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Molecular Dynamics of Benzene in Neat Liquid and a Solution Containing PolystyrenetC
Nuclear Magnetic Relaxation and Molecular Dynamics Simulation Results

Introduction

Benzene is of great importance as a solvent in technical and
industrial use. Furthermore, it is often used as a model
compound to study structure and dynamics in liquids. However
it was for a long time difficult to obtain reliable experimental
data on the anisotropy of the molecular reorientational motion.
In Table 1, all data found by the authors in the literatote
are listed, showing that values between 0.56 and 6.7 were
obtained for the anisotropy. In the studies before 1980, a major
difficulty was that often different methods had to be applied
for the different components of reorientational motion because
of methodological problems. This caused doubts about the
reliability of the obtained results.

From conventional NMR relaxation experiments alone, that
is, relaxation via the dipolar or quadrupolar pathway, only the
reorientation of vectors in the molecular plane (in-plane
reorientation, index i) could be observed because of the
symmetry of the benzene molecule. In a previous paper
1991 Ddle et al. reported on the anisotropy of the reorientational
dynamics, which was the first study using exclusively NMR
data for evaluating the anisotropy. In this study, the in-plane
reorientational correlation timey; (for a definition see below)
was obtained from the dipolar (DBJC spin-lattice relaxation
time of ['Hg]benzene, an&; was obtained from the chemical-
shift anisotropy (CSA) contribution to th&C spin-lattice
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The reorientational motion of benzene in the neat liquid and in a polystyrene/benzene solution was investigated
by NMR relaxation as well as MD simulation methods. The temperature-depefi@edipolar spir-lattice
relaxation rates and cross correlation rates between the dipolar relaxation mechanism and the relaxation by
chemical-shift anisotropy were measured. From the NMR measurements and MD simulation results, the
rotational diffusion constants for rotations about geaxis and perpendicular to it were evaluated, and it

was found that the values of the former were larger than those of the latter. The rotational anisotropy, which
is the ratio of these values, decreases for the NMR data from 2.3 to 1.2 when increasing the temperature from
280 to 323 K. The activation energy for reorientation about the main symmetry axis was 3.4 KJambl

about axes perpendicular to that 13.3 kJ molThe temperature effect was less pronounced for the MD
results; the anisotropy changed from 1.9 to 1.3 between 280 and 360 K. The reorientational correlation functions
showed a significant non-Debye behavior and were fitted with a Kohlrausch-Williams-Watts function.
Furthermore, from the MD simulations the temperature dependence of the density and the translational diffusion
coefficient were also determined. The NMR data for benzene rotational motions in a polystyrene matrix
could not be explained by a simple rotational diffusion model. From the data, it was concluded that the
rotations about the £axis were much faster than about axes perpendicular t€4feis. This finding is in
accordance to a previous MD study by'Néw-Plathe.

relaxation of fHg]benzeneRy is the rotational diffusion constant
for rotations about an axis perpendicular to @eaxis of the
benzene molecule, wheresis the rotational diffusion constant
for rotations parallel to th€s axis. In the following, studies by

' Coupry et al? and Python et al” were published in which3C
dipolar spin-lattice relaxation rates were combined with
measurements of théC DD—CSA cross correlation rates to
yield the desired data. However, the observed anisotropies still
differ among the more recent studies by almost 100%. A
possible source of the disagreement could be the differing
temperatures at which these studies were performed.

Polymer/solvent systems are taken as model systems for
solvent motion in restricted geometries. Because of the interac-
tion of the solvent molecules with the surrounding polymer
matrix, conclusions concerning the dynamics of the polymer
itself can also be drawn. Mier-Plathé*1°studied the dynamics
of the solvent benzene in neat liquid and in polystyrene swollen
in benzene by molecular dynamics (MD) simulations. The
reorientational motion about th@&s axis was faster than that
perpendicular to that axis. For the neat liquid, the ratio ofy(6
to Ry was found to be 1.6, and it increased drastically by 2 to
3 orders of magnitude with increasing polymer concentrations.
Meanwhile, similar enhancements of the reorientational aniso-
tropy with polymer content were also found for water molecules
in mixtures with poly(vinyl alcohol) investigated by MD
simulations!®

* Author to whom correspondence should be addressed. E-mail: doele@ It Was the aim of the present study to perform experiments
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with high accuracy only on nondeuterated benzene to avoid any
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TABLE 1: Compilation of Experimental Results for the Anisotropy of the Molecular Reorientational Dynamics of Benzene in
Neat Liquid

TIK (1/(6r)))/100s72 R/10'0s1 R/10°st  o=R/Ry method authors

303 13 14 1.1 ?H T, (indirect) W. T. Huntress (1969)

296 6.3 5.2 0.8 Raman F. J. Bartoliand T. A. Litovitz (1972)

298 5.4 36 6.7 °H T:/Raman K. T. Gillen and J. E. Griffiths (1972)

296 11 5.7 21 2.4 depolarized R& T, D. R. Bauer et al. (1974)

303 11.7 8.0 18.7 2.3 2H Ti/Raman (50 bar) K. Tanabe and J. Jonas (1977)

302 16 8.9 0.56 ’Hand®C T, 0. Yamamoto and M. Yanagisawa (1978)
8.9 18 2.0 IR/Raman K. Tanabe (1979)
9.1 22 2.4 Raman K. Tanabe and J. Hiraishi (1980)

288 12.8 7.2 22 3.1 MDo(= 0.92 pexp) 0. Steinhauser (1982)

312 14 27 1.9 MD P. Linse et al. (1985)

293 12.7 10.2 15.9 1.6 BCT, A. Ddlle et al. (1991)

283 8.0 19.2 2.4 BCT, C. Coupry et al. (1994)

295 8.7 24.8 2.9 Raman J. Yiand J. Jonas (1996)

300 16.4 10.1 26.0 2.6 MD F. Mer-Plathe (1996)

298 17.7 10.3 28.8 2.8 BCT H. Python et al. (1997)

293 12.6 7.41 211 2.8 Raman (Tanabe)r, A. Laaksonen et al. (1998)

298 9.52 144 1.4 MD A. Laaksonen et al. (1998)

influences from dynamic isotope effects. From these experi- where6;(t) and 6;(0) are the orientations at tinteandt = 0,
ments, the anisotropy of rotational motion was obtained. respectively, andd; is a nonperiodic, unbounded quantity
Furthermore, temperature-dependent measurements were perepresenting the angle of reorientation about the principal axis
formed, and the activation parameters for the anisotropic i.

molecular rotational motion of benzene in the neat liquid were  Another approach to describe reorientational motions of rigid
evaluated. To the knowledge of the authors, the determinationmolecules is to evaluate the probability deng{y€,t) that a

of these parameters solely by NMR experiments was achievedmolecule reorients by)2, where Q is given by the set of

in the present investigation for the first time. The NMR results Eulerian anglesd(, 3, ), from orientationQ at timet = 0 to

are compared to new MD simulation results in this study. orientationQ at time t.21:22.2427 The probability density is
Determination of the rotational dynamics in a solution of expanded in a complete set of the Wigner matrix elements
polystyrene in benzene demonstrates the effects of restrictedD'mm(Q,t):26

geometries on reorientational dynamics.

1 .
Theoretical Background poORY)=— ) (A +1) Cue (DD (0L2,) (7)
877° KX
Translational and Reorientational Molecular Dynamics.

Transport coefficienty are given by infinite time integrals of ~ where the expansion coefficients
an equilibrium time correlation functio@(r) = [A(r)A(0)for | | - |
the time derivative of the arbitrary quantify:2° C = (2 + 1), (L2,1) D, (2,,0)= M, (6L2,H)T (8)

y = fmd\(t)A(O)[Ut (1) are the orientational time correlation functiciig2° In the
0 case of “small-step” reorientations, a diffusion equation is
formulated?!.22:24.25.27.30

20y = HA() — AQ)FD @ PO — —(CROp.Y ©

which is related for large times to an “Einstein expression” by

Translational diffusional motion of molecules in isotropic

liquids are thus described by the (self-) diffusion constant in which L is the quanturrmechanical angular momentum

operator andR the rotational diffusion tensor, which is
1 o symmetric in isotropic liquidd’ The rotational diffusion
D :§fo [3(t)»(0) Lt ®3) constants are given by the diagonal elem&atsf the rotational
diffusion tensor in its principal axis system and defined
with the velocity » as the time derivative of the space according to eq 6227As a result of the symmetry of the benzene
coordinates. The diffusion constant is, according to eq 2, relatedmolecule, the orientation of the rotational diffusion principal

to the mean square displacements by axis system is identical with the orientation of the inertial
prinicpal axis system! Equation 9 is of the same form as the
6Dt = [r(t) — r(0)|°0 4) Schrainger equation for the rigid rotator, and, therefore, the

] ] . _solutions of the latter can be used for solving eq 9.
~Analogous expressions are obtained for the rotational diffu-  For the case of isotropic liquids, and after normalization, a
X . | . . . L
sion constant& about the rotational diffusion principal axis  yeduced correlation functio@! (t) is obtained withm = k = K.

with the angular velocityy;:*22 Its time integral is defined as the correlation time:

R= ﬁ,mm}i(t)wi(o)mt (5) T = ﬁ) “Cl(t) dt (10)

and2.23 When the reorientational motions are of stochastic, that is,

5 diffusive nature, and when only one ensemble of reorienting
2Rt = 16,(t) — 6,(0)I"D (6) units is present, the correlation functions are given by an
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exponential functiorf?

Ct) = exp(-t/z,) (11)
One criterion, whether the model of “smaltep” rotational
diffusion is valid for the investigated rotational motion or

whether inertial effects are predominating, is thetest
introduced by Wallach and Huntre¥slf the reorientational
correlation time €y); about theith rotation axis is essentially
larger than the mean period;) of free rotation about the
corresponding axis, the molecular rotational motion is in the
region of rotational diffusion, and the following relation is valid:

_[t) _ 5 [kT\¥?
k= (‘) = rsa(r)

The classification by Gillen and Nogdfecan be used as a
limiting criterion:

>1 (12)

(%); < 3 inertial regime
3 < (y); < 5 intermediate regime
5 < (y), rotational diffusion regime

Furthermore, from theoretical considerations as well as from

Witt et al.

C) = PAlcosG®N = Brauu()? - 11]] (19)

The observed NMR relaxation rates are related to the
molecular dynamics by reduced spectral densities that are
obtained from the reduced correlation functions by Fourier
transformation:

(@ A%} = [ Crft{x}) exp(iw;t) dt  (20)
wherew; is the transition frequency anfk} are the charac-
teristic parameters in the correlation functions. The result of
the Fourier transformation for the case of the exponential
correlation function is

2 8PP

_ 21
1+ (Cl)/lflm,BPP)2 &)

Im(@;) =

which corresponds to a Lorentzian function and which was used
for the first time by Bloembergen, Purcell, and Potfifdr the
interpretation of NMR relaxation data. The parameigippis

the correlation time for rotational diffusion, that is, for an
exponential correlation function. When the extreme narrowing
condition, that is, the conditiom,7m < 1, is valid, the BPP
spectral density reduces to

the experimental data it becomes obvious that the assumption

of an exponential decay for the correlation function is only an
approximation. To fit better to the experimental data, often
empirical forms are used for the correlation functions. One of
these is the stretched exponential or Kohlrausghlliams—
Watts functiod®36

Choeww = expl(—t/at,)™] (13)

for which the time integral is analytical
[
o O [ 1
Timkww — j; Clm,wa(t) dt = ﬁ_lmr(ﬁ_lm) (14)

m

with the gamma functio’'(x).

Rotational diffusion is a thermally activated process and thus,
even for correlation functions deviating from the simple
exponential behavior of the rotational diffusion case, an
Arrhenius equation is often valid in describing the temperature
dependence of either the correlation times

7, = 7g eXPEL/RT) (15)
or of the rotational diffusion constants
R = Ry exp(=EA/RT) (16)

The Ea; are the corresponding activation energies.

The reorientation of a molecutdixed unit vectoru is
described by the time correlation functions of the matrix
elementsDy(Q,1):

Ci(t) = Dy (0, = P[cos@(t))]0 (17)
where theP[cos(3(t))] are the Legendre polynomials. Infrared
linewidths or dielectric relaxation probe the cdse 1:

Co(t) = P,[cos@(1)] = W(t)u(0)l (18)

whereas for Raman and NMR relaxations 2:

Jmierp = 2Tim Bpp (22)

Longitudinal Relaxation in the 13C—1H Spin System.The
relaxation in13C—1H spin systems can be described with the
formalism by Grant et &7 or Cane® The longitudinal
relaxation is given by the time dependence of the so-called
magnetization modes:

() _

G —Iv(t)

(23)
in which T is the relaxation matrix and the vecte(t) contains
the magnetization modes. The latter are given by the relations

vy(t) = OO I¢?
yt) = My 1
va(t) = 2,y 0

v,(t) =E/2 (24)

in which the magnetization modes andv; correspond to the
total 13C and'H polarization after subtraction of the corre-
sponding values for thermal equilibriut§® and I}, v5 to the
longitudinal two-spin order of spin$C andH, andv, to the
sum over the populations of the energy levels for the spin system
13C—1H. [, Oand Oy Oare the expectation values for te
components of th&’C and'H spin operators, respectively, and

E is the identity operator.

The relaxation matrix is symmetri€{ = I'j), and its matrix
elements are linear combinations of the spectral densities. The
elementd,3, '35, are negligible because of the small chemical-
shift anisotropy for protons, whered&, and I'yy vanish.
Following the notation by Grant et &l.and when the extreme
narrowing condition is valid, the remaining elements for benzene
are (the indeX in the spectral densities being equal to 2 is
omitted in the following)
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_ 1 1 _ 10, csA loxx|, and By is the magnetic flux density of the external
Fn= -I—DD + -I-CSA+ 12‘] I+ (29) magnetic field. From eq 28,
CSA _ 2 1
where J 45 ve By(Ao)? (RD RD+ ZR) (35)
Ny Ny
Z (ZﬂDi)Z( Jo+33,) =3 (ani)Z(T20+ 31,,) Oft_e.n a so-ca}lled leakage ter'rrrepre:_sents further spectral
2& & densities resulting from other relaxation pathways. For the
(26) experimental conditions chosen in the present study, it is equal
is the spectral density for the, = 6 dipolar interactions between :ﬁ the contribution from the spin rotation mechanism SR, and
the 13C nucleus and the protons in the benzene molecule. The S
dipolar coupling constant is related to the distancleetween 1 1 1
the 13C nucleus and protonby I = ﬁ + Tm + TTR (36)
1 1 1
HUo _
D= QYCthri : (27) Wheread'1; corresponds to the total longitudinal relaxation

rate 1T, of the 1°C nuclei,T';, = o = (5/12)IPP is the cross
relaxation rate. The latter is related to the nuclear Overhauser

with the magnetogyric ratios fot’C andH of and yu, k .
g 9y re H (NOE) factornc—n for relaxation byny protonsi by*°

respectively, the magnetic permeabilityy, and the Planck

constanti = h/2xz. The correlation times,,, and the rotational ny
diffusion constants for the symmetric diffusor benzene are o
connected by Yu IZ i
1 Ne-n = y— o (37)
Tom = (28) c
" B6R,+ MR, — Ry pi + p*

and thus for the dipolar spectral densit
P P y wherep; = (1/T:°PP); is the dipolar relaxation rate resulting from

NH 5R,+ R, 4 protoni andp* is the leakage term corresponding to the spectral
(2nD)>——— =12¥ (27D)’r,;,  (29) densityj, which reduces the NOE factor. The ternT{PP~CSA
= R{(R;+ 2R) = = —T'13= —(1/2)J°P~CSAcan be called th&C cross correlation

relaxation rate resulting from dipolar and chemical-shift ani-
R and Ry are the rotational diffusion constants about e sotropy mechanisms with the spectral density
axis and perpendicular to that axis. The reorientation ofiie
1H vector in the aromatic plane is described by the in-plane JPD—CSA _ lD A —
R =—- 0)YcBo(Joo + 1d,,) =
correlation time: (80)ycBylJa0 + 11922)

2
1 — = D(A0)yBy(ta0 + 11722) (38)
T = Z(Tzo + 31, (30) S

or
From eqgs 28 and 30, it follows that for planar molecules that

are symmetric rotators pp-csa_ _ 1 1 1
J 5 D(AU)VCBO(3RD + TR+ ZR) (39)

NS S p— (31)
2 24R;  42R,+ 4R, respectively.
The remaining matrix elements are not of interest for the

The spectral density for the interaction by chemical-shift . osent study and will therefore not be discussed further.

anisotropy is
Results

csa_ 1 V2 B2
J 15/'¢c By(Ao) (Jzo+ 3322) Molecular Dynamics Simulations of Neat BenzeneThe
5 2 MD simulations yielded data for the mass density the
2 2 2 i iHusi e i i
157¢ By(A0) (120—|- %7722) (32) translational diffusion coefficienD, the rotational correlation

timest; andro, and the corresponding Kohlrausch exponents
i and S in the temperature range 240 to 360 K. The results
are given in Table 2. The temperature dependence of the mass
Oyx T Oyy density appears to be linear with temperature and is shown in
5 (22) Figure 1 together with the fit function of experimental values
by Kltiner# The MD results for the dependence of the diffusion
and the asymmetry factor coefficients on 1T is given in Figure 2 with an experimental
fit function obtained by Ertl and Dullief?
3(0xx — Oy 13C NMR Relaxation Data for Neat Benzene.The total
=T 2A0 (34) longitudinal spin-lattice relaxation rates T{, the NOE factors
nc-n, and the DDB-CSA cross correlation relaxation rates
where oxx, oyy, and ozz are the diagonal elements of the 1/T;PP~CSAwere measured in a temperature range from 280 to
shielding tensor in its principal axis frame wifty7| > |oyy = 323 K at a'®C resonance frequency of 62.89 MHz. These values

with the 13C shielding anisotropy

Ao =0y, —
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TABLE 2: Temperature Dependence of the Data Obtained TABLE 3: Temperature and Frequency Dependence of the
from MD Simulations for Neat Benzene (Densityp, Diffusion Total Longitudinal 13C Relaxation Rates 1T;, Nuclear
Coefficient D, Correlation Times 7;; and 7o, and Coefficients Overhauser Factorsnc—y, Dipolar Longitudinal Relaxation
i and B for Reorientation of a Vector in the Molecular Rates 1T,PP, and DD—CSA Cross Correlation Relaxation
plane and Perpendicular to It) Rates 1T,PP~CSA for Benzene in Neat Liquid
71/pS TIPS T2/PS Ta/pPS 1/T,P%  1/T,Pb-csH
TIK tlps p/kg/m’:‘“’ D/10°m2ste fi fio Pai a0 TIK V(13C)/MHZ 1m/102s? Nc—H 102s? 102s?
240 1163 945 (4.5) 0.22(0.011) 6.3 15 2.9 5.9 280 62.89 4.07 1.58 3.24 0.685
092 0.80 0.70 0.58 281 4.02 1.58 3.20 0.680
260 270 917 (4.8) 0.59 (0.059) 4.5 9.1 1.8 2.9 283 3.90 1.59 3.13 0.650
091 0.81 0.77 0.67 285 3.85 1.56 3.03 0.630
280 158 893(2.5) 1.1 (0.12) 3.3 55 1.3 1.9 288 3.80 1.57 3.00 0.610
094 0.87 085 0.73 293 3.74 1.46 2.75 0.550
300 238 872(6.7) 1.4(0.12) 28 45 12 15 298 3.61 145  2.63 0.505
0.98 0.89 0.87 0.77 303 3.45 1.39 2.42 0.470
320 468 845(6.1) 2.3(0.13) 2.3 34 093 1.2 308 3.38 1.38 2.34 0.446
1.0 0.90 0.93 0.82 313 3.29 1.36 2.25 0.425
340 187 823(3.9) 2.9(0.12) 1.0 29 0.81 0.96 318 3.26 1.32 2.16 0.394
1.0 0.91 0.97 0.87 323 3.20 1.26 2.02 0.356
360 110 795 (4.6) 4.3 (0.69) 1.7 23 0.68 0.77 293 22.63 3.45 1.61 2.79
1.0 0.96 1.0 0.93 75.47 3.69 1.46 2.71
aTotal simulation timeP Fluctuation in parenthese%Error in 100.62 3.88 1.48 2.89
parentheses. aData from ref 11.
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Figure 1. Mass densityp. Data points were obtained from MD  Figure 3. *3C longitudinal relaxation rates at 62.89 MHz as a function
simulations, and lines were calculated from the parameters as well asof reciprocal temperature: totaDJ, dipolar (J), spin rotation £),

from a fit to experimental data points. chemical-shift anisotropy<X), and cross correlation DD-CSAx{.
107 . 4.0
m? s’} 1077 ¢
I 3.8
L _—exp
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Figure 2. Translational diffusion coefficienD. Data points were Figure 4. Total *3C longitudinal relaxation rates Ty at 293 K as a
obtained from MD simulations, and lines were calculated from an function of the square of the magnetic flux dendy The error bars
Arrhenius fit to the MD simulation results as well as to experimental correspond to an error of 2%.

data points. Rotational Molecular Dynamics of Neat BenzeneThe

and the dipolar longitudinal relaxation rate3:PP are contained reorientational correlation functior@'o(t) with | = 1, 2 for

in Table 3 together with the results from measurements at 75.47vectors in the aromatic plane and perpendicular to it that were
and 100.62 MHz and from ref 11 at 22.63 MHz for a obtained from MD simulations are shown in Figure 5 for a
temperature of 293 K. The results for the different relaxation temperature of 300 K as an example. The dependence of the
rates at 62.89 MHz are plotted in Figure 3 as a function of the correlation timesr; and 7jg on 1/T is presented in Figure 6.
reciprocal temperature, whereas in Figure 4, the total relaxationAfter fitting of an Arrhenius relation according to eq 15 to the
rates at 293 K are shown as a function of the square of the data points between 280 and 360 K, the activation energies in
magnetic flux density. Table 4 were obtained.
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1.0

0.8
0.6
C'onw

0.4

0.2

0.0

Figure 5. Reorientational correlation functions of vectors in and
perpendicular to the aromatic pIar@{KWW andC'oxww, respectively.
Lines were obtained from a fit of eq 13 to MD simulation results at
300 K.
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Figure 6. Reorientational correlation times of vectors in and perpen-
dicular to the aromatic planeyxww andtiokww, respectively. Lines
were obtained from an Arrhenius fit to the MD simulation results.

TABLE 4: Activation Parameters for Molecular
Reorientational Motion of Neat Benzene: Activation
EnergiesEa; (kJ mol~1), and Preexponential FactorsRy
(102 rad? s

MD NMR

Ea1i 7.1+04

Eain 9.2+ 0.5

Enzi 7.0+ 04 8.24+0.3
Ea2n 9.3+ 04 13.3+0.3
Enzi 3.4+0.3
Roi 3.7+£04
Roo 1.94+0.2
Rai 0.77+ 0.09

In Figure 7, the results for 1/¢6) and the rotational diffusion
constantsR; and R, evaluated from the MD simulations are
compared to the corresponding values from the NMR relaxation
data. The former were obtained from the reorientational cor-
relation times calculated from the fit functions wifR; =

J. Phys. Chem. A, Vol. 104, No. 24, 2008721

30.0

1010

rad? s™

R
1/(672)

10.0
8.0+
50 . { . 1 L 1 . { N 1 .

30 31 32 33 34 10°K'36

1T

Figure 7. Rotational diffusion constants about th@& axis and
perpendicular to itR, andRy, respectively, and 1/¢§ from the NMR
relaxation data. Lines represent the fit of an Arrhenius function to the
NMR results (solid line) and to the MD simulation results for T
1/(6r20), and 1/(G2) (dashed line).

TABLE 5: Comparison of the Total Longitudinal 13C
Relaxation Rates 1T;, Nuclear Overhauser Factorsgc-n,
Dipolar Longitudinal Relaxation Rates 1/T;P°, DD—CSA
Cross Correlation Relaxation Rates 1T,PP~CSA Rotational
Diffusion Constants R, and 1/€; for Benzene in Neat Liquid
and in a Polystyrene Solution with a Concentration ofx =
0.01 (NMR) and 0.0093 (MD), Respectively

polystyrene/
neat liquid benzene (300 K)
NMR MD (300 K) MD
(298K) eq3l eg5 NMR eq3legb
1/T/102st 3.61 18.6
Ne-H 1.45 131
1/T,PP/102s? 2.63 12.3
1/T,PP-CS4102s1  0.505 0.122
(1/6r;)/100ract st 13.6 14 2.88 10
R/10"racf st 9.42 11 0.241 1.3
R/10%rac? st 19.1 17 17 <0! <0! 9.2

aData from refs 14, 15; considering = 3r, and Ry = 1/(6tp).

Discussion

Molecular Dynamics Simulations of Neat Benzene-rom
a least-squares fit to the data, the relatidtkg m—3) = 1238
— 1.225T/K was obtained, whereas Kier'! found experi-
mentally p/(kg m™3) = 1198 — 1.089 T/K. Thus, the thermal
expansion coefficient from the MD simulations seems to be too
large by about 12%.

The translational diffusion coefficiend for the benzene
model used in the simulations is systematically too small by
approximately a factor of 2 as has already been noted; the
deviation between the experimental and MD results is a well-
known deficiency of the chosen modéit® A least-squares fit
to the MD data between 280 and 360 K (refer to Figure 2) gives
an activation energy of (15t 1) kJ/mol compared to an
experimental value of 12.5 kJ/m® The slope becomes larger
in the regime 240 to 280 K. Normally, such a break is taken as

1/(6r20) and with the help of eq 28. The Arrhenius function in  evidence for a change in the diffusion mechanism. It is noted
eq 16 was fitted to the rotational diffusion constants from the here that the break occurs at the experimental melting point of
NMR data. These activation energies and also the preexponentiabenzene at 279 K. Although in the simulations neither freezing
factors are given in Table 4. nor vitrification of the liquid was observed, it can be assumed
Solution of Polystyrene in BenzeneAt a temperature of  that the system was in a supercooled state and that freezing
300 K, the corresponding relaxation rates of benzene werewas suppressed because of the form of the force field and/or
measured in a solution of 56% polystyrene (Polystyrene the small system size. In order to prove that fact, the simulation
Standard 10 000 by Fluka, Switzerland) corresponding to a mole at 240 K was extended to 1.1 ns without showing a slow-down
fraction of x = 0.01 in benzene. The results are compiled in of the diffusion process. Comparison with the experimental
Table 5 together with rotational diffusion constants obtained results for the temperature dependence of the translational
from the relaxation data at 298 K. diffusion coefficient should give some idea about the behavior
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to be expected for reorientational motion: It appears that a 2.7
deviation in the activation energy between MD and NMR results
of about 2 kJ moi! is plausible. Furthermore, an increase of 2.3
the activation energy below 280 K may be expected. 19
13C Relaxation Data for Neat BenzeneAs can be seen from '
Table 3 and Figure 3, the measured relaxation rates decrease Or
with increasing temperature, which is the typical behavior in 1.5
the extreme narrowing region, whewer < 1 is valid. The
reorientational motion becomes faster with increasing temper-
ature and the relaxation interactions less effective. From the 12
reorientational parameters, the relaxation rates via the CSA 1.0 ! L L L L
relaxation mechanism were calculated with eq 35, and by 30 31 32 33 34 10°K" 36
subtracting them and the measured dipolar relaxation rates from 1T

the total relaxation rates, the rates from the spin rotation Figure 8. Anisotropyor of the reorientational motion from the NMR
mechanism (SR) were obtained. The SR and CSA relaxation relaxation data. Lines represent the fit of an Arrhenius function to the
rates are also shown in Figure 3. The SR rates are the cm|yNMR_resuIt_s (solid line) and the fit of an Arrhenius function to the
rates that increase with increasing temperature and lead to avb simulation results (dashed line).
decrease in the absolute value of the slope for the total relaxation  As js demonstrated in Figure 7, the values for the velocity
rate curve plotted as a function ofTL/Another way to obtain  of reorientational motions obtained from the NMR experiments
the CSA relaxation rates is to plot the total relaxation rates as gre generally smaller by 10 to 25% compared to the MD
a function of the square of the magnetic flux density (Figure simulation results. Both methods agree, however, in that the
4). From the intercept with the relaxation rate axis, the sum rotation about th€s axis (spinning motion) is faster than about
over all relaxation rates contributing to the total rate except the axes perpendicular to it (tumbling motion). The anisotropy
CSA rate is yielded. In the present case, the value was 8.47 = R/R; of reorientational motion is plotted in Figure 8 as a
0.03) x 102 s™*, which compares quite well with the value of  function of 1T. The anisotropy decreases with increasing
3.59x 1072 s ! calculated from the reorientational parameters. temperature, and it follows an Arrhenius law to a very good
Rotational Molecular Dynamics of Neat BenzeneFirst, approximation, for the simulation as well as for the NMR
the MD results will be discussed. Figure 6 shows thafcww experiment. However, in the experiment, a slightly larger
is always larger thamomxww: between 280 and 360 K, the activation energy was obtained for the anisotropy. As a
correlation times for reorientations of in-plane vectors and consequence, whereas the simulated and measured anisotropy
vectors perpendicular to the aromatic plane are greater by factorsshow an excellent agreement to each other about room tem-
of 2.5 and 3.0, respectively, whereas below 280 K, these ratiosPerature, they diverge slightly at lower and higher temperatures.
are different. For a given reorientation mode, the Debye model The value of approximately 1.7 for the anisotropy from the
of small-step diffusion predicts the ratign/z1n to have a value NMR experiments and the MD S|muI§tlon at a temperature of
of 319 The results show that this condition is fulfilled for ~@bout 300 K compares quite well with the more recent MD
reorientations about axes perpendicular to@exis. Another  Simulation results by Linse et #.and Laaksonen et &.(cf.
criterion of whether the investigated reorientational motions can T@ble 1). The recent experimental results all show a larger
be described by the Debye model is the value of the Kohlrausch anlscﬁropy between 2.4 and 2.9, except for the result bjeDo
exponentﬂ'm: it is unity for small-step diffusion according to et alll At a simulation temperature of 360 K, near the boiling

the Debye model. For all reorientational processes, the exponenlpo'nt’ the value from the I\g}lf)_smulatlon decreases to about
approaches unity from below with increasing temperature. The -3 compared to the value af1/2 = 0.71 for the square root

exponent of reorientational motions of in-plane vectors reach ©f the ratio of the corresponding correlation times for a free

the value of unity at lower temperatures (300 K) than the symmetric rotator. The NMR value for the activation energy

exponent of reorientations of vectors perpendicular to the plane
(340 K). The fact that an exponent smaller than unity is
predominately found at lower temperatures is in accordance with
the assumption of supercooling, becaLﬁ#@ < 1 is often
quoted to be a typical property for the dynamics of glassy
systems.

The correlation times for reorientational motion of the C
axis is longer than for reorientations of vectors in the aromatic

Eap of 13.3 kJ mot? (cf. Table 4) is in good agreement with
the value of 11.3 kJ mot found by Patterson and Griffith%
from depolarized Rayleigh linewidths and also by Gillen and
Griffiths® from Raman line shapes.

The y test (eq 12) was applied to the rotational diffusion
constants obtained from the NMR measuremeptsdecreases
from 6.6 to 3.1 for increasing temperature from 280 to 323 K,
andy decreases from 2.8 to 2.7. Thygfor rotational motions
about theCs axis is not much greater than unity, and inertial

plane, and the activation energy is greater (cf. Table 4), whereasgffects are becoming important for these reorientational motions.

the activation energies are virtually identical for the same
reorientational process but with differdntHence, the activation
energy differences between in-plane and tumbling motion are
the same within the error limits, whether obtained for 1

(2.1 kI mot?) or for| = 2 (2.3 kJ mof?). Below a temperature

of 280 K, all activation energies become larger as in the case
of translational diffusion, and also their differences increase (cf.

According to the criterion by Gillen and Noggiéthe rotational
motions about theCg axis are in the transitional range from
inertially dominated reorientations to rotational diffusion<{3
x < 5), whereas the rotational motions about axes perpendicular
to theCg axis change from the transitional range to the rotational
diffusion range ¥ < 5) at about 293 K.

Solution of Polystyrene in BenzeneThe total and dipolar

Table 4). This indicates that, while both in-plane reorientations relaxation rates fot3C nuclei of benzene are greater than the
and reorientations of vectors perpendicular to the aromatic planerates for benzene in the neat liquid by one order of magnitude
are slowed down by supercooling (cf. Figure 6), the latter are (Table 5). This indicates that the reorientational motion of
affected to a larger extent. vectors in the aromatic plane is slower than in the neat liquid
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by approximately one quarter (cf. to the /4§ in Table 5). In both cases, the Gaussian, being characteristic for short-
The value of the cross correlation relaxation rafg2?-CSAis time inertial rotational motions, contributes about three quarters

comparable to that for benzene in the neat liquid, and it should to the correlation functions. Its time constdhis very similar

give, together with 1/(6;) the values folRy andR. for neat benzene (0.165 ps) and benzene in polystyrene (0.174

For the apparent negative valueRyf which is obviously an ps). This means that the inertial rotational motion shows very
artefact, several reasons are possible: The equations for thdittle sensitivity to the environment. The exponential term
evaluation of the rotational dynamics from the relaxation rates corresponds to long-term Debye-like rotational diffusion, albeit
are not applicable, because the reorientations of the benzenén one dimension only. Its characteristic time differs by a factor
molecules are so slow that the extreme narrowing condition is of about 2 for neat benzene (0.457 ps) and benzene in
not valid for the polystyrene/benzene solutions. This argumenta- polystyrene (0.231 ps). The time integral of the correlation
tion is not justified because the estimation of the extreme function from eq 41 yields (cf. eq 5) the rotational diffusion
narrowing condition gives, even for the small valueRf a coefficientsR,. Since the integral is dominated by the Gaussian
value much smaller than unity. Furthermore, measurements ofcontribution, the rawR, are quite similar for neat benzene (33
spin—lattice relaxation rates at temperatures different from 300 x 10° rac? s™) and benzene in PS (26 10°° rac® s™1). The
K showed the temperature behavior expected for the extremeshort-time Gaussian behavior, however, manifests itself in the
narrowing region. Equation 31 also yielded a negative value NMR experiment and the alternative MD analysis via the
when applied to the MD simulation data. reorientation of unit vectors only as an offset (cf. eq 10 and

However, from eq 31 it follows that for planar molecules 22), because both are much more sensitive to the long-time
that are symmetric rotator®, > 0 is only true when the relation ~ behavior. For a comparison, it is therefore better to concentrate

on the exponential part only. Its integrals lead to the second set
11 _ .51 (40) of Ry in Table 5. The consistency between the two ways of
461, ~ 77 261y, calculatingR is seen in the MD value for neat benzene, which
is identical for both sets. The presence of polystyrene slows
 down the parallel reorientation of benzene by a factor of about
1.8. However, this value is still of the same order as in neat
genzene, so the very small or even negative values predicted
y the rotational diffusion model are obviously an artefact. This,
of course, also applies to thg determined from the NMR
Lelaxation data. A nice corroboration of the hypothesis of “one

holds. As is calculated from Table 5, this condition is no
fulfilled for the benzene molecules in the solution of polystyrene
in benzene. Thus, it can be concluded that the benzene molecule
in the polystyrene solution do not reorient by a rotational
diffusion process because reorientation aboutGhaxis is very

much faster than about axes in the aromatic plane. The benzen i ional ional diffusion” i ided by th
molecules reorient about th& axis in their own volume, imensional rotational diffusion” is provided by the agreement

whereas for rotations about axes perpendicular to it, the OL 1 (Gﬁ‘) andR. Thefy can Oﬂly be the s‘fame_lf tTe rotation
surrounding cavity built out of the polymer has to be deformed aboutt _&6 axisis as fast as the rotation of an in-plane vector,
substantially, a process that is hindered by a much higherth"’_‘t is, if the reorientations about axes perpendicular taChe
activation barrier. This argument is supported by the results of 2XiS €an be neglected. _
Miiller-Plathel415who studied the polystyrene/benzene system When the results in Table 5 are taken to estimate the effect
by MD simulations and concluded that for an increasing ©f the polystyrene, although the reorientational motions of the
polystyrene concentration, a drastic slowing-down of reorienta- P€nzene molecules do not seem to occur by a three-dimensional
tions about axes in the aromatic plane occurred, whereas'otational diffusion process, the experimentally found differences
rotations about the normal of the aromatic plane were only between the solution and neat liquid appear to be much more
moderately affected. A similar observation, although smaller Pronounced than when compared to the results from the MD
in magnitude, was made for water mixtures with poly(vinyl Simulations (cf. Table 5). In analogy to our results, Lienin et
alcohol)16 The reorientation of the dipole vector slows down al-**were also not able to describe the rotational motion of small

much more with increasing polymer content than the reorienta- molecules in a oligomer matrix by simple rotational diffusion
tions about the other two principal axes. models. Another report of benzene reorientation in a oligo-
The authors believe that the apparent negative valug of ~Stysrene matrix was given by Vogel and's3ter> who,
deduced fronR, and 1/(62) arise because the reorientational however, did not investigate the anisotropy of the reorientational
motions of the benzene molecules in the polystyrene matrix Motions.
show a very large anisotropy. Yet, the benzene molecules exhibit
a “one—dimensional rotational diffusion” about th&s axis, Conclusions
whose orientation is practically fixed. To prove this concept,
additional short simulations of a few picoseconds for neat
benzene as well as for the benzene/polystyrene system wer
performed under conditions identical to those in refs 14 and
15. However, the trajectories were recorded much more
frequently than before, that is, every 10 fs. Thus, the angular
velocity autocorrelation functiofby(t)w;(0)for reorientations

A good agreement between the NMR and MD simulation
results for the reorientational motions of benzene in the neat
‘?iquid as well as in a polystyrene/benzene solutions was obtained
in this study. Although the reorientational motions of benzene
are significantly anisotropic, the results show a more isotropic
reorientational motion for benzene in the neat liquid than in
about theCg axis could be calculated directly with sufficient most qther stqdies. The anisotropy decreasgs with temperature,
which is explained by the concept that tumbling of the molecule

resolution. It turns out that the qualitative features are the same L X
. . needs more space than mere spinning, and thus, the difference
for both neat benzene and benzene in polystyrene: After .

removing a spurious vibrational component by low-pass filter. 1 the rotational velocities should be more pronounced at higher
. gaspu ; P y low-p densities. The activation parameters for the rotations about the
ing, the normalized correlation function was well fitted by the

sum of a Gaussian and an exponential function Cs axis and perpendicular to it are, to the authors knowledge,

' available now for the first time. Whereas the MD data showed
’ that the reorientational correlation functions do not decay
[ (D (0)= A exp[=(U/B)] + (1 — A)exp(-t/C) (41) exponentially, it can be concluded that for the reorientational
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process about the ¢Caxis, inertial effects already become was observed three times afls. The spin-lattice relaxation
important. The measurement of the BOSA cross correlation  times were extracted from the signal heights in'tHéroadband
rates proved to be a valuable tool in the investigation of decoupled!®C spectra by a three-parameter exponential fit
rotational motions of aromatic molecules. implemented in the spectrometer software. The dipolar relax-
The present investigation of the rotational motions of benzene ation rates were obtained from the relation
molecules in a polystyrene matrix demonstrates that the Debye
model of independent rotational diffusion about the three e
molecular axes is not valid for describing the reorientational TPD h Ne—nmax 11
motions of small molecules in restricted geometries like polymer ! '
matrices. Here, the detailed analysis of the MD results for the with 7c_Hmax = 1.988 as the maximum nuclear Overhauser
benzene/polystyrene system shows that theaxis becomes  f5ctor.
space-fixed and that rotational diffusion is only possible about ¢ application of the inversierrecovery sequence orfid—
this axis. This reduces the number of rotational degrees of 13c gpin system without decoupling of the protons yields a
fr_eed(_)m in a first approximation from three to one. Rptational spectrum that has approximately the appearence of a doublet
diffusion constants calculated from the MD simulations are 4nq that shows different signal heights as a function of the delay
consistent with this picture, whereas rotatlona! diffusion CON- petween the first and the second pulse. The sum and the
stants inferred from a model of three-dimensional rotational iference of the two signal heights correspond to magnetization
diffusion have no obvious physical meaning. More generally, nodes); andvs, respectively. In the initial slope approximation,

the Debye model for rotational diffusion should be applied only g contributions to the slope of modg except the contribution
with extreme care when the reorientation of molecules in resulting from the DB-CSA cross correlation vanish:

restricted geometries is investigated.

(42)

. . _ eq
Methods lim v5(t) = 2I'y4lc (43)

MD Simulations. The OPLS model for liquid benzeffavas Thus, the obtained FIDs were treated with an exponential
applied. Since the MD simulation prografrused does not  multiplication and an artificial line-broadening factor of 6 Hz
handle completely rigid molecules, the OPLS model was in order to smear out the long-rand¥—H couplings. This
extended by harmonic angle bending and torsional terms. Thisprocedure allows treatment of tR%&—1H coupled spectrum in
model was used previously to study polystyrene/benzenea first-order approximation as an AX spectrum. Then, the
mixtures#1®and is described in detail in ref 15. The simulated differences of the line heights were taken, and the slope was
system consisted of 215 benzene molecules under cubic periodiaietermined numerically by fitting a linear function or a second-
boundary conditions. Temperature and pressure were keptorder polynomial to the experimental data from 10 experiments
constant using the method of BerendSemith coupling times with different delays between the pulses. To show the difference
of 0.2 ps for the temperature and 0.5 ps for the pressure. Thebetween the linear and the polynomial fit, the results for the
reference pressure was 0.1013 MPa, the temperatures investiinitial slopes are compared in Figure 9 for 298 K. For a linear
gated are given in Table 2. The time step was 2 fs, and thefit of the data witht < 4 s, the linear equation ig/I&? = 1.19
durations of the simulations are also shown in Table 2. The » 10-3 4 9.08 x 1073 t/s, whereas it is equal to 2.86 1073
bond lengths were constrained by the SHAKE procedure with + 7.34 x 103 t/s fort < 7 s. When employing a polynomial
a relative tolerance of 10. fit of second order, the equations argl®’ = 8.39 x 1074 +

The translational diffusion coefficients were calculated from 0.996x 10-2t/s — 2.28 x 104 t2/s2 and 5.70x 104 + 1.09
the center-of-mass measquare fluctuation, averaged over all 1072 t/s — 5.52 x 1074 t2/<, respectively. The difference in
molecules as well as over the time origins (cf. ref 15); the the slope for the linear terms is about 9% for the polynomial
standard deviation among the three Cartesian components wagnd more than double for the linear fit. The example shown is
taken as an error estimat° one of the worse cases; normally, the difference between the

For the study of the reorientational dynamics of benzene, two slopes was much smaller for the polynomial fit. Furthermore,
vectors for each molecule were defined;: as the unit vector  the data were restricted tac 4 s, for which case the differences
between two opposite carbonbecause of the symmetry of the  pecame negligible. These results show clearly the superiority

benzene molecule, all in-plane vectors are equivatant u, of the polynomial over the linear fit for evaluating initial slopes
as the normal on the aromatic plane. The time evolution of the of the DD—CSA cross correlation rate, because the ambiguity
orientation is described by time autocorrelation functi@b@) regarding the selection of the time interval for which the initial
with | =1, 2 in eqgs 18 and 19 for these vectors. Fitting of the slope approximation is fulfilled is strongly diminished.
correlation functions to the KohlrauseWilliams—Watts func- The measurements of the spilattice relaxation times were
tion in eq 13 and computing their integrals by eq 14 yielded repeated 5 times, those for the NOE factors 10 times, and those
the correlation times;; and 7io. for the DD—CSA cross correlation relaxation rates 5 times. The
13C NMR Relaxation Data. The measurements were per- mean standard deviations of the mean experimental data were
formed on a Bruker AM 250 spectrometdBy(= 5.875 T, below 1% for the dipolar spialattice relaxation times and less
vo(*H) = 250.13 MHz,vo(*3C) = 62.90 MHz, lock on?H in than 2.5% for the cross correlation relaxation rates. The error

[2Hglacetone in a 10-mm NMR tube surrounding the inner NMR in the temperature was estimated tob# K. Further details
tube with 7.5-mm diameter containing benzene or the polystyrene/ concerning experimental techniques and sample preparation are
benzene solution). For the experimental parameters of¥@e  given in ref 52.

measurements at 75.47 and 100.62 MHz cf. to refs 11 and 51. For the evaluation of the rotational dynamics, a distance
Measurements of the spitiattice relaxation times were carried  between the carbon atom and the directly bonded proton of 110.6
out using the inversion-recovery pulse sequence, varying in 20 pm was used, which was the effective distance obtained from
experiments the delays between the pulses in a range from 0.lvibrational averaging for the dipolar coupling constznthe

sto 0.6T; and 0.8 to 1.97;, whereas the fully relaxed spectrum  protons not directly bonded were taken into account by summing
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Figure 9. Magnetization mode; as a function of time (A) and linear
and polynomial fit of second order to the initial slope (lines) (B). The
error bars correspond to an error of 5%.
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up their contributions to the dipolar coupling constéingnd
thus the total effective distance was 109.7 pm. The rotational

diffusion constants were calculated by solving eqs 29 and 38,

using also eq 25 foR; andRy. The values forAc andy were
taken from the literature to be 182 ppm and 0.72, respectidely.
The computation of the activation parameters for the reorien-
tational motion was achieved by a FORTRAN 77 program,
which performed g? fit of the activation parameters to the
experimental reorientational data by the Levenbav@rquardt
method?®
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