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Solid state proton spin relaxation in ethyl benzenes: Methyl reorientation 
barriers and molecular structure 

Peter A. Beckmann, Laura Happersett, Antonia V. Herzog,a) and William M. Tongb
) 

Department of Physics, Bryn Mawr Col/ege, Bryn Mawr, Pennsylvania 19010 

(Received 26 February 1991; accepted 8 April 1991 ) 

We have investigated the dynamics of the ethyl groups and their constituent methyl groups in 
polycrystalline ethylbenzene (EB), 1,2-diethylbenzene (1,2-DEB), 1,3-DEB, and 1,4-DEB 
using the solid state proton spin relaxation (SSPSR) technique. The temperature and Larmor 
frequency dependence of the Zeeman spin-lattice relaxation rate is reported and interpreted in 
terms of the molecular dynamics. We determine that only the methyl groups are reorienting on 
the nuclear magnetic resonance time scale. The observed barrier of about 12 kJ/mol for methyl 
group reorientation in the solid samples ofEB, 1,2-DEB, and 1,3-DEB is consistent with that 
of the isolated molecule, implying that in the solid state, intermolecular electrostatic 
interactions playa minor role in determining the barrier. The lower barrier of9.3 ± 0.2 
kJ/mol for the more symmetric l,4-DEB suggests that the crystal structure is such that the 
minimum in the anisotropic part of the intramolecular potential is raised by the intermolecular 
interactions leading to a 3 kJ/mol decrease in the total barrier. We are able to conclude that 
the methyl group is well away from the plane of the benzene ring (most likely orthogonal to it) 
in all four molecules, and that in 1,2-DEB, the two ethyl groups are in the anticonfiguration. 
Our SSPSR results are compared with the results obtained by microwave spectroscopy and 
supersonic molecular jet laser spectroscopy, both of which determine molecular geometry 
better than SSPSR, but neither of which can determine ground electronic state barriers for 
these molecules. 

I. INTRODUCTION 

We have investigated the dependence on temperature 
and Larmor angular frequency of the proton Zeeman spin
lattice relaxation rate in polycrystalline ethylbenzene (EB), 
1,2-diethylbenzene (1,2-DEB), 1,3-DEB, and 1,4-DEB. A 
schematic picture of EB, C6H5CH2CH3, is shown in Fig. 1. 
Solid state proton spin relaxation (SSPSR) is a useful tech
nique for ( 1 ) studying low barriers for molecular reorienta
tion; (2) modeling intramolecular motion and determining 
the statistics of the reorientation process; (3) studying the 
dynamic effects of molecular packing in the solid state; and 
( 4) studying solid-solid phase transitions. In this paper, we 
are concerned with the first three of these matters. 

In solids, methyl groups reorient in a wide variety of 
intramolecular and intermolecular environments. Hinder
ing barriers for methyl groups in aryllike molecular solids 
range from about 1 kJ/mol 1

•
2 to quite high barriers in 

strongly sterically crowded environments. 3 The barriers for 
methyl reorientation in the molecules studied here are in the 
range 9-15 kJ/mol, depending only slightly (about ± 1 
kJ/mol) on the specific models used to interpret the data. 
One strength of the SSPSR technique lies in the fact that 
barriers down to about 3 kJ/mol can be measured above 
liquid nitrogen temperatures (77 K) and considerably lower 
barriers down to about 0.5 kJ/mol can be measured at lower 
temperatures.4 In SSPSR studies, it is nuclear magnetic reso-

a) Present Address: Department of Physics, University of California at San 
Diego, La Jolla, Ca. 92093. 

b) Present Address: Department of Chemistry and Biochemistry, Universi
ty of California at Los Angeles, Los Angeles, Ca. 90024. 

nance activation energies that are measured, but in most 
models these can usually be identified with reorientation 
barriers to within reasonable accuracy.5,6 Barriers below 
about 20 kJ/mol are difficult to study by dilute liquid high 
resolution nuclear magnetic resonance (NMR) spectrosco
py.7-9 From the measurement of a sufficient number of ap
propriate J couplings in high resolution NMR spectra, bar
riers in the range of 0.8-13 kJ/mol can be determined in very 
limited cases.1O These cases do not include threefold rota
tional barriers for methyl groups. Inelastic neutron scatter
ing techniques can determine barriers over a wide range at 
low temperatures in the solid state where tunneling rather 
than thermally activated rotation is the dominant reorienta
tion process. 11-13 Finally, barriers below about 15 kJ/mol are 
difficult to study by computational techniques. 14 

II. EXPERIMENT 

All four samples were obtained from Aldrich Chemical. 
They are all liquids at room temperature. The melting points 
and the quoted purities are 178 K, 99% for EB; 242 K, 95% 
for 1,2-DEB; 189 K, 99% for 1,3-DEB; and 230 K, 96% for 
1,4-DEB. The samples were used without further purifica
tion. It is clear from the relaxation rate data that paramag
netic impurities, if present, were inconsequential. In these 
kinds of organic compounds, where the dialkyl systems have 
impurities at the level of 4% or 5%, the impurities are usual
ly other isomers and this has a negligible effect on the inter
pretation of the data. 

Proton Zeeman spin-lattice relaxation rates R were 
measured from 77 K to the melting point at 8.5, 22.5, and 53 
MHz using three fixed-frequency Spin-Lock Model CPS-2 
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Beckmann et a/.: Spin relaxation in ethylbenzenes 829 

FIG. 1. A schematic picture of ethyl
benzene (EB). The methyl group is 
shown in the "orthogonal" position. 
The top picture shows a Newman pro
jection for the ethyl group. 

spectrometers. Standard techniques were employed. The 
data are shown in Figs. 2-5. To within experimental uncer
tainty, the relaxation was exponentialfor EB (Fig. 2) and I, 
2-DEB (Fig. 5). In this case, the uncertainty in the observed 
rates R is about 5%, which is less than the scatter in adjacent 
data points on the In R vs T- I plots. The latter, therefore, 
should be taken as a measure of the uncertainty in R . For 1,3-
DEB (Fig. 4) and l,4-DEB (Fig. 3), the relaxation was 
nonexponential. In these cases, the R reported in Figs. 3 and 
4 characterize the initial slope of the relaxation curve which 
was well defined in all cases, but more so for 1,3-DEB than 
for l,4-DEB. As such, the uncertainties in R for 1,3-DEB 
(Fig. 4) are about 10% and the uncertainties in R for 1,4-
DEB (Fig. 3) are about 20%. In both cases, a realistic mea
sure ofthe uncertainties are given by the scatter in the In R vs 
T- I data. 

Temperature was controlled by a flow of reheated cold 
nitrogen gas and temperature was monitored by a calibrated 
copper-constantan thermocouple. Temperature could be 
maintained to about ± 0.3 K and the uncertainty in the 
measurement of the absolute temperature is about ± 1 K. 

In preparing the samples, dry nitrogen gas was bubbled 
through them to displace dissolved oxygen which can give 
rise to anomalous relaxation. The samples were usually fro-
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FIG. 2. The temperature T dependence of the proton Zeeman relaxation 
rates Rat Larmorfrequencies of8.5 (_,0),22.5 (e), and 53 MHz (A) in 
ethylbenzene (EB). Closed symbols indicate the polycrystalline state and 
open symbols indicate the glassy state. The ful1lines indicate fit I. 

zen slowly (i.e., over a period of minutes) to form a crystal
line state. IS This did not matter for 1,2-DEB and 1,4-DEB 
for which the same R vs T- ' data were obtained if the sam
ple was frozen quickly (i.e., emersed in liquid nitrogen). For 
EB and 1,3-DEB, however, a different R vs T- I data set was 
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FIG. 3. The temperature T dependence of the proton Zeeman relaxation 
rates R at Larmor frequencies of 8.S (_),22.5 (e), and 53 MHz (A) in 
polycrystalline 1,4-diethylbenzene (1,4-DEB). The ful1lines indicate fits 2 
and 4 and the dashed lines indicate fit 3. 
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FIG. 4. The temperature T dependence of the proton Zeeman relaxation 
ratesR at Larmor frequencies of8.5 (.,0),22.5 (e,O), and 53 MHz (A) 
in 1,3-diethylbenzene (1,3-DEB). Closed symbols indicate the polycrystal
line state and open symbols indicate the glassy state. The full lines indicate 
fit 5. Fit 6 is essentially the same. 
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FIG. 5. The temperature T dependence of the proton Zeeman relaxation 
rates R at Larmor frequencies of 8.5 (.),22.5 (e), and 53 MHz ( ... ) in 
polycrystalline 1,2-diethylbenzene (1,2-DEB). The full Jines indicate fits 7 
and 10. Fit 8 is essentially the same. The dashed lines indicate fit 9. 

obtained for the fairly quickly (several seconds) frozen sam
ples which were presumably in a glassy state. These results 
are consistent with lower melting points for EB ( 178 K) and 
1,3-DEB (189 K) compared with those for 1,2-DEB (242 
K) and 1,4-0 EB (230 K). If one takes the ratio of boiling 
point to melting point, they are 2.4 (l,3-DEB), 2.2 (EB), 
2.0 (l,4-DEB), and 1.9 (1,2-DEB), so the formation of a 
glass state in our case is consistent with the empirical rule 
that glass states tend to form more easily if this ratio is above 
about 2.0. 16

.17 We show a few R vs T- I data points for these 
glassy states as open symbols in Figs. 2 and 4. 

III. THEORY 

We develop a model for the proton spin-lattice relaxa
tion rate R = T 1- I due to methyl and ethyl group reorienta
tion. Since the spin-spin interaction is very much stronger 
than the spin-lattice interaction (i.e., R 2 >R, where 
R2 = T 2- 1 is the spin-spin relaxation rate), spin diffusion 
keeps the spin system in internal equilibrium and the ob
served rate R is then associated with the averagel8

,19 

2 N N 

R=- I I &lij. 
N i =lj=2 

i<j 

(1) 

&l ij is the relaxation rate for an ensemble of ij spin pairs. N 
is the total number of spins in the system (molecule) and 
therefore depends on the molecule under study. For EB, 
N = 10, and for the three isomers of DEB, N = 14. 

We note that, in general, for three strongly coupled spin-
1/2 particles like the protons in a methyl group, a perturbed 
nuclear Zeeman magnetization will not relax exponentially, 
but rather via a sum of exponentials even though R2>R. 
This is because the motions of the three proton-proton vec
tors are completely correlated and there are cross-correla
tion terms as well as autocorrelation terms in the correlation 
function that describes the motion.2°-22 We assume that all 
such cross correlation terms are zero. In some of the experi
ments reported here (1,3-DEB and 1,4-DEB), nonexponen
tial relaxation is observed. In this case, the single relaxation 
rates to be used in Eq. (1) are appropriate to the initial relax
ation (i.e., small times) where autocorrelations dominate 
and cross correlations can be neglected.20 

R in Eq. (1) has (1/2)N(N - 1) terms (45 for EB and 
91 for DEB). We assume that the only possible motion in
volves the ethyl group (or groups) and its constituent meth
yl group. It is unlikely that in the solid state, whole-molecule 
reorientation will occur on the nuclear magnetic resonance 
time scale. Even ifit did, it would have a small effect on the 
magnitUde of R, as discussed elsewhere for t-butylbenzene, 18 

although it might change significantly the time-averaged in
termolecular component of the electrostatic potential seen 
by the ethyl groups. 

We assume that interactions between ethyl protons and 
nonethyl protons can be neglected as can the interactions 
between protons on different ethyl groups. This reduces the 
number of interactions to (lO)n for a molecule with n ethyl 
groups. Given that the relaxation rate is proportional to the 
various spin-spin separations r according to r - 6 (see be-
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low), this is a reasonable assumption consistent with the 
experimental data. Note that this specifically excludes all 
intermolecular dipole-dipole interactions. 

R in Eq. (1) is divided into three terms 

R=Rm+Rp+Rmp, (2) 

where Rm is the relaxation rate resulting from the modula
tion, by both ethyl and methyl group reorientation, of the 
intramethyl dipole-dipole interactions. Rp is the relaxation 
rate resulting from the modulation, by ethyl group reorienta
tion only, of the interaction between the two ethyl, non
methyl protons. Rmp is the relaxation rate resulting from the 
modulation of the interaction between the methyl protons 
and the two ethyl nonmethyl protons. 

In general, the reorientation of the proton-proton vec
tor r,j between the proton pairs ij is characterized by a pa
rameter set {xk } ij == {x (,X2,X3, ••• } ij that depends on the elec
trostatic interactions. It is assumed that there is an ensemble 
of such pairs in the usual statistical mechanical manner. In 
the simplest models, the set {Xk} ij reduces to the parameter 
'Tij for correlation time 'Tij' (The parameter 'Tij is model de
pendent and may, in tum, be parametrized by more than one 
parameter.) These times 'Tij can be identified with the mean 
time between hops in a random process. If the process in
volves different sets of random processes, then these correla
tion times are model dependent and must be defined. Later, 
we will use a model that requires one additional dynamical 
parameter in addition to a correlation time 'T ij' 

Rm has been presented elsewhere. IS It takes into ac
count methyl reorientation characterized by correlation 
time 'T m and ethyl group reorientation characterized by cor
relation time 'Te' 

(3) 

where n is the number of methyl or ethyl groups in the mole
cule and N is the number of hydrogen atoms in the mole
cule. The factor f.1.01( 41T) == 10 -7 m kg s - 2 A - 2, where f.1.0 
is the permeability offree space. The distance r m = 0.180 nm 
is the intramethyl group proton-proton separation. The 
function q is given by23 

q(w,'T) = J(w,'T) + 4J(2w,7) (4) 

and the spectral density J is appropriately normalized.24 J 
depends on the Larmor angular frequency w = rB, where B 
is the applied magnetic field and r = 2.675 X 108 kg - I S A is 
the magnetogyric ratio of the proton. Specific forms for J are 
reviewed elsewhere. 24 

The superposition correlation time 7 me in Eq. (3) is 

7;;;/ = 'T;;; 1+ 'Te- I. (5) 

If there is no ethyl group reorientation, 'Te- ( = 0, q(W,7e ) 

= 0, 7 me = 7 m' and Eq. (3) reduces to 

2 3 3 (f.1. )2 r"fz
2 

R =-3n-- _0 --q(w,'Tm ), 
m N 204 41T r~ 

(6) 

which is the relaxation rate for a reorienting methyl group in 
a molecule with a total of n methyl groups and N protons. 

Cast in the form of Eq. (1 ), Eq. (6) is 
Rm = (2/N) (3n&il), there being 3n terms in the sum in Eq. 
( 1 ). The rate &il, in this case, is the relaxation rate resulting 
from the reorientation of a single proton-proton vector in 
the methyl group. It follows then that Rp in Eq. (2), the 
relaxation rate resulting from the modulation of the dipole
dipole interaction between the two nonmethyl protons in the 
ethyl group, is given by Eq. (6) without the factor of 3 in 3n 
and with 'T m replaced by 7e: 

2 3 3 (f.1. )2 '1fz2 R =-n-- _0 --q(w,'Te ), 
p N 20 4 41T r~ 

(7) 

where n now refers specifically to the number of ethyl 
groups. 

We use an approximation for the relaxation rate Rmp in 
Eq. (2). Whereas the magnitudes of the intramethyl and the 
intraethyl, non methyl proton-proton vectors are constant, 
the magnitudes of the six intraethyl, methyl-nonmethyl pro
ton-proton vectors are rendered time dependent by methyl 
and/or ethyl group reorientation. We approximate the con
tribution of these terms by imagining the three protons in the 
methyl group to be condensed to the center of the methyl 
group triangle.25 With this approximation, the "effective" 
proton-proton distance is r me = 0.250 nm, assuming an 
idealized ethyl group geometry which we are doing through
out this analysis. All six terms in the sum over &il ij in Eq. ( I) 
are identical and only ethyl reorientation modulates the in
teractions. Rmp follows from Eq. (6) and is given by 

2 3 3 (f.1. )2 r"fz
2 

R =-6n-- _0 --q(W,7e)' 
mp N 20 4 41T r%.e 

(8) 

If the motion is random and all reorienting units are in 
dynamically equivalent environments, then the distribution 
of times between hops characterizing the methyl and/or 
ethyl group hopping process will be given by a Poisson distri
bution characterized by the mean hop rate 7 - I. The spectral 
density J in this case is23 

27 
J spp (w,r) = 2-2 ' 

l+w7 
(9) 

after Bloembergen, Purcell, and Pound. 26 The correlation 
time 7 is related to the temperature via an Arrhenius rela
tionship 

(10) 

which introduces the activation energy (barrier) E and the 
preexponential factor roo. 

The spectral density in Eq. (9) will often not fit experi
mental data because there is a distribution of correlation 
times, each characterizing a Poisson process. This will lead 
to a non-BPP spectral density. This situation is quite likely to 
occur either because the crystal structure itself gives rise to 
several environments27 or because imperfections and crys
tallite boundaries in the polycrystalline sample give rise to a 
distribution of environments. It is also possible that some or 
all of the sample is in a glassy state in which case there would 
also be a distribution of ethyl group environments, and 
therefore a distribution of barriers for reorientation. We 
think that it is unlikely that the data we will proceed to fit 
(presented as solid symbols in Figs. 2-5) are representative 
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of the glassy state because (a) the results were reproducible; 
(b) the samples were frozen slowly; (c) if two of the samples 
were frozen quickly, a different state with a different R vs 
T- 1 signature was obtained (open symbols in Figs. 2 and 4, 
presumably the glassy state); and (d) the distribution of 
correlation times we will use is extremely narrow (see Fig. 
6) as discussed later. 

A general spectral density can be formed from a distri
bution of BPP spectral densities, each characterized by a 
correlation time 5. The spectral density becomes 

(11 ) 

where the distribution function A is appropriately normal
ized.24 

We use the spectral density due to Davidson and Cole28 

(DC) mainly because it is successful, easy to use, and only 
introduces one additional parameter E, which characterizes 
the width of the distribution. It is obtained from Eq. (11) 
with a distribution A(5,r,E) given by 

. 1 ( 5 )E Aoe (5,r,E) = sm(E1T) - --- , 5 < r 
1T5 r- 5 

= 0, 5> r. (12) 

Equations (11) and (12) give the spectral density 

T ( ) _ 2 sin [E arctan (OJr) ] 
Joe OJ,r - - , 

OJ (1 + OJ2r)E/2 
(13 ) 

which is discussed in detail elsewhere. 24 The parameter r 
becomes a cut-off correlation time and is assumed to be mod
eled by Eq. (10) for cut-off activation energy E and cut-off 
infinite temperature correlation time r co • Corresponding to 
this (or any) distribution of correlation times 5, there will be 
a distribution rc 'll ,E,X2,X3, ••• ) of activation energies'll. Al
though it is not necessary to pursue this in order to fit the 
data, we do so in order to compare the simplest models for r 
with a Dirac /) function which is what r would be for a BPP 
distribution leading to the spectral density in Eq. (9). The 

r 20 

(kJ/molrl 15 

10 

12.95 13.00 
5 

O~~ __ -L __ L-~ __ -L __ ~~-J 

024 68101214 

£ (kJ,mol) 

FIG. 6. The distribution of activation energies rei&') vs i&' for the David
son-Cole distribution with cutoff E = 13 kllmol, width parameter 
E = 0.85, and T= 100 K. The inset shows the range 12.95 < i&' < 13.00 
kllmol on an expanded i&' scale and a compressed r scale. 

relationship between r ( 'll ,E,X2,X3 , ••• ) and the distribution 
of correlation times A <5, r,x2,x3, ... ) can be defined formally 
via 

r('ll,E,x2,X3,··.)d'll = A(5,r,x2,x3,···)d5, (14) 

but until the relationship between the correlation time 5 and 
the activation energy'll is modeled, A cannot be determined. 
We assume that 

5 = 5eo etJ/kT, (15) 

in analogy with Eq. (10) forr, which is the cut-off value of 5. 
Unless the form of 5 eo in Eq. (15) is known, d'!ll d5 cannot 
be determined, even if A (5, r ,x2'X3, ... ) is known. As a result, 
r ( '!l ,E,E) for the DC spectral density cannot be determined. 
As a model, we assume that the dependence of S 00 on '!l and 
T is weak compared with the dependence of 5 on 'll and 
T via the exponential in Eq. (15). If it is assumed further 
that 5 co in Eq. (15) is constant and equal to the cutoff roo, 
then Eqs. (12), (14), and (15) give 

r ('!l E E) - sin(E1T) ( 1 )E, '!l <E 
oe " - 1T(kT) e(E- W)/kT _ 1 

= 0, '!l >E; (16) 

where 0 < E< 1. 
When E = 1, the DC spectral density Joe in Eq. (13) 

reduces to the BPP spectral density Jspp in Eq. (9). An 
example of r for E = 0.85 is shown in Fig. 6. We emphasize 
that there is no fundamental theoretical justification for the 
DC spectral density, although one could argue that the cut
off E corresponds to the barrier for rotors in "perfect" crys
tal sites and the range of 'll < E corresponds to the barrier for 
rotors at crystallite boundaries, imperfections, etc. In any 
event, the distribution is very narrow, but the logarithmic 
singularity at 'll = E and an absolute cutoff at E is essential 
to fit the data. No symmetric distribution, regardless how 
narrow, will suffice.24 

IV. DATA ANALYSIS 

We test several models for the dynamics and conclude 
that only the methyl groups are reorienting on the nuclear 
magnetic resonance time scale. Assuming first that only 
methyl group reorientation is occurring, the observed relax
ation rate is given by Eq. (6) which, for convenience, we 
rewrite 

(17) 

with Am = 1.14 X 1010 s - 2. [We denote theoretical values 
of A and roo with a tilde (i.e., A and 1-co ) and fitted values 
without a tilde.] The choice of normalization makes A in
dependent of molecule. For 1,4-DEB (Fig. 3), the dat: (at 
all three frequencies) is well fitted by a single BPP spectral 
density. The fit (fit 2) is shown in Fig. 3 and the fitted values 
of AmIAm,E, and r co are given in Table I. The ratio r If 
is also given where the theoretical value 1-00 is based on; ve;; 
simple model which is reviewed elsewhere.29 The physical 
origins of 1-"" do not matter here, it is simply a convenient 
benchmark. Values of Too /1-

00 
several orders of magnitude 

from unity would be suspect. The large uncertainty in all roo 
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TABLE I. Relaxation rate parameters for ethyl groups. 

Fit Molecule E (kJ/mo!) AlA 

I EB 13.2 ± 0.7 0.98 
2 1,4-DEB 9.3 ± 0.2 1.0 
3 1,4-DEB 9.3 ± 0.2 0.54 
4 1,4-DEB 9.3 ± 0.2 3.4 
:; 1,3-DEB 14.1 ± 0.5 1.0 
6 1,3-DEB 15 ± 2 1.0 

12± 1 1.0 
7 1,2-DEB 12.2 ± 0.2 1.1 
8 1,2-DEB 13 ± 1 1.0 

11±1 1.0 
9 1,2-DEB 12.2 ± 0.2 0.55 

10 1,2-DEB 12.2 ± 0.2 3.7 

values are dominated by the uncertainty in E which appears 
in the exponential in the Arrhenius relationship. 

A fit using a BPP spectral density [Eq. (9)] will not 
work for the other molecules and a DC spectral density [Eq. 
(13)] is used if Eq. (17) is used. The fits for EB (fit I, solid 
lines in Fig. 2), 1,3-DEB (fit 5, solid lines in Fig. 4), and 1,2-
DEB (fit 7, solid lines in Fig. 5) are very good. The 
Am' E, 'T m' and E are given in Table I. The distribution cor
responding to the fitted values of € is discussed below. 

The values of Am/Am for all of these fits (BPP for 1,4-
DEB and DC for the other three molecules) are all unity or 
very close to unity and this implies that within the frame
work ofthis dynamical model, only intramethyl proton-pro
ton interactions need be taken into account. Although the 
crystal structures are not known, this result is consistent 
with known distances between intramolecular methyl and 
nonmethyl protons and with reasonable estimates for dis
tances between protons on different molecules. If several 
protons were very near to the methyl group, such as would 
be required if two methyl groups on nearby molecules were 
involved in a cooperative motion, the value of A /A would be 
considerably larger. 

The DC spectral density is mimicking a distribution of 
correlation times. Another model for the motion assumes 
the sum of two terms oftheform ofEq. (17), but each with a 
BPP spectral density. The question is, can the distribution of 
activation energies in Fig. 6 be replaced by two Dirac (j func
tions? This might be the case if the crystal structure led to 
two inequivalent methyl group sites. A similar two-site mod
el was proposed for tri-t-butylbenzene3o and confirmed by an 
x-ray study.31 In this case, there are six parameters Am' 
E, and roo for each site. In practice, we force 
AmI = Am2 = AmI (Ami/AmI) with AmI = Am/2 = 5.7 
X 109 s - 2 which is half the value for the one-site model. The 
single ratio AmI/AmI is then the fitting parameter and there 
are five adjustable parameters. The parameters characteriz
ing the fits for 1,3-DEB (fit 6) and 1,2-DEB (fit 8) are indi
cated in Table I and the fits are insignificantly different from 
fits 5 (l,3-DEB) and 7 (l,2-DEB) discussed previously. 
The larger uncertainties in the E values simply reflect the 
increased number of parameters. If one of the two E values is 

E T ~ (s) T~/T~ 

0.83 ± 0.04 (1.3 ± 0.7) X 10 - 13 0.3-1.3 
I (6.5 ± 0.4) X 10- 13 3.5-3.9 
I (8.3 ± 0.5) X 10- 13 4.4-5.0 
1 (6.5 ± 0.4) X 10- 13 3.5-3.9 

0.85 ± 0.Q3 (1.5 ± 0.6) X 10- 13 0.6-1.5 
1 1 X 10 - 14_5 X 10 - 13 0.01-1 
1 1 X 10- 13_1 X 10- 12 1-10 

0.84 ± 0.02 (2.0 ± 0.2) X 10- 13 \.1-1.5 
1 lXlO- 13-2XlO- 13 0.6-1.2 
1 2X 1O- 13_5X 10- 13 1.2-3.0 

0.84 ± 0.02 (2.6 ± 0.3) X 10- 13 1.4-1.9 
0.84 ± 0.02 (2.0 ± 0.2) X 10- 13 \.1-1.5 

set at a fixed value, the uncertainty in the other is much 
smaller than the 10% or so indicated. That is, the indicated 
uncertainties reflect the manner in which the two E values 
can be changed simultaneously in the fit. The data for EB 
cannot be successfully fitted in this manner and the proce
dure is not relevant for 1,4-DEB, where a single BPP fit is 
already successful. 

On one hand, a value of E in the vicinity of 0.85 is close 
enough to unity that the actual distribution of activation 
energies is extremely narrow (see Fig. 6). On the other hand, 
€ is the ratio of the magnitudes of the high to low tempera
ture slopes a In R / a T- I (Ref. 29) and the fits are very 
sensitive to this parameter. The value E = 0.85 is significant
ly less than unity from this perspective and forcing E = I 
would lead to a very bad fit. This says that to the extent that E 

in the DC spectral density is interpreted as a measure of the 
width of the distribution of activation energies, the SSPSR 
technique is very sensitive to this width. 

Models which assume that the ethyl group and the 
methyl group are reorienting at the same rate will fit the 
data, but the resulting A values make no sense as we now 
show. The most general form for the observed relaxation 
rate is obtained by inserting Eqs. (3), (7), and (8) in Eq. 
(2). The result is rewritten in the form 

I n _ 

R = - l: [Aeq( w,rei ) 
N i=1 

+A~q(W,rmi) + Aem q(W,1"emi)] , (18) 

where n is now the number of chemically distinct ethyl 
groups and N is the appropriate total number of protons. 
For example, if the crystal structure is such that there are 
four molecules of DEB per unit cell with eight distinct ethyl 
group sites, then n = 8 and N = 56, four times the number of 
protons per molecule. The ratio n/ N will always be the same 
as the single molecule value. With these conventions, A can 
be kept at the same molecule-independent values. The A val
ues in Eq. (18) are Ae = 1.04 X 1010 S-2, A:" = 3.39 
X 109 S-2, and Aem =8.04X109 S-2. [Note that if'Tei 
= 00, the first term in Eq. (18) vanishes, r mi = r emi , and 

A;" +Aem inEq. (18) equals Am inEq. (17). This is why 
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the methyl terms in Eqs. (17) and (18) are different and a 
prime is used in the latter.] The several possible correlation 
times 'Tare given by Eq. (10) with the appropriate subscripts 
on the activation energy E and the infinite temperature cor
relation time 'T 00 • Ifthere were very different activation ener
gies Em and Ee involved with the two correlation times 'T m 

and 'Te , then two maxima in In R vs T- 1 would be ob
served.32 As can be seen in Figs. 2-5, this is not the case. 
There are very few superimposed reorientation models 
which will fit the data and the range of possible E values can 
be estimated from fits 6 and 8 in Table I. One such model 
assumes that the reorientation of the methyl group and the 
ethyl group are characterized by the same correlation time 
due to some gearing mechanism. To be consistent with pre
vious work with t-butyl groups, we call this an A-type ethyl 
group and the constituent methyl group an a-type methyl 
group. Both are characterized by 'Ta and the correlation 
times'Tei = 'T mi = 'To and'Temi = 'Ta12 foralli. Equation (18) 
reduces to 

• - - - , 10 -2 - -
With Aa = Ae + Am = 1.38X 10 sand Aaa = Aem 
= 8.04X 1010s-2

• The two terms in Eq. (19) lead toanR vs 
T that is very similar to a single term,32 differing by less than 
10% in the vicinity of the maximum in R if the low- and 
high-temperature In R vs T- 1 regions from Eq. (19) and a 
single term fit are superim posed. Fits are shown for 1,4-D EB 
(fit 3, dashed lines in Fig. 3) and for 1,2-DEB (fit 9, dashed 
lines in Fig. 5). Fits forEB and 1,3-DEBlook similar and are 
not shown. Again, in fitting the data, the ratios AalAa and 
AaalAaa are kept the same and indicated asA IA in Table I. 
Although the fits are successful, these fitted ratios A IA are 
far too small. A ratio AlA> 1 can result because A does not 
take into account proton-proton interactions between ethyl 
and nonethyl protons on the same molecule or intermolecu
lar proton-proton interactions. A ratio significantly less 
than unity (within experimental error) is, however, impossi
ble since the theoretical value A is a lower limit. The fitted 
ratios of about 0.5 allow us to completely rule out this dy
namical model. Making Em and Ee slightly different will 
have a small effect. 

One further model is considered for completeness. If we 
assume that the ethyl groups are reorienting rapidly on the 
nuclear magnetic resonance time scale (i.e., 'Te = 0) then the 
form of the relaxation equation is identical to Eq. (17). It is 
obtained from Eq. (18) by setting the first and third terms to 
zero since q( 'Te) = 0 as does q( 'Tem ) since'Tem = 0 if 'T ~does 
[see Eq. (5)]. In this case, the fitted ratio of AmlAm is 
greater than 3 for all four molecules as indicated in Table I 
for fit 4 for l,4-DEB and fit 10 for 1,2-DEB. The actual fits 
are identical to fits 2 (Fig. 3) and 7 (Fig. 5), respectively, but 
the magnitUde of AmlAm rules out this model in practice. 

v. DISCUSSION 

The results of the SSPSR experiments reported here 
suggest that only the methyl groups in EB and the three 
isomers of DEB are reorienting on the nuclear magnetic res
onance time scale. Whereas t-butyl groups in closely related 

t-butyl benzenes do reorient in the solid state at rates com
parable with their constituent out-of-plane methyl 
groups,J8.30.32-34 ethyl (and isopropyl) groups have a lower 
symmetry than t-butyl groups. During crystallization, 
neighboring molecules can approach the molecule nearer at 
the ethyl, nonmethyl proton positions than they can at the 
methyl positions. Ethyl group reorientation could then be 
strongly hindered in the solid state. Based on experiments in 
t-butyl systems, we can conclude that in order to appear 
motionless on the nuclear magnetic resonance time scale in 
these SSPSR experiments, the barrier for ethyl group reor
ientation must be larger than 50 kJ/mol, which is to be com
pared with the value of5.0 ± O.4kJ/molin the free molecule 
as determined by measuring J splittings in high resolution 
NMR spectroscopy35 and 4.85 kJ/mol (no uncertainty 
quoted) as determined by entropy and heat capacity mea
surements.36 

The SSPSR experiments in 1,3-DEB and 1,2-DEB can 
be interpreted in terms of two methyl group sites (a five
parameter fit) or a continuous distribution of methyl group 
sites (a four-parameter fit). In the continuous-distribution 
model, the width of the distribution of barriers '#l is very 
narrow. The distribution of '#l values is given by Eq. (16) 
and is plotted in Fig. 6 for cutoff activation energy E = 13 
kJ/mol, distribution parameter E = 0.85, and T = 100 K. 
The plots for 77 and 250 K are not appreciably different from 
that shown in Fig. 6. The distribution r approaches infinity 
as '#l ..... E, but has unit area (a logarithmic singularity). The 
limit E ..... 1 corresponds to a Dirac 8 function at 'if! = E; i.e., a 
unique activation energy. The small difference between the 
two activation energies in the two-site model (i.e., two 8 
functions instead of the distribution shown in Fig. 6) is 
much larger than the "width" resulting from the continuous 
distribution model, but the uncertainties in the two E values 
in the two-site model are appreciable as indicated in Table I 
(fits 6 and 8). A two-site model suggests two distinct ethyl 
group environments per unit cell. A continuous distribution 
model with such a small distribution of barriers either sug
gests three or more very similar sites or a single site plus a 
low intensity (i.e., very few molecules) distribution oflower 
barriers due to molecules near dislocations, boundary edges, 
etc. Distinguishing between the two models or sorting out 
the precise interpretation of the continuous distribution 
model would require considerably more information than is 
available from SSPSR experiments. 

In the absence of intermolecular interactions, the intra
molecular barrier for methyl reorientation in the molecules 
studied here should be about 12 kJ/mol, about 4 kJ/mol for 
each of the three eclipsed bonds.37 This is consistent with the 
observed barriers in EB, 1,3-DEB, and 1,2-DEB (Table I). 
l,4-DEB is discussed below. The only comparison we can 
make with previously determined barriers for intraethyl 
methyl groups is to compare our value of 13.2 ± 0.7 kJ/mol 
in EB with the value of 17.15 kJ Imol (no uncertainties giv
en) as determined from entropy and heat capacity measure
ments. 36 

Methyl barriers in the range of 12 kJ/mol for EB, 1,2-
DEB, and 1,3-DEB imply that the ethyl groups are well 
away from the plane and probably in or near the orthogonal 
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position (as in Fig. 1). For 1,2-DEB, it also implies that the 
two ethyl groups are in the anti position. If these conclusions 
were not so, the methyl group barriers would be significantly 
higher due to steric interactions with other protons in the 
molecule and the observed values of A I A in the SSPSR ex
periments would be significantly larger than about one (see 
Table I). We cannot distinguish between the anti and the syn 
positions for 1,3-DEB and 1,4-DEB since both geometries 
are nearly equal in energy for the isolated molecule. It may 
very well be, however, that in the crystalline state, one is 
preferred. It would be useful and interesting to do a crystal 
structure for EB and all three isomers of DEB. This should 
be done at several temperatures. 

The barriers observed in this study suggest that the in
termolecular interactions in the solid play a minor role in 
determining the barrier for the methyl group. These conclu
sions are in agreement with low-resolution microwave spec
troscopy studiesJ8

,39 which have determined that the ethyl 
group in several ethylbenzenes sits in the "orthogonal" posi
tion. Our results are also consistent with a supersonic molec
ular jet spectroscopy study40·41 which showed that there is 
only one conformation in 1,2-DEB, whereas there are two 
conformations in 1,3-DEB and 1,4-DEB (anti and syn). 
However, the conclusion from the supersonic molecular jet 
spectroscopy experiments that the anti form for 1,2-DEB is 
the one present is based solely on the independent knowledge 
that it is energetically more favorable. Neither the low-reso
lution microwave technique nor the supersonic molecular jet 
laser spectroscopy technique give the ground electronic state 
barriers for methyl group reorientation in these molecules. 
Finally, we note for completeness that for hexaethylbenzene, 
the ethyl groups alternate above and below the plane of the 
ring (Le., each pair is anti). This is known from both from 
J3C chemical shielding experiments42 and x-ray diffrac
tion.43 

The activation energy of9.3 ± 0.2 kJ/mol for 1,4-DEB 
is significantly lower than the intramolecular value of about 
12 kJ/mol. One possibility is that the intermolecular contri
bution to the electrostatic barrier is negative (or out of phase 
with the intramolecular component) in the sense that it 
raises the minimum of the 12 kJ/mol intramolecular contri
bution by about 3 kJ/mol, resulting in a 9 kJ/mol barrier. 
This highly symmetric molecule might pack quite different
ly than the other isomers of DEB. 

ACKNOWLEDGMENTS 

We sincerely thank Michelle M. Franc! and Frank B. 
Mallory for helpful discussions. Acknowledgment is made 
to the Donors of the Petroleum Research Fund administered 
by the American Chemical Society for the partial support of 
this research. 

I A. M. I. Ahmed and R. G. Eades, J. Chern. Soc. Faraday Trans. 2 68, 1337 
( 1972). 

2J. Haupt and W. Miiller-Warmuth, Z. Naturforsch. Teil A 24, 1066 
( 1969). 

3K. Takegoshi, F. Imashiro, T. Tereo, and A. J. Saika, J. Chern. Phys. 80, 
1089 (1984). 

4p. A. Beckmann and S. Clough, J. Phys. C 10, L231 (1977). 
'So Clough and A. Heidemann, J. Phys. C 13, 3585 (1980). 
6J. Kowalewski and T. Liljefors, Chern. Phys. Lett. 64, 170 ( 1979). 
7U. Berg, T. Liljefors, C. Roussel, and J. Sandstrom, Acc. Chem. Res. 18, 
80 (1985). 

8J. Sandstrom, Dynamic NMR Spectroscopy (Academic, New York, 
1982). 

9M. Oki, Applications o/Dynamic NMR Spectroscopy to Organic Chemistry 
(VCH, Deerfield Beach, Fl., 1985). 

lOW. J. E. Parr and T. Schaefer, Acc. Chem. Res. 13, 400 (1980). 
II A. Heidemann, M. Prager, and M. Monkenbusch, Z. Phys. B 76, 77 

(1989). 
12N. Le Calve, D. Cavagnat, and F. Fillaux, Chern. Phys. Lett. 146, 549 

( 1988). 
J3D. Cavagnat, A. Magerl, C. Vettier, and S. Clough, J. Phys. C 19, 6665 

(1986). 
14W. J. Hehre, L. Radom, P. V. R. Schleyer, and J. A. Pople, Ab Initio 

Molecular Orbital Theory (Wiley, New York, 1986). 
"R. Zallen, The PhYSics 0/ Amorphous Solids (Wiley, New York, 1983). 
16C. Alba, L. E. Busse, D. J. List, and C. A. Angell, J. Chern. Phys. 92, 617 

( 1990). 
170. Turnbull and M. H. Cohen, J. Chem. Phys. 34,120 (1961). 
ISp. A. Beckmann, R. M. Hathorn, and F. B. Mallory, Mol. Phys. 69, 411 

(1990). 
190. E. Woessner, J. Chem. Phys. 36, I (1962). 
20L. K. Runnels, Phys. Rev. A 134, 28 (1964). 
21R, L. Hilt and P. Hubbard, Phys. Rev. A 134, 392 (1964). 
22J. D. Cutnell and W. Venable, J. Chern. Phys. 60,3795 (1974). 
23A. Abragam, The Principles of Nuclear Magnetism (Oxford University, 

Oxford,1961). 
24p. A. Beckmann, Phys. Rep. 171, 85 (1988). 
2'S. Albert, H. S. Gutowsky, and J. A. Riprneester, J. Chem. Phys. 56,3672 

(1972). 
26N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73, 679 

( 1948). 
27H. Wachtel, H. Port, and H. C. Wolf, Chern. Phys. Lett. 135,406 (1987). 
2sD. W. Davidson and R. H. Cole, J. Chem. Phys.19, 1484 (1951). 
29K. G. Conn, P. A. Beckmann, C. W. Mallory, and F. B. Mallory, J. Chem. 

Phys. 87, 20 (1987). 
30A. M. Albano, P. A. Beckmann, M. E. Carrington, E. E. Fisch, F. A. 

Fusco, A. E. O'Neill, and M. E. Scott, Phys. Rev. B 30, 2334 ( 1984). 
31T. Sakai, Acta Crystallogr. Sect. B 34,3649 (1978). 
32p. A. Beckmann, A. M. Cheung, E. E. Fisch, F. A. Fusco, R. E. Herzog, 

and M. Narasimhan, J. Chem. Phys. 84,1959 (1986). 
33p. A. Beckmann, Chem. Phys. 63, 359 (1981). 
34p. A. Beckmann, Phys. Rev. B 39,12248 (1989). 
35T. Schaefer, L. Kruczynski, and W. Niemczura, Chem. Phys. Lett. 38, 

498 (1976). 
36A. Miller and D. W. Scott, J. Chem. Phys. 68,1317 (1978). 
37S. W. Pine, Organic Chemistry (McGraw-Hill, New York, 1987). 
38N. S. True, M. S. Farag, R. K. Bohn, M. A. MacGregor, and J. Radhak

rishnan, J. Phys. Chern. 87, 4622 ( 1983). 
39M. S. Farag, Diss. Abstr. Int. B 35,1594 (1974). 
40p. J. Breen, E. R. Bernstein, and J. l. Seeman, J. Chem. Phys. 67, 3269 

( 1987). 
4. J. I. Seeman, H. V. Secor, P. J. Breen, V. H. Grassian, and E. R. Bernstein, 

J. Am. Chem. Soc. 111, 3140 (1989). 
42S. Pausak, J. S. Tegenfeldt, and J. S. Waugh, J. Chem. Phys. 61, 1338 

(1974). 
43H. K. Pal and A. C. Guha. Z. Kristallogr. A 92,392 (1935). 

J. Chern. Phys., Vol. 95, No.2, 15 July 1991 
Downloaded 09 Feb 2012 to 165.106.1.42. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions


	Bryn Mawr College
	Scholarship, Research, and Creative Work at Bryn Mawr College
	1991

	Solid State Proton Spin Relaxation in Ethylbenzenes: Methyl Reorientation Barriers and Molecular Structure
	Peter A. Beckmann
	Laura Happersett
	Antonia V. Herzog
	William M. Tong
	Custom Citation



