, + 4R) + (R?+ 6RR + R?+ BR, + R)R)sny
the latter are given by the equations KésAa,[ 180 ] +
R+ R +4R)(RR,+RR,+ RR)
= eq 2 R~ R/)WCSA(l)(4(Rx +R + R) cos(®) + (R, — Ry)’?(:SA(l) cos(49))
vi(t) = 0,0- 1 Kesan 180R, + R, 4R)RR, + RR, + RR)
()

vt) = B

o= JPD-CSAD —

vy(t) = 21,50 o [z(& R+ 4R) + BosiR+BRR, + R+ R+ R)R)
e — pPTESAD 120R, + R, + 4R)(RR, + RR, + RR)
vy(t) = [E/20 @ 2R~ R)(R,+ R, + R)(3 + 1jcsap) COS(D) + 3R, — R)* cos(4)
KDDKCSA(I)[ 120R+ R, + 4R)(RR,+ RR,+ RR) ]

Here, v1(t) and v,(t) correspond to the total®C and H (6)
polarizations after subtraction of their thermal equilibrium
values,v(t) to the longitudinal two-spin order of the coupled Here,R,, R, andR; are the rotational diffusion constan@,is
13C and H spins, andw,(t) to the summation over the the angle between theaxis of the rotational diffusion system
populations of all energy levels in th&C—'H spin systemI,[] and the G-H bond in question (see Figure Kpp andKcsag)
and[E[lare the ensemble averages over the expectation valuesare the coupling constants for the dipolar and the chemical-
for the z components of the!'3C and H spin operators, shift anisotropy interaction, respectively. They are giveikby
respectively, andk is the identity operator. = (uol4m)(yc yuhir®) andKcsag) = wcAocsag), With Aocsag)
The relaxation matrix is symmetri€{ = I'ji), and the matrix andncsag) as the chemical-shift anisotropy and asymmetry of
elements are linear combinations of the spectral densities. Thethe13C nucleus, respectively. Following the conventjogy >
elementsI'sn and I'ny cancel out, whilel',3 = TI's, can be loyl = |oxd, the chemical-shift anisotropy and asymmetry are
assumed to be very small compared to the remaining elerffents. given byAo = 0,; — (M2)(0xx + 0yy) andny = (/2)(0xx — oy)!
Following the notation by Grant et &1°and when the extreme  Ao. The principal interaction axes are shown in Figure 2 for
narrowing condition ¢t < 1) holds, the remaining elements the paral3C nucleus as an example. For the other nucleizthe
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Figure 2. Orientation of the principal axis systems of the dipolar and 1000 7' K
chemical-shift interactions given for the pdf& nucleus of toluene as
an example. 801 o * s
S
andy axes of the DD and CSA interactions are also parallel to ?
the C-H bond. The other symbols have the usual meanings. 20
The temperature dependence of the rotational diffusion f
constant about axigs often described by an Arrhenius equation 8 5’8 ryg v Y Y °© v v
. 06 o o
R = R exp(-E,/RT) (7 04 *
l: L J ' [ ]
A [ ]
Results go02; = = - "

The molecular geometry related to the inertial principal axis - 01k . . . , .
system is shown in Figure 1. The total longitudinal relaxation 31 32 33 34 35 36 37 38 39 40
rates 1T;, NOE factorsyc—p, and DD-CSA cross-correlation 1000 7" K
relaxation rates ThPP~CSAwere measured for the differeHC Figure 3. 13C longitudinal relaxation rates (I); of toluene at 62.89

nuclei of the aromatic ring in a temperature range from 253 to MHz as a function of reciprocal temperature: total),(dipolar @),
318 K and at a3C resonance frequency of 62.89 MHz. The spin-rotation @), chemical-shift anisotropyl), and cross-correlation
results for the different relaxation rates are given in Figure 3 DD-CSA (v) relaxation rates for the ortho (A), meta (B), and para (C)
for the aromatic ortho, meta, and paf& nuclei as a function - nucleus.

of the reciprocal temperature. The rotational diffusion constants

obtained are plotted in Figure 4; rotational anisotropies were e, ene the same value was obtained (ref 21 and literature cited
calculated from the ratio of these values and are shown in apareiny; thus indicating that the methyl group in toluene does
logarithmic plot in Figure 5. The activation parameters from a ¢ affect the electronic structure of the ring carbons significantly
fit to the data are contained in Table 1. regarding these values. The contribution of the chemical shift
anisotropy mechanism to the longitudinal relaxation is 3 to 5%,
independent of the position in the ring and temperature. The
As can be seen from Figure 3, the observed relaxation ratesspin-rotation (SR) relaxation rate is obtained by subtracting the
decrease with increasing temperature, which is the typical dipolar and chemical shift anisotropy relaxation rate from the
behavior in the extreme narrowing region, where < 1 is total longitudinal relaxation rate. The SR and CSA relaxation
valid. The reorientational motion becomes faster with increasing rates are also shown in Figure 3. The DD relaxation mechanism
temperature and the relaxation interactions less effective. Thedominates in the observed temperature region for all ring nuclei.
relaxation rates via the CSA relaxation mechanism were The CSA and DD-CSA cross-correlation mechanisms contribute
calculated from the rotational diffusion constants by using eq 5 at the given field strength constantly to the total relaxation rate
and the values 181.5 ppm and 0.72 for the chemical shift by approximately 5 and 15%, respectively, whereas the SR rates
anisotropy Aocsa and asymmetryycsa, respectively. These  increase from being inconsiderable at 253 K to approximately
values taken from Pines et ®&lare assumed to be equal for all 15% at high temperatures. The latter are the only rates that
13C nuclei. This assumption is supported by the fact that for increase with increasing temperature and lead to a decrease in

Discussion
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Figure 4. Rotational diffusion constants, (a), R, (¥), andR; (¢) of Figure 6. Calculated correlation times of the orth@)( meta @),

toluene as a function of the reciprocal temperature compared to theand paraM) C—H vectors of toluene compared to the values by Bauer
values by Bauer et &l(open symbols). The lines represent the fit of et al (open symbols).
the Arrhenius equation to the data of the present study.

4,0 comparable to the reorientation about tbgaxis of benzene,
° and abouty it is between both reorientational motions of
benzene. The results in Figure 5 indicate that the anisotropies
increase slightly with increasing temperature.
2.0 A L When it is assumed that toluene behaves like a symmetric
rotator, theC, axis, i.e., thex axis, is taken to be the main axis
o " of reorientation with they and z axes being equal and
- perpendicular to it. This assumption leads for toluene, when
10k . the method by Levy et dlis applied, to estimated values for
the anisotropiep between 1.8 and 2.5 rather than 2.1 to 2.8
for R/Ry or 0.7 to 1.3 folR/R; in the case of an anisotropically
, . reorienting molecule, as observed in the present study. A
30 31 32 33 34 36 37 38 39 40,41 symmetric rotator model was also applied by Hamza éeald

1000 7" Lambert et af These authors used the Woessner formalism to
Figure 5. Anisotropiespx = R/R( (M) and p, = RJ/R, (®) for the evaluate the anisotropy of the rotational motion of toluene and
reorientational motions of toluene. yielded independently a value fop = R/R; of 2.2 at
TABLE 1: Activation Parameters of Rotational Motion for tem_peratures of BGhnd 313K (with Ry = RcandRy = Ry =
Toluene in Neat Liquid (Activation Energies Ea and Ry in accordance with the method by Levy et al. (see above).
Preexponential FactorsRy;) Thus, methods treating toluene as a symmetric rotator are not
sufficiently accurate to describe the rotational anisotropy of

0,8

ROi/1012 s1 EAi/kJ mol? XZ A . . .
toluene in neat liquid properly because in contrast to the
R, 04+0.1 3.5+0.6 4.8 assumption of these simplifying models reorientation about
Ry 0.34+ 0.08 5.2+ 0.5 10 . - .
R, 441 9.1+ 06 11 is approximately as fast as that about thaxis.

Using the method by Levy et alimplies that the dipolar
relaxation rates are directly proportional to the correlation times
the absolute value of the slope for the total relaxation rate curve for reorientation of the correspondif§C—H vectors. Since
plotted as a function of T/ the dipolar relaxation rates for the ortho and m&@ nuclei
Figures 4 and 5 show clearly that the reorientational motion are not the same, different correlation times have to be expected
of toluene is of anisotropic nature in the neat liquid. Reorienta- when only the directly bound protons are taken into account in
tions about they axis are the slowest, and those about xhe the evaluation of the correlation times. This, however, is
andz axes are both faster and become equal to each other forphysically not reasonable because of the symmetry of the toluene
a temperature of about 278 K. However, the activation energy molecule. The relaxation rate for the mefC nucleus is
for rotations about the axis is higher, resulting in a changeover slightly larger because it has one more rigid proton in its
of the velocities for rotations about the latter two axes. When neighborhood than the orth&3C nucleus. Therefore, the
these results are compared with those for the symmetric rotatorcorrelation times were calculated from the rotational diffusion
benzene in neat liquitf the effect of the additional methyl group  constants and plotted logarithmically against the reciprocal
becomes obvious: It slows down the reorientation about all axes;temperature in Figure 6. As can be seen from the figure, the
particularly pronounced is the effect for rotation about yhe  correlation times for the ortho and meta carbon now fall onto
andz axes, for which the rotational speed is slowed by a factor each other as expected, whereas the correlation time for the para
of 2 to 3 compared tdy or R, for benzene, respectively. 13C—H vector is longer.
Toluene in contrast to benzene is below and above 278 K an The reorientational correlation times about the rotational
asymmetric rotator, and the reorientation aboutztheis is only diffusion principal axes, y, andz obtained by Bauer et 4l.
the fastest at higher temperatures, then becoming as fast as th&tom combined depolarized Rayleigh light scattering and NMR
about theC; axis (i.e., aboux), and then at lower temperatures measurements are recalculated to give the rotational diffusion
slower than about th& direction. The activation energy for  constants at only one temperature value of 296 K with the values
rotations about the axis perpendicular to the aromatic ing ( 5.3 x 10 2.1 x 109, and 13x 10 rac? s71, respectively.
axis) is in contrast to benzene now the highest, atxoittis The corresponding values of the present study at a temperature
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of 298 K are 10x 10%, 4.4 x 10, and 9.9x 109 rac? s %, contained the degassed toluene). The 8 to 16 transients were

being in contradiction with the former values; i.e., toluene collected with a spectral width of 8900 Hz into 16 K time

behaves at that temperature like a symmetric rotator. The reasordomain points. The 90pulse length was in the range of 45,

for this discrepancy may be caused by the fact that different and the relaxation delay was B for measurement of the

spectroscopic techniques were used to evaluate the rotationalongitudinal3C relaxation times and 10, for the measurement

diffusion constants. The values for the rotational diffusion of the NOE Factors and DD-CSA cross-correlation rates.

constants obtained by BluHnscatter too much and are not broad-band decoupling was achieved by employing a WALTZ

further discussed here because of the reasons given in thesequencé?

Introduction. Measurements of; were carried out with the inversien
The y test introduced by Wallach and Huntr&sgives a recovery pulse sequence. The 18fulse was replaced by a

criterion for whether the model of small-step rotational diffusion composite pulse clust?490°;,240°,90°, to improve the quality

is valid for the investigated rotational motion or whether inertial of spin-inversion. The spinlattice relaxation times were

effects predominate. When the reorientational correlation time obtained from théH broad-band decouplédC spectra by using

7; about thath rotation axis is larger than the mean periogi ( a three-parameter exponential fit implemented in the spectro-

of free rotation, the molecular motion is in the regime of meter software. The relaxation data were extracted from the

rotational diffusion, and the following relation is valid: signal heights, the dipolar relaxation rates obtained from
T 5 KT 1 NMe-n 1
=] =— /—>1 8 S — 9)
o (Tf)i 18RY I ®) T,°° Me-nmax 11
with the princigal moments of inertias = 1.53x 10% kg n¥, wherenc_nmax = 1.988 is the maximum nuclear Overhauser
ly=3.29x 10%kg n¥, I, = 4.76 x 10*°kg n¥, the temperature  factor. The performance of the NOE experiments was tested
T, and the BO|tzmann COﬂStakltFOI‘ rotation about the axes us|ng the Overhauser factor of Cyclooctar‘]el Wh|Ch W%

y, andzthey; values ranged from 4.7 t0 5.7, 7.5 to 11, and 1.8 2 00, being within experimental error the maximum Overhauser
to 4.3, respectively. With the classification of thevalues given factor2 Two-level broad-band decoupling and using the signals
by Gillen and Nogglé?8 the reorientational motion about tixe heights yielded in our experiments= 1.94+ 0.01.
andy axes are in the rotational diffusion regime, whereas that Applying the inversior-recovery sequence to8C—H spin
about thez axis cannot be interpreted in terms of a simple system without proton decoupling gave a spectrum in which
rotational diffusion model, since inertial effects are partially the |ines belonging to one nucleus show a difference in the signal
involved. Therefore, it appears questionable if the rotational heights as a function of the delays between the first and the
diffusion model is fully applicable for the evaluation of the data. gecond pulse of the inversiemecovery sequence. While the
Although approaches like the extended diffusion model exist signals of the nuclei in meta and para positions partially
to treat cases in which inertial effects are becoming important overlapped in the spectrum, the multiplet resulting from the
for reorientational motions, they are presently still not capable nycleij in the ortho position was isolated from the first ones and
of representing anisotropic molecular reorientational matitin. split mainly into two groups. Thus, the obtained FIDs were
treated with an exponential multiplication using a line broaden-
ing factor of 6 Hz in order to suppress the appearance of the
The reorientational motion of toluene in the neat liquid is small long-rangé*C—H couplings. Regarding the nucleus in
clearly anisotropic. Toluene behaves like a symmetric rotator the ortho position, this procedure allows #i€—'H spin system
at a temperature of approximately 278 K with the rotations about to be treated as an AX spectrum in a first-order approximation.
the C, axis and the axis perpendicular to the aromatic plane Then, the time dependence of the two-spin-oraeft) =
being equal to each other. Since the activation energies for both[zizézmt) is directly related to the signal height differences of
rotational modes are slightly different, the reorientation about the apparent doublet lines in the coupled spectfi#2%In the
the axis perpendicular to the aromatic plane is faster at higherinitial slope approximation, all contributions t& disappear

Conclusions

and slower at lower temperatures than about @eaxis. except those by the DD-CSA cross-correlation

Rotations about the axis in the aromatic plane perpendicular to

the C, axis are always the slowest. The activation parameters lim wo(t) = 2r13|gq (10)
t—0

for the rotational motion are, to the authors knowledge, given
in the present study for the first time. The measurement of the
DD-CSA cross-correlation relaxation rates proved to be a
valuable tool in the investigation of the rotational motions of

aromatic molecules. vo(t) = a+ 20 (11)

Methods which is the first-order expansion of the triexponential solution
The distances and angles necessary for the calculations weref v3(t). Since the assumption of the linear approximation is

obtained using the semiempirical AM1 metRbanplemented always limited to an arbitrarily chosen time interval, the next

in the HyperChem program packa$jeThe bond distances element of the expansion series was also taken into acébunt.

between thé3C nuclei and the directly bonded protons are 110.0 Within the time interval ot = 0 to 8.6 s the parabolic fit

pm, and the angle®meta and Ogrno are 60.2 and 119.7,

The usual approach to extrdcts from the evolution of/s(t) is
to estimate the initial slope from a linear approximation

respectively. o) =a+ 2Nt + bt* (12)
All NMR experiments where performed on a Bruker AM 250
spectrometerBy = 5.875 T,vo(*H) = 250.13 MHz,vo(13C) = was found to be adequate and more precise than the linear

62.89 MHz, lock orfH of [2Hglacetone in a 10 mm NMR tube  approximation. The initial slopes obtained by these two methods
surrounding the inner NMR tube with 7.5 mm diameter which varied up to 40%.
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