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2H-NMR study of the glass transition in supercooled ortho-terphenyl

Th. Dries®, F. Fujara, M. Kiebel, E. Rossler®, and H. Sillescu
Institut fiir Physikalische Chemie der Universitit Mainz, Postfach 3108, D-6500 Mainz, Federal Republic

of Germany

(Received 27 August 1987; accepted 16 September 1987)

The glass forming molecular liquid ortho-terphenyl has been investigated by ’H-NMR
techniques providing spin-relaxation times (T, T, ), and spin-alignment data which yield
information on the time scale and geometry of ultra-slow molecular reorientation. The main
results are as follows: The primary glass transition (a process) is characterized by rotational
molecular jumps with a jump size distribution weighted in favor of large jump angles, and by a
distribution of correlation times. In addition intramolecular flip—flop jumps of the lateral
phenyl rings are found which do not take part in the a process. Apart from this (secondary)
intramolecular dynamics no residual small angle reorientation persists below 7, on the time
scale (10~ * to 107 s) of the spin-alignment experiment.

I. INTRODUCTION

The nature of the glass transition has been investigated
in a wide variety of substances by many different experimen-
tal techniques.’™ The complex dynamical behavior in the
vicinity of the glass transition temperature 7, has been de-
scribed phenomenologically by distributions of relaxation
times.* In particular, the Kohlrausch-Williams-Watts
(KWW) distribution®” has been discussed in many recent
theoretical treatments (reviewed in Refs. 8 and 9) since it is
the Fourier transform of a “stretched exponential” relaxa-
tion function [see Eq. (2) ] which can be related to physical
models of the glass transition. However, comparisons of
these models with experiment meet with the problem that
most relaxation experiments provide rather indirect infor-
mation upon the molecular mechanisms involved. The ad-
vantage of NMR methods is their potential in probing the
motion of well defined molecular vectors. In ZH-NMR of
CH compounds, all primary information relates to the reor-
ientation of C-’H bonds. Whereas, NMR relaxation was
previously restricted to relatively rapid motions, the devel-
opment of special two- and three (or four)-pulse tech-
niques'®!! yields information upon the rate and the mecha-
nism of molecular reorientation for slow and “ultraslow”
motions at time scales in a range from about 103 to 107 s.
Our previous H-NMR studies of the glass process in to-
luene'? and polystyrene!? have already demonstrated the po-
tential of the technique though only tentative conclusions
were possible prior to more extensive measurements per-
formed along with model calculations (see below).

In the present investigation, we have chosen o-terphenyl
which is perhaps the best studied example of a nonpolar or-
ganic liquid in which the supercooled state is characterized
by weak intermolecular forces, and the relaxation times
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show a particular large temperature dependence close above
T,. Thus, the viscosity 7 of o-terphenyl increases by 10 dec-
ades in the small temperature range between 275 K and T,

=243 K (see Fig. 2).!*¢ Further dynamical studies of o-

terphenyl include NMR relaxation,*” self-diffusion,'’ dielec-

tric relaxation,'® and dynamic light scattering.'*>?° In liquid

o-terphenyl, the two vicinal phenyl groups have their planes,

on the average, perpendicular to that of the benzene ring and
they perform large amplitude librations around their bonds
to the ring. This internal motion persists below the glass
transition, and will be discussed further below in Sec. ITI B.

In Sec. III A, we discuss a range of temperatures TR 280 K
where motional narrowing of the ZH-NMR spectrum oc-
curs, and the spin-relaxation time T, is given by the inverse
half-width of the Lorentzian line shape. Here, the well
known Bloembergen-Purcell-Pound (BPP) theory of the
spin-lattice relaxation times T, and T, applies,>' and the
results can be described by a mean rotational correlation
time 7, to be compared with corresponding data from other
relaxation experiments.'*° We then present in Sec. III Ba
first set of ?H spin-alignment'® results characterizing the vis-
cous and glassy regimes at lower temperatures T <280 K. In
the temperature regime below T, = 243 K, the theory of
Cohen and Grest*?> and recent numerical simulations®*?*
predict the presence of “liquid clusters” where the molecules
perform rapid large amplitude motions, whereas outside of
these clusters the motion should be essentially frozen. Al-
though NMR techniques yield no direct information upon
spatial heterogeneity, the related motional heterogeneity
should be observable by NMR. Since it will turn out that no
traces of liquid clusters are seen in our experiments, we con-
clude that the glass transition cannot be described by an un-
modified liquid solid percolation transition.??

Il. EXPERIMENTAL

o-Terphenyl was deuterated by catalytic exchange in
benzene-d, solution using A1C1,C,H; as catalyst.?* The fully
deuterated o-terphenyl -d,, was purified by recrystallization
from CH,OH/H,0O mixtures and distillation. The sample
used in the NMR experiments was 99% deuterated and had
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a melting point of 329 K. The 2H-NMR experiments were
performed with a Bruker SXP pulse spectrometer at 55.2
MHz. T, was measured by the inversion recovery technique
in the motional narrowing regime (7>279 K). At lower
temperatures, the recovery of the solid echo amplitude after
a saturation pulse sequence was measured. Some T, values at
a Larmor frequency of 15 MHz were determined using the
Freeman-Hill pulse sequence.”® T, was determined at
T>296 K using the Carr—Purcell-Gill-Meiboom sequence,
and below 296 K from the free induction decay (FID). The
shortest 7', values (below ~20us) givenin Fig. 1 refer to the
long time tail of the FID which is not fully observable within
the dead time of the receiver ( ~ 12 us). Because of the finite
dead time no NMR signals could be detected in a range of
279-273 K. Solid echoes'' were observable below 273 K.
The relaxation time T, iz was determined by measuring the
decay of the solid echo amplitude as a function of the dis-
tance 7,, between the two 90° pulses of the solid echo se-
quence. Solid echo spectra were obtained by computing the
Fourier transform of the echo shape starting from the echo
maximum. The relaxation time 7', characterizing spin-lat-
tice relaxation of quadrupolar ordering (spin-alignment)
was determined from the decay of the alignment echo maxi-
mum as a function of the distance 7, between the second and
third pulse of the Jeener-Broekaert pulse sequence.®® T,
represents the long time limit of this decay. Further details of
the spin-alignment experiments are given below in Sec.
III B.

. RESULTS AND DISCUSSION
A. Motional narrowing regime

In the motional narrowing regime, which refers in Fig. 1
to the range 7 ~'<3.6X 1072 K™, the spin-lattice relaxa-
tion time 7, is given by the usual expression:

2 2

for quadrupole relaxation of the spin 7 = 1 of ?H, and a cor-
responding expression®' holds for T,. In Eq. (1), w, is the
Larmor frequency, and eQg/k = 182 kHz is the >H quadru-
pole constant of the C-*H bond of the o-terphenyl molecule
determined from the solid glass line shape at 213 K. J (@) is
the Fourier transform of the rotational correlation function
g(¢) for the second Legendre polynomial of the angle &
between the C-2H bond and the static magnetic field. For a
Debye process, g(t)=exp(—t/7,), and J(w,)

7. (1 + w372) ~'. For this process, Eq. (1) yields the value
T{™n = 2.5 ms for the T; minimum at wy/27 = 55.2 MHz.
The experimental value (3.4 + 0.2) ms determined from
Fig. 1 is much larger. A similar discrepancy has been found
in other viscous liquids, e.g., polymer melts,'® glycerol,'®
methanol,’” and toluene.!? One can discuss whether the
€’Qq/h value determined in the solid state at low tempera-
ture is the appropriate quantity to be placed in Eq. (1).
However, the alternative of a reduced quadrupole coupling
constant is not acceptable and leads to other inconsistencies
of the interpretation.'>?”-?° In a recent study of 'H- and *H-
relaxation in partially deuterated i/-propanol Frech and
Hertz*® have found that the intramolecular coupling con-
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FIG. 1. Spin-lattice relaxation times T, and spin—spin relaxation times T,
as measured in deuterated supercooled o-terphenyl. (®:7) at o, = 2755
MHz; A:T, at 2715 MHz; [: T, in the liquid regime at 277- 55 MHz; {: T,
in the viscous regime (solid echo) at 277-55 MHz).

stants, the apparent activation energies, and parameters in
models of internal motion become highly unphysical if one
insists that the time correlation functions for molecular reor-
ientation and internal motions are single exponentials in the
vicinity of the T, minimum. We favor the alternative of as-
suming nonexponential correlation functions and describing
them by a “distribution of correlation times.”” In the mo-
tional narrowing regime, one cannot decide from T, and T,
experiments whether the system is homogeneous in that all
molecules reorient with the same nonexponential correla-
tion function, or the system is heterogeneous, but allows for
exchange of molecules (or spins) between the different spa-
tial regions at a rate larger than the spin-relaxation rates
T 'and T; '.>' NMR relaxation can be described in both
cases by a distribution of correlation times which is formally
related to exponential correlation functions which may or
may not reflect “true” molecular processes. In the viscous
and glassy regimes discussed below the situation is different
since the NMR observables have a direct relation with the
mechanism of molecular reorientation. We have analyzed
our T and T, data in the fluid regime of Fig. 1 by assuminga
Kohlrausch—-Williams—-Watts (KWW) correlation func-
tion®’

g(t) =exp[ — (¢/7¢)°]. (2)

Recently, Lindsay and Patterson®? have analyzed the
close similarity of the KWW and the Cole-Davidson (CD)
distribution®® of correlation times. The width parameter 3
and the long time limit (cutoff time **) 7, of the CD distribu-
tion are related with the corresponding parameters a and 75
of the KWW distribution by

J. Chem. Phys., Vol. 88, No, 4, 15 February 1988
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a =0.970 8 + 0.144 (0.2<B<0.6),
Tx =7o(1.184 £ —0.184). (3)

The average correlation time 7, is almost the same for the
CD and KWW distributions, and is given by

?c = BTO' (4)

Since no analytical expression can be given for the Fourier
transformJ (@) of Eq. (2) we have analyzed the correspond-
ing expression®

J(w) =0""(1+o’7%) #?2sin(Btan"'wr;)  (5)

for the CD distribution. A quantitative fit was obtained in
the fluid regime for T, at 55.2 and 15 MHz and for T, as
given in Fig. 1 by assuming 8 = 0.50. This is a relatively
narrow distribution where 80% of the spins correspond to
correlation times within one decade below the cutoff time 7.
Our previous fit of T, and 7, measurements in deuterated
toluene'? showed a broader CD distribution with 8 = 0.32,

In Fig. 2, the Arrhenius plot of the average correlation
time 7, of our CD fit is given. We find** that the temperature
dependence of 7, is in quantitative agreement with that of
corresponding relaxation times determined from 'H-
NMR,"” self-diffusion,!” dielectric relaxation,'® Brillouin
scattering,”® and shear viscosity.’*® Since this agreement
holds through the whole motional narrowing regime above
and below the T, minimum (see Fig. 1) it lends strong sup-

A l(og ft./s) log[q/PqI-sj 12
/

- /I o

2t /4o
/
L PR
/

or o .q8

L // ob |
-2.. ) A 6

»
i 4 ,.g i
/

-4t bf 14

L » ]

/

-6} 12
-8f 10
-10- 4.2

- T10%K -

22 26 30 34 38 42

FIG. 2. Average correlation times as obtained from T, and 7', data assum-
ing Cole-Davidson distributed isotropic reorientational processes (®: from
T, data at 2755 MHz; A: from 7, data at 27+ 15 MHz; O0: from T, data in
the liquid regime). The dashed curve represents the behavior of the  pro-
cess as given by viscosity and dielectric relaxation measurements. The devi-
ation of T, from the expected curve closely above T, is due to intramolecu-
lar flip—flops of the lateral phenyl rings (5 process). At these temperatures,
correlation times from spin-alignment experiments are also included which

allow for separating the a process () and the 8 process ({)) from each
other.

port to our choice of the unsymmetrical CD distribution or
KWW distribution. In the symmetrical Fuoss—Kirkwood or
Cole-Cole distributions, one obtains

dinT,/dT'= +BE,/R,

where the plus sign holds in the limit @,r,> > 1 and the
minus sign for w7, < < 1, and 0<B<1 is the width param-
eter of the distribution.>® In the CD and KWW distribu-
tions, the same equation is valid at temperatures below the
T, minimum (@,7,> > 1), however B (or &) is replaced by
one for wyry < < 1. In the log—Gauss distribution, £ should
be replaced by one in both limits wy7o< <1 and
@47y> > 1.>*Furthermore,d In T,/ d /T ~' = E /R forall
distributions considered above in the limit wy7y> > 1, and
T,=T, if wsro< <1. In conclusion, only the CD and
KWW distributions provide a fit of the mean correlation
time which has the correct temperature dependence in
agreement with that from other relaxation experiments.
Fytas et al.'® have analyzed their results of photon cor-
relation spectroscopy (in VH geometry) in o-terphenyl at
temperatures between 271 and 257 K in terms of a KWW
distribution, and they find a width parameter a decreasing
from 0.60 at 271 K t0 0.54 at 257 K. More recent data*® show
that @ remains constant at temperatures below 257 K. We
obtain a = 0.63 if we place # = 0.50 into Eq. (3). This is in
harmony with the photon correlation spectroscopy results
since our measurements refer to higher temperatures. How-
ever, we have assumed that 8 remains constant in the tem-
perature range between 279 and 440 K. This assumption is
probably not justified at temperatures above ~ 320 K where
weTe < < 1, and T, becomes independent of the width pa-
rameter in the CD and KWW distributions (but not in the
symmetric Cole-Cole and Fuoss—Kirkwood distributions).
We should note that a recent analysis of dielectric relaxation
has also provided a quantitative fit to the CD distribution
with a width parameter that decreases on decreasing the
temperature from the liquid to the viscous regimes.*’

B. Viscous and glassy regimes

At temperatures approaching T, the correlation times
related with the glass process become very long, and even-
tually T, and T, are insensitive to the molecular motions to
be studied. Moreover, it is likely that different physical pro-
cesses (intramolecular vibrations, phonons,...) contribute
and even dominate the relaxation rates.

However, there are NMR methods, generally termed
“stimulated echo” methods,*® which overcome these limita-
tions. Although only rarely applied in the past, stimulated
echos are well suited to study molecular dynamics with cor-
relation times up to T,. In the present work, we apply the
deuteron spin-alignment technique'® which traces ultraslow
molecular dynamics, and also allows to identify the #ype of
the molecular reorientation process.

Thus, a few points can be checked independently:—Do
the molecules really reorient isotropically as is assumed in
the interpretation of the 7', and T, data?—Are there signifi-
cant degrees of freedom which are not frozen out in the glass
transition (secondary processes) and eventually persist be-
low 7,?

J. Chem, Phys., Vol. 88, No. 4, 15 February 1888
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1. The deuteron spin-alilgnment experiment

As indicated above, deuteron spin-alignment experi-
ments'® can determine directly and independently the time
scale and geometry of molecular reorientation processes
slower than 10™* s. Recently, it has been pointed out that
spin alignment yields a single particle correlation function
which is to a large extent analogous to the intermediate scat-
tering function I, (Q,t) of incoherent quasielastic neutron
scattering.? In an appropriate three pulse experiment

(90°),~7~(45°) ,~7-(45°),

the f pulse spacings 7, and 7, take over the roles of the
momentum transfer Q and the time ¢, respectively.

In its simplest and most straightforward version, the
spin-alignment echo amplitude F(7,,7,) = F(7,T5,f = 7;)
at time ¢ = 7, after the third pulse is measured. F(r,,7,) is
given by the single particle correlation function

F(r1,,m;) = (sin[ 1,04 (0) ]sin [7104(75) ]). (6)

w4 (0) and wg, (7,) are the ’H quadrupolar frequencies at
times 7 =0 and 7 = 7, depending explicitly on the C—°H
bond direction via

wo(r) = 679{3 cos’[0()] — 1}, €))

whered, = 3 €’qQ /#; s the angle between C-*H bond and
the applied magnetic field direction.

The significance of Eq. (6) is as follows: A “phase”
Ty'wgo(0) of a C-?H bond is correlated with its phase
T,'@o (7,) at a later time. Thus, 7, represents a parameter
tracing the timescale of the motion. On the other hand, vari-
ation of 7, allows to focus the correlation function onto dif-
ferent angular ranges of the molecular reorientation. There-
by, we can distinguish between different reorientation
geometries in very much the same way as is done in a scatter-
ing experiment with a variation of Q. For details, see Ref. 39.
In general, a two-dimensional set of data, F(r,,7,), is mea-
sured. In the following, we will discuss the two types of cuts,
namely, the 7, dependence of the long time tail (“static
structure” at 7,— o) and the 7, dependence for fixed T,
values (“dynamic structure”), separately.

The experimental data are compared with model calcu-
lations. For doing so, the dynamic process is assumed to be a
stationary Markov process defining a joint probability den-
sity P,( V', Q”; 7,) that a given C~>H bond points towards a
direction £}’ at some time 0 and towards a direction ()" at a
later time 7,. P, is obtained by solving the master equation
for the particular model process. The correlation function
(Eq. 6) is then calculated numerically using the following
representation:

F(ry,m,) = f dﬂ’fﬂ" sin[ 7,0 (') ]

Xsin[ 7@ (") ] P,(Q,07;7,). (8)
Here we do not go into details of the solution of Eq. (8)*°but
rather use the relevant results.

2. Spin-alignment final state (static structure)

First, we concentrate on the geometry of molecular
reorientation in the viscous and glassy regimes and neglect

for a moment the time scale. If we do so, it is sufficient to
analyze the normalized final state spin-alignment echo
height

F(r,my> ) (9)
F(r,,1,-0)

as a function of the “reduced” geometry parameter 6, 7.
As has been pointed out in Ref. 39, F_ (7,) contains infor-
mation about the spatial structure scanned by all orienta-
tions of a given C-2H bond in the run of the dynamic process.
In view of the close analogy to the “elastic incoherent struc-
ture factor” given by the long time limit of the single particle
propagator as measured by incoherent neutron scattering,
F_ (7)) can be looked upon as the static structure of the
reorientation process. In Ref. 39, F_ has been calculated for
a number of selected types of reorientation. Further, some
experimental case studies have been reported.

A more complex dynamic process may consist of two
independent types of reorientation on two different time
scales, described by correlation times 7" and 7¢». In such a

F.,, (7'1)=

Fu (1))
10
T=(263205)K
0.5
)) (]
0 5 L
0 10 20 30
60"1'1

F. (1)

10

T=(250 05)K

0 1 1 L

0 10 20 30
6o 1y

FIG. 3. (a) Deuteron spin-alignment final state amplitudes [Eq. (9)] at
T = (263 1+ 0.5) K vs reduced geometry parameter 8,7, (8p = 277140
kHz). The solid curve represents the calculated amplitude for isotropic
reorientation. (b) Spin-alignment final state amplitude [Eq. (9)] obtained
at T= (250 4 0.5) K. The experiment describes an intramolecular flip—
flop process of the two lateral out of plane rings. The curves are calculated
for flip angles equally distributed around ¢ = 60° within A¢ = 0° (dashed
curve) and A = + 6° (solid curve).
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case it is possible to look at the faster process by “intermedi-
ate” state measurements with an appropriate setting of 7,
namely 7" <7, <7®. The intermediate state then repre-
sents the final state relative to the fast process.

Figures 3(a) and 3(b) contain final state measurements
in two characteristic dynamic domains. Whereas the physics
of these final states will be discussed in the following, we
postpone the way F_ is extracted from the full set of data
(see Sec. III B 3).

a. Viscous state: Figure 3(a) contains measured final
states for o-terphenyl at T = T, + 20 K where the a process
dominates. As is expected from spin-lattice relaxation data,
the a process in the viscous regime is well described by iso-
tropic motion. This expectation is proved by our F_ (7,)
result when compared with the numerical model calculation
for isotropic reorientation (solid curve). Note the character-
istic curve of this model and the remarkable agreement with
the experimental data.

b. Glassy state: On further cooling the a process be-
comes slow enough (cf. Fig. 2) to allow for final state mea-
surements of a second process [Fig. 3(b) ]. This second pro-
cess is not seen in Fig. 3(a) which only documents that by
starting at some orientation at 7, = 0 any orientation is at-
tained in the limit 7, oo with equal probability. At 250 K
(7K above T ) the situation becomes more complex: The a
process is in the rigid glass limit [F_ (7,) = 1] on the time
scale*! of the spin-alignment experiment. Thus, the experi-
mental results seen in Fig. 3(b) must originate from a differ-
ent process which is called “£” process in the following.
From our 7, data a residual motional process is expected
leading to a significant deviation of correlation times from
the dashed line in Fig. 2 which represents the a process.
These T, anomalies coincide with our final state results in
the glassy state [Fig. 3(b)]. The data can be understood by
flop jump of the two lateral out of plane phenyl rings. Thus,
the o-terphenyl molecules jump stochastically forth and
back between two isomeric molecular states:

Note that only 8 out of 14 C-*H bonds take part in this
motion. From the limiting value F_ (7, —0) an estimate of
the mean jump angle ¢ of the lateral phenyl rings can be read.
InFig. 3(b), the upper curve was calculated for ¢ = 60°. The
decrease of the experimental F_ values for large 7, can be
accounted for by assuming a spread of A¢ = + 6° around
the mean jump angle of 60° which corresponds to fluctu-
ations of + 3° around both orientations.

The possible errors of ¢ and A¢ are estimated to be
around + 20%. The reason for this large uncertainty is

2143

discussed below. The intramolecular 3 process does not take
part in the glass process and persists even below T,.

3. Spin-alignment decay curves (dynamic structure)

Further information in addition to what is contained in
F_ (r,) canbe obtained from analyzing the , dependence of
F(r,,75). Such decay curves contain two types of informa-
tion:

(i) For small 7, values Egs. (6) and (7) become

F(r,-»0,7,) = (716Q)2(P2[COS (0]
‘P,[cos B(7)]) (10)

yielding the autocorrelation function of the pure Le-

gendre polynomial P,(cos ©) [not to be confused with

the probability density P, of Eq. (8)] independent of
the type of motion.

(ii) For finite 7, values the decay curves contain details

on the path (dynamic structure) of a given C~*H bond

towards its final state. For discrete models, the decay
function is multiexponential with a 7, dependent distri-
bution of time constants given by the eigenvalues of the
exchange matrix.*® Except for simple few-site models,
the decay functions can only be calculated numerically

via Eq. (8).

From a large set of data®*** we present here only a small
subset of decay curves as measured for several temperatures
in the viscous and glassy regimes (Figs. 4-7). At each tem-
perature, curves are shown for small and large values of the
geometry parameter 7. [ For 7, = 3 us the correlation func-
tion can reasonably well be approximated by Eq. (10). For
71> 20 us the dynamic structure becomes extremely sensi-
tive to the details of the jump model.]

By inspection of Figs. 4 and 5 we can draw a first essen-
tial conclusion: The decay process cannot be described by
only one mechanism. At least two independent reorientation
processes are present. This is demonstrated best by the two-
step decay in the doubly logarithmic representation of the
experimental curves of Fig. 5. Both processes have different

35,42

F (T1 Tz)

104, T=(263 $05)K

o
100 TZITC

FIG. 4. Spin-alignment decay curves at T = (263 + 0.5) K for two differ-
ent values of the geometry parameter 7, = 3 us (upper curve), 7, = 40 us
(lower curve). The data are fitted using two different reorientation models:
(a) rotational (random) jumps + intramolecular flip—flop process (—);
(b) rotational diffusion + intramolecular flip-flop process (---). Com-
parison of both models show that the true mechanism is close to (a). The
7y = 3us curve yields correlation times 7{*> = 1.5 ms and 7% = 0.15 ms.

J. Chem, Phys., Vol. 88, No. 4, 15 February 19882



2144 Dries et al.: Glass transition in ortho-terphenyl

F (T1,T2)
| T=1{258 *05)K

T T T T

00 o 1 10 T/t

FIG. 5. Spin-alignment decay curves at T'= (258 4 0.5) K for the same
geometry parameters as in Fig. 4, namely r, = 3 us (upper curve), 7, = 40
us (lower curve). The data are fitted with reorientation models as in Fig. 4
yielding correlation times 7¢* = 45 ms, ¥ = 0.39 ms.

activation energies thus allowing to trace their temperature
dependences. It turns out that at 7> 265 K the isotropic
reorientation becomes the leading process. At 263 K (Fig.
4) both processes have only slightly different correlation
times. As the temperature is lowered, the isotropic reorienta-
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FIG. 6. Spin-alignment decay curves at 7= (246 4- 1) K for several values
of the geometry parameter 7,. (@: 7, = 5 us; O: 7, = 10 us; A: 7, = 60 us;
X: 7, = 100 us). Extrapolation of the solid lines (spin—lattice relaxation)
back towards 7, -0 leads to a static structure (final state) dominated by the
intramolecular flip~flop process, see Fig. 3(b).
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FIG. 7. Spin-alignment decay curves at T = (263 + 1) K for the following
values of the geometry parameter 7,: 7, = 4 us (0), 6 us (0), 8 us (A), 10
us (+), 13 us (X), 14 us (). The whole set of data is simultaneously
fitted to (a) rotational (random) jumps; (b) rotational diffusion. The fits
are not forced to reproduce the data in the small 7, limit, thus yielding an
unphysically slow decay of the model (b) curves at small 7,.

tion (a process) slows down significantly. At 258 K (Fig. 5)
the second processs (5 process) can already be separated.
As T decreases further, the a process is frozen out complete-
ly thus leaving the pure B process. The possibility of separat-
ing the a process and B process by temperature variation
allows us to analyze both mechanisms separately. First, we
identify the B process by looking at spin-alignment decay
curves in the glassy regime (Fig. 6).
a. Glassy regime. For several temperatures from about T,
+ 10 K down to far below T, sets of decay curves have been
measured. A typical set of curves, taken 3 K above T, is
shown in Fig. 6. The common feature of all these spin-align-
ment data is the initial decrease down to the 7, dependent
“plateau” value F _ (7,) as plotted in Fig. 3(b). As indicated
by the solid straight line in Fig. 6, F _ is obtained by extrapo-
lating the long time tail due to spin-lattice relaxation (more
precisely: T\, for the quadrupolar order') back to 7,—0.
We further note the 7, independence of the time constant of
the initial decay. A 1, independent dynamic structure is ob-
tained if the exchange matrix has only one nonzero eigenval-
ue which is the case for the intramolecular two-site jump as
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discussed above.

From the temperature dependence of the spin-align-
ment decay curves the activation energy of this process turns
out to be of the order of 100kJ mol ! ( 4 40%). The identi-
fication and isolation of this B process is not easy. Actual
values for F_ (7,) [Fig. 3(b)] could onlybe obtained in the
fairly narrow temperature window 255 K> 7> 246 K be-
cause of two reasons:

(i) At T>255 K the a process becomes fast enough to

interfere.

(ii) For T'<246 K the spin-lattice relaxation becomes

nonexponential. It is about this temperature where the

system becomes “glassy” on the NMR time scale

(r{¥ > > T). Because of the nonexponential spin-lattice

relaxation it is no longer possible to apply a simple proce-

dure to extract F_ . Qualitatively, however, we find from
comparing spin-lattice relaxation curves and spin-align-
ment decay curves that the 5 process persists below T, at

least down to about 200 K.
from the spin-alignment data for Figs. 4-6 are in harmony
with those from T data in the low temperature regime of
Figs. 1 and 2. It is apparent that below =270 K, T, is no
longer determined by the a process. Instead, the “correla-
tion times” determined by naively analyzing 7', through Eq.
(1) with a Cole-Davidson distribution (8 = 0.5) are some
decades below those of the a process (dashed line in Fig. 2),
and agree with those determined for the 8 process from spin-
alignment data.

A detailed and quantitative discussion of the low tempera-
ture behavior (7T'< T, ) of the spin alignment and spin-latt-
tice relaxation has to be postponed. The fact that T is
shorter by some orders of magnitude in the glass as com-
pared with the corresponding crystalline substance is well
known,*> and has been related to the low temperature anom-
alies in a manner* very similar to the independent develop-
ment of the Anderson model.

The shapes of the spin-alignment decay curves below T,

are similar to those shown in Fig. 6. In particular, apart from
the intramolecular B process, no further 7, dependence of
the decay curves occur. We can conclude that no residual
diffusive (small angle) dynamics persists in the glass state on
the time scale (10~ *s- - -10%s) of the spin-alignment experi-
ment.
b. Viscous regime. After having identified the internal molec-
ular motion (8 process), we can come back to the discussion
of the spin-alignment curves in the viscous regime. The anal-
ysis is now simplified by assuming that one of the two pro-
cesses (i.e., the fast process in our 7-domain) is identified
with the f process as described above. Thus, the only fit
parameter due ot this process is a correlation time. All other
properties [static structure ' (7,) ] are well determined. In
this sense the B process is taken to be “known” for the fol-
lowing discussion of the slow isotropic & process. Being in-
terested in the reorientation mechanism (jump angle distri-
bution) we consider the following two extreme opposite
cases:

Random jumps: A given C-*H vector is allowed to jump
to any other orientation with equal probability. It turns out*’
that the “reduced” spin-alignment decay curve becomes

2145

A, (1)) =F, (1)) = F, (1)) =exp( —12-), (11)

where F, (7,) corresponds to the definition of Eq. (9) for
finite 7,, and ., is the average time between jumps, A, (7,) is
strictly monoexponential for all values of 7,.

Rotational diffusion: A given C-*H vector is allowed to
perform a step by step random walk on the unit sphere with
infinitesimal step lengths. Large angle jumps are forbidden.
In this case no analytical solution has been obtained yet. The
numerical calculations*® result in highly nonexponential de-
cay curves.

All other “realistic physical” jump models are intermedi-
ate between the two cases defined above. Let us compare
these two extreme models. For the data fitting itself we adopt
the following point of view: Since we do not know the true
jump model we do not fit the whole set of curves simulta-
neously. A better way of comparing the two models is to fit
only one reference decay curve, namely the one for the short-
est 7, value which should be identical for both models in the
short 7, limit. For a given jump model the large 7, decay
curves are then determined uniquely and can be compared
with the experimental data.

This procedure is applied for the spin-alignment decay
curves plotted in Figs. 4 and 5. The absolute amplitude of the
curve with 7, = 40 us is lowered because of the finite 7,. We
see that the true reorientation path is neither described by a
random jump nor by a rotational diffusion model. The truth
is in between, but significantly closer to the random jump
model. The significant deviations of the random jump curves
in both figures may be due to a slight misassignment of the T,
value which was not used as a fit parameter but obtained
from independently measured relaxation data (Fig. 1). The
qualitative results are also not affected by the inclusion of a
distribution of correlation times or a stretched exponential
decay. A stretched exponential decay only flattens the decay
curves, but leads to no qualitative change of the dynamic
structure. The B process is assumed as an exact (A® =0)
jump with angle ® = 70° [cf.® = 60° (Fig. 3) as obtained
from final state] yielding a slightly better fit to the decay
curves shown here.

The discrepancy to ® = 60° illustrates the relatively large
uncertainty in determining the correct jump angle in the
presence of a coupled motion.

From Figs. 4 and 5 we see that the temperature region
where the a process can be studied is quite small. Below 258
K the slowing down of the process leads to correlation times
7. larger than the spin-lattice relaxation times. If we extract
7., values from the spin-alignment decay curves at 7, =3 us
we do not need to specify the reorientational model. For the
two temperatures used in Figs. 4 and 5 the correlation times
are determined from the fits and are also included in Fig. 2.
There is another illustrative way of comparing the two ex-
treme reorientation models, namely a common fit of either
model to a whole set of decay curves. This is represented in
Figs. 7(a) and 7(b). For the purpose of comparison of the
two isotropic models the B process has been disregarded.
Furthermore, the fit is not forced to reproduce the small 7,
limit of Eq. (11) with identical T, for both models, but rath-
er optimizes for minimum y?, the sum of quadratic devia-
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tions, separately for each model. From inspection of Figs.
7(a) and 7(b), we clearly see that the random jump model is
a much better approximation than the rotational diffusion
model. Let us again draw the attention to the strong 7, de-
pendence of the initial slopes for a diffusive type of reorienta-
tion. Experimentally, such a strong 7, dependence of the
dynamic structure is not observed in o-terphenyl, neither
above or below T,. This contrasts to network types of glasses
(polymers, H-bridge networks) where preliminary results
show a strong 7, dependence especially below T,. Further,
the smearing out of the experimental curves (Figs. 4 and 5)
indicates the presence of a distribution of correlation times
which has not been included in our analysis so far.

Finally, let us discuss the possibility of “liquid clusters
for a model where full molecular reorientation occurs below
T,. Even a few percent of molecules undergoing liquid-like
reorientational motions with correlation times below about
1 us would be clearly observable as a motionally narrowed
peak in the center of the ’H NMR spectrum. This can defini-
tely be excluded from our experimental results. On the other
hand, there are clear indications of motional heterogeneity
below T, in addition to the B process which has been identi-
fied with intramolecular rotational jumps of the out of plane
phenyl groups relative to the cental ring. As we have men-
tioned above, the spin-lattice relaxation becomes nonexpon-
ential at 75 T, and is dominated by rapid processes other
than the a and 3 processes; see the (average) T, value at the
lowest temperature in Fig. 1. Though the nature of the sub-
T, motions is not yet clarified,*> we can be sure that only
small amplitude motions are involved. Recent neutron scat-
tering experiments** have revealed small amplitude motions
with correlation times in the ps regime where a correlation
time distribution can possibly extend to much longer times
and affect spin—lattice relaxation. These aspects and possible
relations with a true B process'® and the low temperature
anomalies of glasses® need further investigation. However,
we see no way of associating these small amplitude motions
with any kind of liquid clusters.”” On the other hand, our
results are in harmony with recent mode coupling theories
where fast small amplitude motions are assumed to persist
below T, in supercoooled liquids.*®

3922

IV. CONCLUSIONS

By combining deuteron T, T,, and spin-alignment
studies we show that the structural relaxation process (a
process) of the glass forming liquid ortho-terphenyl involves
isotropic reorientation of the molecules with a fairly narrow
distribution of correlation times. A good fit is obtained using
a Cole~Davidson distribution with # = 0.5. The reorienta-
tion mechanism lies between the two extreme cases, random
jumps and rotational diffusion. A realistic jump angle distri-
bution cannot be assigned yet. In addition to the rotational
jumps of the entire molecule we observe intramolecular con-
formational changes by simultaneous jumps of the lateral
out of plane phenyl rings relative to the central ring. This
intramolecular £ process is not affected by the glass transi-
tion.

At temperatures below T, we detect no further diffusive
processes on the time scale (10~* to 10%s) of the spin-align-
ment technique. This is in contrast to our findings in other
glass forming systems. In deuterated glycerol and in chain
deuterated polystyrene, we observe small angle diffusive mo-
tion with a broad distribution of correlation times at tem-
peratures far below T,. Thus, >H NMR provides a tool for
studying differences in the molecular dynamics of different
types of amorphous material. It should be noted that the
nonexponential spin-lattice relaxation and the anomalously
short T, values in glasses (compared with crystalline solids)
indicate further very rapid small amplitude motions. These
may bridge the gap to the time window of 10~ t0 10~ ° 5
accessible to quasielastic incoherent neutron scattering ex-
periments where our preliminary results (anomalous De-
bye-~Waller-factor, quasielastic spectra) yield evidence of
small amplitude motions in o-terphenyl and trinaphthylben-
zene*® glasses which persist below T,,. On the other hand, no
fast local motions are seen in glycerol glass by quasielastic
neutron scattering. We hope that future NMR and neutron
scattering studies will contribute considerably in clarifying
the molecular origin of low temperature anomalies in
glasses. Finally, we note that our experiments have given no
indication of liquid clusters as predicted by an unmodified
model of a liquid—solid transition,? but they are in harmony
with the predictions of mode coupling theories where fast
small amplitude motions are calculated to exist below T,,.*¢
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