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Abstract

The reorientation dynamics of deuterated benzene and hexamethyl benzene as additives to the glass former oligostyrene is

studied below the glass transition temperature Tg. By means of 2D 2H NMR, analyzed in the frequency and in the time domain, it is

shown that the dynamics of the small molecules is governed by an isotropic large angle reorientation process, which is close to the

random jump model. Furthermore, the dynamics is characterized by a broad distribution of correlation times. Even 65 K below Tg, a

fraction of small molecules reorients on the timescale of 100 ms. In contrast, small angle reorientation dominates in the neat glass

former polystyrene near Tg. As a consequence of the presence of large angle jumps, the 2D spectra can be described by an additive

superposition of two sub-spectra—a ridge along the diagonal and a complete exchange pattern—where the weighting factor W ðtmÞ is

directly given by the reorientational correlation function F2ðtmÞ. Additionally, for a sample with very low benzene concentration

(c � 0:5%), the 1D spectra indicate that the same dynamic scenario is present in the single particle limit. Tentatively, we assume that

the large angle reorientation of the small molecules is associated with a translational diffusion process of the small molecules within

the amorphous matrix.

� 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

2D exchange NMR has become a major source to

reveal detailed information about the mechanism of

slow molecular reorientation in condensed matter. Two

methods for analyzing the 2D data are established: vi-

sualization as 2D spectra [1,2] and analyzing the loss of

correlation in the time domain [3]. For example, the

latter approach has recently been applied to unravel the

motional mechanism of the primary relaxation process
(a-process) in supercooled liquids and polymers [4–8]. In

these systems, the molecular reorientation is close to the

limit of rotational diffusion, i.e., reorientation occurs

predominantly by small angle steps, a motional mech-

anism discussed since long. In order to clarify the nature

of the motional non-uniformities in disordered systems,

often also called dynamical heterogeneities, higher order

NMR methods have been applied [5,6,9]. It has been

shown that the dynamical heterogeneities, characteristic

of the a–process in these systems, are transient in nature,
i.e., one observes exchange processes among fast and

slowly reorienting molecules and both exchange and

reorientation occur essentially on the same timescale.

Applying 2D NMR to study the secondary relaxation

processes in glasses, it has been found that dynamics is

associated with highly hindered reorientation [10,11].

Another field of activity is the investigation of binary

glass formers. When considering systems consisting of
components, which differ in molecular size, the motion

of the smaller molecules is characterized by more pro-

nounced dynamical heterogeneities than the dynamics in

neat glass formers [8,12,13]. These motional heteroge-

neities are most directly observed close to the glass

transition temperature Tg and manifest themselves in

NMR spectra composed of two spectral contributions.

One is a powder spectrum of molecules immobile on a
timescale of some 10ls, the other is a central line re-

sulting from sufficiently fast isotropically reorienting

molecules, as found in liquids. An example is shown in
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Fig. 1a where the 1D spectra of hexamethyl benzene-d18

in oligostyrene (mw ¼ 990 g/mol) are compiled. A central

line below the glass transition temperature of the mixed

system (Tg ¼ 297 K) indicates that even in a basically

rigid matrix a fast isotropic reorientation of a fraction of

the small molecules takes place. Similar spectra are ob-

served for other binary low molecular weight glass

formers when applying 31P NMR [13]. In all cases, the

NMR spectra of the small molecules can be reproduced
by an additive superposition of the two mentioned

spectral contributions, cf. Fig. 1a.

Such spectra are called two-phase spectra [12,14,15].

In contrast, when studying the dynamics of the large

molecules in these systems no such two-phase spectra

show up, and the line-shape is similar to the one observed

for neat glass formers [16]. In other words, for neat glass

formers and for the large molecules in two component
glasses the dynamical heterogeneities are significantly

less pronounced than those of the small molecules.

Actually, two-phase spectra are well established for

the dynamics of the diluent molecules in polymer–plas-

ticizer systems [17,18]. However, from the above dis-

cussion it is obvious that the two-phase line shape is not

a polymer effect. Rather it is always present in mixed

systems provided that a certain size difference among the
components exists. Not only molecular size mismatches

but also differences in the glass transition temperatures

of the corresponding neat systems may play a role

[17,18]. Only if very similar molecules, with respect to

their size or Tg, constitute a binary glass former, the

mixture may exhibit features close to those of a neat

system [19,20]. This shows that one has to be careful

when inferring the behavior of a glass former from the
dynamics of small molecules dissolved in that glass

former.

The quantitative analysis of two-phase spectra has

been performed by applying different models. On the

one hand, within a lattice model applied for polymer–

plasticizer systems bimodal dynamics has been assumed.

In addition to small molecules close to the polymer

chain, it is assumed that there are microclusters of mo-
bile molecules [21], presumably undergoing Brownian

rotational diffusion already below Tg. On the other

hand, based on 2D spectra of a series of binary low and

high molecular weight systems we have concluded that

the dynamics of the small molecules is determined by a

broad distribution of correlation times [5,13]. Thus, no

truly immobilized small molecules exist close to Tg.

Furthermore, we have proven that there occur ex-
change processes between fast and slowly reorienting

small molecules [5,12,13]. In binary glasses such ex-

change processes can be detected in a 2D experiment

because the motional non-uniformities show up already

in the 1D spectrum (cf. Fig. 1b), thus allowing to select a

dynamically distinct sub-ensemble of molecules. In Fig.

2 a typical result of these experiments is shown. Whereas

Fig. 1. (a) 1D 2H spectra of 3:6% hexamethyl benzene-d18/OS (mw ¼
990 g/mol). (b) 1D 2H spectra of 26% benzene-d6/OS (mw ¼ 1020 g/

mol). Dashed lines: fits according to the superposition model (cf. text).
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the spectrum at T ¼ 189 K is described by assuming

isotropic reorientation on the 100 ms timescale, the
spectrum at T ¼ 230 K shows additional intensities

along the frequency axes (ð0;x2Þ and ðx1; 0Þ) and a peak

at the center. From the latter spectrum it can be con-

cluded that exchange processes of the molecules—be-

tween a fast and a slowly reorientation state with respect

to 10ls—take place well below Tg ¼ 240 K and on the

timescale of 100 ms. The central peak indicates that

some molecules are in the fast reorientation state.
In the present contribution we intend to clarify the

motional mechanism, in particular, the geometry of the

reorientation of the small molecules in binary low mo-

lecular weight glasses, and we think valuable insights

into the dynamics in polymer–plasticizer systems will

also emerge. For this purpose the mixed system benzene

in oligostyrene is investigated by 2D 2H NMR in detail.

As will be shown the motional mechanism of the sixfold
symmetry axes of the benzene molecules is not deter-

mined by isotropic rotational diffusion, but rather by

large angle jumps close to the limit of random jumps.

This behavior was anticipated in a proceeding investi-

gation [13]. In the literature the random jump model has

been discussed, however, clear evidence for this process
is still missing [2]. We will demonstrate that due to the

presence of large angle jumps the 2D spectra for the

small molecules in binary glass formers can be analyzed

by applying a very simple method. Finally, we speculate

that the reorientational motion reflects translation dif-

fusion of the small molecules in an essentially rigid

glassy matrix of the large molecules.

2. Theory

In 2H NMR, the quadrupolar interaction of the

deuterons with the gradient of the electric field origi-

nating from the neighboring charge distribution is pro-

bed. In our case, the distribution is nearly symmetric

with respect to the C–2H–bond, and it is possible to
determine the orientation of the bond axis with respect

to the external magnetic field. More precisely, the reso-

nance frequency (in the rotating frame) is related to the

orientation of the C–2H–bond by [2]:

Fig. 2. 2D 2H spectra of 26% benzene-d6/OS (mw ¼ 1020 g/mol, tm ¼ 100 ms, Tg ¼ 240 K) for three temperatures and corresponding isotropic random

jump simulations (on the right-hand side).
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xðhÞ ¼ � d
2
ð3 cosðhÞ2 � 1Þ ¼ �dP2ðcosðhÞÞ; ð1Þ

where h is the angle between the bond axis and the ex-

ternal magnetic field. d represents the quadrupolar

coupling constant. P2 stands for the second Legendre

polynomial. If the quadrupolar interaction is partially

averaged by fast reorientation around a molecular

symmetry axis, h will describe the angle between this axis
and the external magnetic field and the effective coupling

constant d will be reduced. Since the latter scenario is

valid for all measurements in the present paper, the

orientation of the sixfold symmetry axis of the small

molecules benzene or hexamethyl benzene is probed.

As mentioned in Section 1, there are two ways to

analyze 2D data, which are sensitive on different details

of the reorientational dynamics: an analysis in the time
domain reveals features of the elementary step of the

reorientation process, whereas an analysis in the fre-

quency domain yields direct access to the overall ge-

ometry of the reorientation process. Both methods are

based on data acquired with the Jeener–Broekaert [22]

three-pulse sequence, which correlates the NMR fre-

quencies of one molecule at two times separated by a

period called the mixing time tm. Depending on the
chosen pulse lengths and phases, the echo emerging after

the last pulse is given by [2] (assuming ideal pulses and

neglecting relaxation processes):

F ss
2 ðt1; t2; tmÞ

¼ sin

Z t1

0

xðtÞdt
� �

� sin

Z t1þtmþt2

t1þtm

xðtÞdt
� �� �

;

ð2Þ

F cc
2 ðt1; t2; tmÞ

¼ cos

Z t1

0

xðtÞdt
� �

� cos

Z t1þtmþt2

t1þtm

xðtÞdt
� �� �

:

ð3Þ
The brackets symbolize the ensemble average over all

molecules. For slow reorientation processes, motion of

the molecules during the evolution period t1 and the

detection period t2 can be neglected and the integrals can

be simplified to products:

F ss
2 ðt1; t2; tmÞ ¼ sin x1t1ð Þ � sin x2t2ð Þh i; ð4Þ

F cc
2 ðt1; t2; tmÞ ¼ cos x1t1ð Þ � cos x2t2ð Þh i; ð5Þ

where x1 ¼ xðt ¼ 0Þ and x2 ¼ xðt ¼ tmÞ. To get useful

information about the reorientation process, an appro-

priate subset ft1; t2; tmg has to be chosen.

When varying t1 and t2 for a given mixing time tm,

subsequent 2D Fourier transformation with respect to

both time functions (cf. Eqs. (4) and (5)), leads after

proper combination to the 2D absorption spectrum
Sðx1;x2; tmÞ. It visualizes the joint probability density

that a molecule follows a trajectory, which ‘‘starts’’ at a
frequency x1 and ‘‘ends’’ at a frequency x2. As the

resonance frequency reflects the orientation, the 2D

spectra reveal the distribution Rðb; tmÞ of the overall

reorientation angle b of the molecules during the mixing

time tm [1].

To unravel more details of the reorientation process,

or strictly speaking to find an appropriate motional

model, which is compatible with the measurements, the
time-domain data can be analyzed. For this purpose,

another subset of correlation data, defined by t1 ¼ t2, is

chosen: the correlation functions F ss
2 ðt1; t2 ¼ t1; tmÞ and

F cc
2 ðt1; t2 ¼ t1; tmÞ, in the following termed as Ass

2 ðt1; tmÞ
and Acc

2 ðt1; tmÞ. The corresponding time constants for

various evolution times t1, sssðt1Þ and sccðt1Þ, depend in a

characteristic way on the geometry of the reorientation

[4,6,10], i.e., the evolution of the orientation during the
mixing time tm. Assuming that the motional process can

be decomposed into elementary jumps (Ivanov model)

[23], it is possible to describe the details of the reorien-

tation by a distribution of elementary jump angles P ðcÞ
giving the probability that a jump with an angle c oc-

curs. In general, c and b differ. The latter is given by the

aggregate of all elementary jumps of one molecule,

which take place during the mixing time tm. The first one
is the corresponding jump angle for each jump, which is

taken from the distribution P ðcÞ. PðcÞ determines the

dependence of sss and scc on t1.

For t1 ! 0, Ass
2 ðt1; tmÞ is proportional to the correla-

tion function [3]:

F2ðtmÞ ¼
hP2ðcosðh1ÞÞP2ðcosðh2ÞÞi

hP2ðcosðh1Þ2Þi
: ð6Þ

In detail, F2ðtmÞ is given by:

F2ðtmÞ ¼
5

2d2
lim
t1!0

Ass
2 ðt1; tmÞ
t21

ð7Þ

In this limit, the corresponding time constant is labeled

as s2 in the following.

There are two scenarios, which can be regarded as

limiting cases of the reorientation process: (i) isotropic
rotational diffusion and (ii) isotropic reorientation by

random jumps. As we will describe our data by a model,

which is close to the latter scenario (ii), it is appropriate

to discuss its consequences for both the 2D spectrum

Sðx1;x2; tmÞ and the correlation functions Ass
2 ðt1; tmÞ and

Acc
2 ðt1; tmÞ.

In the framework of the Ivanov model [23], i.e., re-

garding the reorientation process as a sequence of in-
stantaneous jumps, it is possible to determine the

fraction W ðtmÞ of molecules, which do not reorient

during the mixing time tm. Then, the 2D spectrum is a

superposition of two sub-spectra, a diagonal spectrum

Sdiaðx1;x2Þ along x1 ¼ x2, the relative intensity of

which is given by W ðtmÞ, and an off-diagonal spectrum

Sreoðx1;x2; tmÞ with the intensity 1 � W ðtmÞ. Here,
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Sdiaðx1;x2Þ represents immobile molecules during the
mixing time, while Sreoðx1;x2; tmÞ results from mole-

cules, which have jumped at least once during the mixing

time. In general, the spectral shape of Sreoðx1;x2; tmÞ
depends on tm. However, in the case of a random jump,

where the reorientation after a jump is randomly chosen

from all possible orientations, Sreo becomes independent

of tm and the parameter tm is omitted in the following.

Then, Sreo can be rewritten as a product of the a priori
probabilities to find the frequencies x1 and x2, respec-

tively, with the a priori probability being equal to the

spectral intensity in the 1D spectrum SðxÞ. Therefore,

for a random jump process, the 2D spectrum is given by

[2]:

Sðx1;x2; tmÞ ¼ W ðtmÞSdiaðx1;x2Þ

þ ð1 � W ðtmÞÞSreoðx1;x2Þ

¼ W ðtmÞSðx1Þdðx1 � x2Þ

þ ð1 � W ðtmÞÞSðx1ÞSðx2Þ: ð8Þ

Thus, the 2D spectrum can easily be analyzed. It can be

described by a superposition of two sub-spectra, i.e., one

may say, analogously with the 1D two-phase spectra,

that 2D two-phase spectra are observed.

Switching to the analysis in the time domain, the
correlation function Ass

2 (Acc
2 accordingly) is determined

by:

Ass
2 ðt1; tmÞ ¼ hsinðx1t1Þ � sinðx2t1Þi

¼
Z Z

Sðx1;x2; tmÞ sinðx1t1Þ

� sinðx2t1Þdx1 dx2: ð9Þ

In the case of random jumps, one can write Ass
2 ðt1; tmÞ as

a sum of three addends (cf. Eq. (8)):

Ass
2 ðt1; tmÞ ¼

Z Z
Sðx1ÞðSðx2Þð1 � W ðtmÞÞ

þ W ðtmÞdðx1 � x2ÞÞ � sinðx1t1Þ
� sinðx2t1Þdx1 dx2

¼
Z Z

Sðx1ÞSðx2Þ sinðx1t1Þ

� sinðx2t1Þdx1 dx2 � W ðtmÞ

�
Z Z

Sðx1ÞSðx2Þ sinðx1t1Þ

� sinðx2t1Þdx1 dx2 þ W ðtmÞ
Z

Sðx1Þ

� sinðx1t1Þ2
dx1: ð10Þ

The first addend, named Ass
1ðt1Þ, is independent of the

mixing time tm and it is the limit of Ass
2 ðt1; tmÞ for

tm ! 1. The other two addends are proportional to

W ðtmÞ. Thus, we resort Eq. (10) in the form:

Ass
2 ðt1; tmÞ ¼ Ass

1ðt1Þ þ DAðt1ÞW ðtmÞ: ð11Þ

Due to this factorization of the loss of correlation (given
by DAðt1ÞW ðtmÞ) into a t1- and tm-dependent part, the

corresponding correlation times are independent of t1
for a random jump process. A similar calculation leads

to an analog result for Acc
2 .

In this contribution, we discuss reorientation pro-

cesses in amorphous isotropic systems. Therefore, the a

priori probability is given by the 1D spectrum

SðxÞ / ½6dðx � d=2Þ��1=2
. For this a priori probability

and in the limit of t1 ! 0, the integrals in Eq. (10) can be

calculated, and, thus, F2ðtmÞ is accessible. The first two

integrals yield:Z Z
Sðx1ÞSðx2Þx1x2 dx1 dx2

/
Z d

�d=2

xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x þ d=2

p dx

 
þ
Z d=2

�d

xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � d=2

p dx

!2

/ ðx
"0@ � dÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
x þ d

2

r #d

�d=2

þ � � �

1
A

2

¼ 0 ð12Þ

and the third integral is equivalent to:Z
SðxÞx2 dx ¼

Z d

�d=2

x2ffiffiffiffiffi
6d

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x þ d=2

p dx

 

þ
Z d=2

�d

x2ffiffiffiffiffi
6d

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � d=2

p dx

!

¼ 2d2

5
ð13Þ

Finally it follows:

W ðtmÞ ¼ lim
t1!0

5

2d2

Ass
2 ðt1; tmÞ
t21

Considering Eq. (7), it becomes obvious that for an
isotropic random jump process, the weighting factor

W ðtmÞ resulting from the 2D two-phase spectrum is

equal to the correlation function F2ðtmÞ:
W ðtmÞ ¼ F2ðtmÞ ð14Þ
This identity of the correlation function and the

weighting factor determined by a simple two component

fit of the 2D spectra will be checked below.

3. Experiments

For the experiments a Bruker CXP 200 spectrometer

working at a 2H Larmor frequency of 46.07 MHz was

used. It was equipped with a TecMAG data acquisition

system. A home-built low temperature probe was placed

into an Oxford static cryostat so that a temperature

stability of 0.2 K was achieved.
By varying the output power of the amplifier the

length of the 90� pulses was kept constant over the
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whole temperature range. The 1D spectra were recorded
by applying a solid-echo sequence with a standard phase

cycling and an inter-pulse delay of 15 ls. The 2D data

were acquired with a modified Jeener–Broekaert se-

quence [22,24]. Five-pulse-sequences for the 2D spectra

and four-pulse-sequences for the 2D time cos–cos (cf.

Eq. (5)) and sin–sin correlation (cf. Eq. (4)) experiments

were implemented. A phase cycling was applied to zero

out the double-quantum coherences otherwise visible for
short mixing times (tm K 500ls). Additionally, for the

acquisition of the 2D spectra, the lengths of the pulses

before and after the mixing time period were changed

for the sin–sin and cos–cos experiments to a common

length corresponding to the magic angle. A saturation

sequence of five to eight 90� pulses followed by a re-

covery delay preceded each sequence. To meet these

requirements the overall numbers of scans were 128 for
the four-pulse-sequence and 256 for the five-pulse-se-

quence [24]. In the time-domain experiments, the am-

plitude of the stimulated echo was determined for

mixing times tm in the range from 1 ls to 10 s. The

evolution time t1 was varied from 3 to 250 ls. The delays

of the additional echo pulses after the first and third

pulse of the original Jeener–Broekaert sequence were

15 ls.
For the 1D spectra, at least 2048 data points with a

sampling rate of 500 kHz were recorded. In order to

improve the signal/noise ratio, prior to the Fourier

transformation, the time-domain data was damped with

an exponential function and zero filling was applied. The

corresponding time constant was set to d=100 (except for

the c ¼ 0:5% system, where 3000 Hz was used to enhance

the signal/noise ratio). The same procedure with 512
points was used for the 2D spectra. When combining the

two sub-spectra (cos–cos and sin–sin) [2], a residual in-

tensity along the secondary diagonal was compensated

by a weighting factor, which was in the range between 0:9
and 1:04. This may be an indication that the spin-lattice

relaxation functions, characterized by T1 for the relaxa-

tion of the Zeeman state during the cos–cos experiment

and characterized by T1Q for the one of the spin align-
ment state during the sin–sin experiment, are nearly

identical. Both relaxations are non-exponential.

In the sin–sin and cos–cos time-domain experiments,

the echo amplitudes were taken from the mean value of

the maxima and the two adjacent points. Due to the

finite pulse length a positive shift (about 2 ls) of the

position of the maxima, with respect to the theoretical

position for infinite short pulses, was observed. In order
to compensate the additional damping of the cos–cos

correlation function by spin–lattice relaxation, the latter

was monitored with a standard saturation recovery se-

quence. As it is not possible to measure the spin align-

ment relaxation function in an independent experiment,

we assumed that both, Zeeman and spin alignment re-

laxation, are identically over the whole studied temper-

ature range. This assumption is in accordance with our
findings at low temperatures, cf. below.

To analyze the time-domain data, the decays Aii
2ðt1; tmÞ

were fitted to KWW functions (ii ¼ ss for sin–sin and cc

for cos–cos experiments, respectively) with an additional

damping factor to describe relaxation effects:

Aii
2ðt1; tmÞ / ð1

 
� Aii

1ðt1ÞÞe
�
�

tm
sii
KWW

�bii

þ Aii
1ðt1Þ

!
� e

�ðtmT1
Þb1

:

ð15Þ

Aii
1ðt1Þ was obtained from the isotropic reorientational

model (cf. Eq. (9)), T1 and b1 from the Zeeman relaxa-

tion function assuming T1 ¼ T1Q, so that the number of

free parameters was reduced. The corresponding time

constants were calculated according [25]:

sii ¼ siiKWW
bii � C 1

bii

� �
ð16Þ

The dependence of sii on t1 is a fingerprint of the re-

orientation dynamics. To reproduce the salient features

of the siiðt1Þ curves, random walk algorithms were ap-

plied to get a corresponding elementary jump angle

distribution P ðcÞ for an isotropic process [7]. To reduce

the number of independent fitting parameters to eight,

P ðcÞ was approximated by a linear interpolation of four

points between 0.5� and 89.5�. This piecewise linear
function was used as the distribution of jump angles for

the simulations. It should be noted that the sensitivity of

this method is not very high, especially in the region

c > 15� [4,7,26], but characteristic features, e.g., the

mean jump angle, can be extracted.

The oligostyrene (OS, mw ¼ 990 g/mol and mw ¼
1020 g/mol) was purchased from Polymer Standard

Service (Mainz, Germany). Polystyrene-d3 (PS, mw ¼
200 kg/mol) was synthesized by G. Zimmer [27] and

hexamethyl benzene-d18 by H. Zimmermann (Heidel-

berg, Germany). Benzene-d6 was bought from Aldrich.

The samples were degased using a pump and freeze

procedure. Afterwards, the NMR tubes were fire sealed

and tempered. Differential scanning calorimetry (DSC)

experiments were carried out. Due to the broadening of

the glass step with respect to that of neat systems, the
upper and sharp temperature onset of the step was taken

to define the glass transition temperature Tg (26% ben-

zene-d6/OS: Tg ¼ 240 K; 0.5% benzene-d6/OS: Tg ¼
298 K; 3.6% hexamethyl benzene-d18/OS: Tg ¼ 297 K;

PS: Tg ¼ 373 K) [13].

4. Results

Before presenting the 2D results for 26% benzene-d6/

OS, we demonstrate that the characteristic 1D

two-phase spectra are also observed at low additive
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concentration. In Fig. 3 1D spectra of 0.5% benzene-d6/
OS are depicted. Again, 1D two-phase spectra are ob-

served. We mention once again that very similar 1D

spectra are observed for benzene-d6 in high molecular

weight polystyrene [13].

As described in Section 2, an efficient way to elucidate

the motional mechanism is to perform 2D NMR in the

time domain. Fig. 4 presents the sin–sin correlation

functions for the mixture 26% benzene-d6/OS (mw ¼
1020 g/mol) recorded using a series of evolution times t1
at different temperatures. Only a small t1 dependence is

observed and the decay curves are characterized by very

similar time constants (cf. Fig. 5). In addition, we

plotted in Fig. 4 the spin–lattice relaxation function as

obtained from independent measurements. At high

temperatures this relaxation takes place on a longer

timescale than the loss of correlation produced by the
isotropic reorientation, while at T ¼ 133 K the relaxa-

tion overtakes the loss of correlation so that the re-

corded spin alignment decay is given by the spin

alignment relaxation function. Comparing the time

constant of the relaxation of the Zeeman state with that

of the spin alignment state, we conclude that T1 and T1Q

are essentially the same. This finding will be exploited to

obtain correlation functions, which are not affected by

relaxation effects over the whole temperature range.

The decay curves of Fig. 4 are fitted according to Eq.

(15). Taking into account that the 2D spectra show

isotropic reorientation, the fitting parameters Ass
1ðt1Þ are

calculated numerically (cf. Eqs. (9) and (10)). Prior to
the fitting procedure, Ass

2 ðt1; tmÞ and Acc
2 ðt1; tmÞ are cor-

rected for relaxation effects assuming T1Q ¼ T1 (cf.

above). Fig. 5 presents the time constants sssðt1Þ. While

there is a drop at short t1 the time constant sssðt1Þ is

essentially constant at large t1. In Fig. 6 the corre-

sponding values sccðt1Þ extracted from the cos–cos decay

curves are shown. Here, a similar behavior is observed,

i.e., no significant t1 dependence shows up for long t1.
Moreover, the time constants sssðt1Þ and sccðt1Þ are close

to each other (cf. also Fig. 8). This finding will be re-

inspected in the discussion section. The corresponding

stretching parameters biiðt1Þ (cf. Eq. (15)) of the KWW
Fig. 3. 1D 2H NMR spectra of 0.5% benzene-d6/OS (mw ¼ 1020 g/mol,

Tg ¼ 298 K).

Fig. 4. Correlation functions Ass
2 ðt1; tmÞ of benzene-d6/OS as a function

of tmðt1 ¼ 3–250ls, at T ¼ 133 K: t1 ¼ 5–150ls). The solid line rep-

resents the spin–lattice relaxation function.

Fig. 5. Correlation time sss of the sin–sin-correlation function

Ass
2 ðt1; tmÞ and the corresponding stretching parameter bss

KWW of ben-

zene-d6/OS as a function of the evolution time t1 for two temperatures.
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fits to the sin–sin and cos–cos curves are also displayed

(cf. Figs. 5 and 6). Again only a weak t1 dependence is

recognized.

As discussed for supercooled liquids and polymers,

the t1 dependence may serve as a fingerprint of a reori-
entational process (cf. theory section) [6–9,26]. Here, we

compare the results of benzene-d6/OS with those ob-

tained for the neat glass former polystyrene (present

work) and glycerol [4] somewhat above Tg, cf. Fig. 7. To

allow a comparison of the results, the time constants are

normalized by s2 and the t1 axis is scaled by the coupling

constant d (benzene/OS: 64 kHz, PS: 125 kHz, glycerol:

126 kHz). Obviously, the t1 dependence observed for the
benzene molecules in OS is different from that found for

neat glass formers.

Here, some comments on the sssðt1Þ and sccðt1Þ data

of the neat systems are worthwhile. For these systems

the t1 dependence for long t1 is close to t�1
1 [5]. Up to

our knowledge the influence of spin-diffusion on the
two-time correlation functions has not yet been sys-

tematically investigated in glass forming systems. Thus,

it may be possible that a crossover from a behavior

determined by the molecular motion (at short t1) to that

resulting from spin diffusion (at long t1) is observed for

neat glass formers. From our point of view, further

studies are needed.

With random walk simulations, assuming an appro-
priate motional model, the quantities sssðt1Þ=s2 and

sccðt1Þ=s2 can be calculated [4,5,7,8,28]. For the random

jump model—as expected from theory—no t1 depen-

dence is found (cf. Fig. 7). In contrast, the rotational

diffusion model (approximated by jump angles c ¼ 0:5�)
produces a strong t1 dependence. Explicitly, one expects

sssðt1Þ / t�2
1 for long evolution times [6].

Comparing the experimental data and the simulated
data, one can state that the reorientation of the small

benzene molecules in the binary glass former is some-

where between these two scenarios. For an isotropic

reorientation, the mean jump angle hci is given by [29]:

sssðt1 ! 1Þ
s2

¼ 3

2
sin2hci ð17Þ

Taking data from Fig. 7, a mean angle of about 29�� 2�
results.

An appropriate jump angle distribution P ðcÞ is shown

in Fig. 7 (inset). The corresponding mean jump angle is

about 30�. One has to keep in mind that the analysis is

not unique, i.e., somehow different distributions P ðcÞ
may lead to similar sss

2 ðt1Þ=s2 curves. In the case of

polystyrene the jump angle distribution P ðcÞ is domi-
nated by a peak at small angles (0:5�). Only a small

contribution of large angles (around 20�) is found. For

glycerol a bimodal distribution was found (98% 3�
jumps and 2% 30� jumps) [4]. We note that for PVAc [6]

Fig. 6. Correlation time scc of the cos–cos-correlation function

Acc
2 ðt1; tmÞ and the corresponding stretching parameter bcc

KWW of ben-

zene-d6/OS as a function of the evolution time t1.

Fig. 7. t1 dependence of the normalized correlation time sss of benzene-

d6/OS (T ¼ 199 K). For comparison data of glycerol-d5 (T ¼ 203:6 K)

and polystyrene-d3 (T ¼ 378 K, scc data) are added (data of glycerol

taken from [4]). The solid lines represent fits with a distribution of

jump angles P ðcÞ (shown as insets).

Fig. 8. Correlation function F2ðtmÞ � Ass
2 (t1 ¼ 3ls, tm) and the corre-

sponding time constants s2 of 26% benzene-d6/OS (sin–sin, solid

points; cos–cos, open symbol) as function of temperature with Ar-

rhenius fit (solid line).
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above Tg the t1 dependence of the correlation functions,
studied by 13C NMR, was ascribed to a bimodal dis-

tribution of reorientation angles. Small angle (< 0:6�)
jumps take place on a faster timescale than large angle

(�10�) jumps, so that the former give rise to a reorien-

tation of 2� before the latter takes place. Thus, the initial
drop of sccðt1Þ at short t1 is governed by the large angle

process, while a crossover to a sccðt1Þ ! t�1:5
1 depen-

dence is a consequence of small angle reorientation. The

sccðt1Þ curve of polystyrene (cf. Fig. 7) is similar to the

Fig. 9. tm dependence of the 2H 2D NMR spectra of benzene-d6/OS. Simulations with the described 2D two-phase spectra are shown on the right-

hand side.
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one of PVAc. For polystyrene, a crossover to a power
law for scc at long t1 can be observed. The corresponding

exponent is �1:7.

Concerning the temperature dependence of sssðt1Þ=s2

and bðt1Þ (cf. Fig. 5), we note that the curves at

T ¼ 177 K and T ¼ 199 K are similar. Thus, we con-

clude that the characteristics of the molecular reorien-

tation do not strongly change in this temperature

regime. Due to d � 3ls � 1, Ass
2 (t1 ¼ 3ls, tm) is a good

approximation of F2ðtmÞ, after applying the T1Q correc-

tion. Fig. 8 shows Ass
2 (t1 ¼ 3ls, tm) for three tempera-

tures. The solid lines are fits (cf. Eq. (15)). The

corresponding correlation time sssð3lsÞ is shown in the

inset of Fig. 8. The temperature dependence is described

by an Arrhenius behavior with an activation energy

Ea ¼ 31:4 kJ/mol and a prefactor s0 ¼ 4:7 � 10�10 s. For

comparison, sccð3lsÞ obtained from analyzing the cos–
cos correlation function is included in Fig. 8. As men-

tioned, a very similar time constant is observed.

Above, we have demonstrated that the reorientation

of the benzene molecules in the system benzene-d6/OS

results from large angle jumps, and in a fair approxi-

mation, the random jump model may apply. Then, as

discussed in the theoretical section, the 2D spectra can

be described by a superposition of a sub-spectrum cor-
responding to immobile molecules on the timescale of

the mixing time tm, namely a pure diagonal spectrum,

Sdiaðx1;x2Þ, and by a sub-spectrum characteristic of full

isotropic reorientation, Sreoðx1;x2Þ [2]. Inspecting the

temperature dependence of the 2D spectra in Fig. 2, one

indeed can anticipate this 2D two-phase model (except

for the spectrum at T ¼ 230 K, where an additional ex-

change spectrum is necessary). The tm dependence of the
2D spectra of benzene-d6/OS is analyzed by fitting the

spectra with an additive superposition of two 2D sub-

spectra. The results are included in Figs. 2 and 9.

Clearly, the measured spectra are well reproduced. We

emphasize that such a series (as function of tm) of 2D

spectra is not observed in neat glass formers or in

polymers [5]. There, the initial diagonal spectrum con-

tinuously smears out when increasing the mixing time tm
[2] since small angle jumps dominate. In this case, many

jumps are required for isotropization. For example, the

2D spectra of polystyrene at Tg þ 10 K are described by

a rotational diffusion process with a broad distribution

of correlation times [30]. Detailed DICO experiments at

Tg þ 13 K [31] have shown that besides the predomi-

nating rotational diffusion large angle reorientation of

the chain segments occurs. For the neat low molecular
weight glass formers glycerol [4] and o-terphenyl [26],

jump angles of some few degree were determined. A

small additional contribution (<5%) of large angle

(�30�) jumps are necessary for a satisfactory description

of the data.

In the case of an isotropic random jump process (cf.

theory section), W ðtmÞ ¼ F2ðtmÞ should hold. The com-

parison of W ðtmÞ (cf. Fig. 9) and Ass
2 (t1 ¼ 3ls, tm), which

is a good approximation of F2ðtmÞ, is depicted in Fig. 10.

Both quantities closely follow each other. The differ-

ences may be explained by deviations from a true ran-

dom jump process as is found by the analysis in the time

domain.

5. Conclusions

In this contribution we have investigated binary

glass formers composed of large and small molecules.

The small molecules exhibit pronounced dynamical

heterogeneities close to and below the glass transition

temperature of the mixed system. These heterogeneities

manifest themselves in characteristic 1D two-phase

spectra. Binary glasses may also serve as model systems
for polymer–plasticizer systems since very similar phe-

nomena are observed. Applying 2D NMR in the time

domain we have been able to clearly demonstrate that

large angle reorientation, close to the limit of isotropic

random jumps, takes place. We have also shown that in

this case a simple analysis of the 2D spectra can be

performed, since the 2D spectra are a superposition of

two sub-spectra, one related to fully reoriented mole-
cules and the other related to immobile molecules

during the mixing time. Moreover, the weighting factor

W ðtmÞ is identical with the correlation function F2ðtmÞ.
We have demonstrated that the mechanism of reori-

entation is significantly different from the behavior in

neat glass formers for which small angle reorientation

dominates.

Generalizing, we want to list the experimental facts,
which characterize the isotropic reorientation of the

small molecules in binary glasses: (i) Reorientation of

Fig. 10. Comparison between the correlation function F2ðtmÞ (solid

line) and the 2D weighting factor W ðtmÞ (open squares) of benzene-d6/

OS. Additional weighting factors at different temperatures are also

shown (solid points).
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the molecules is governed by isotropic large angle jumps.
(ii) The reorientational jumps occur well below the glass

transition temperature of the mixed system as deter-

mined by DSC. In the case of benzene/OS isotropic

jumps on the timescale of 100 ms have been detected

even 65 K below Tg [13]. (iii) In the present study, the

shape of the reorientational correlation function is es-

sentially independent of temperature, at least in the

range between 177 and 199 K. (iv) The dynamical het-
erogeneities are transient in nature, i.e., fast moving

molecules become slow and vice versa [12]. (v) The

temperature dependence of the reorientational correla-

tion time is described by an Arrhenius law. (vi) The

motional heterogeneities persist even in the limit of

single particle motion and we assume that similar phe-

nomena can be observed in polymer–plasticizer systems.

The origin of such motional heterogeneities is an
open question. We suggest that the effect results from

translational diffusion of the small molecules in an es-

sentially rigid matrix composed of the large molecules

[5]. In other words: a given molecule moves within an

energy landscape consisting of barriers of different

heights. Then, each molecule changes its dynamical state

from fast to slow, and vice versa, when probing the

energy landscape. Large angle jumps are expected since
strong orientational order is not present in glasses. The

correlation time from these experiments may be con-

nected via a hopping length to yield the macroscopic

diffusion coefficient [32]. A similar mechanism has been

discussed for metallic alloys, where 9Be-stimulated echo

decays provided atomic jump rates [33,34]. Using the

same technique, slow diffusion processes of 7Li ions in

solid electrolyte [35] have been studied. In the case of
crystalline systems rotational–translational coupling

was exploited to probe defect diffusion in crystalline

benzene [36]. We note that molecular jumps on a similar

timescale have been observed in the glassy state by EPR

experiments on spin probes [37]. In this case, the limit of

tracer motion is clearly reached.

In the future, this hypothesis has to be verified, for

example, by comparing the temperature dependence
observed for reorientation with that of diffusion. If this

idea is confirmed very slow diffusion processes occurring

in disordered matrices may be studied by conventional

NMR in a simple way. Of course, this model must be

improved to explain the dynamics in detail, e.g., the

differences between the low and high concentration

systems. The model is expected to hold at least for the

low concentration limit. Different phenomena such as
the isotropic reorientation of molecules in ‘‘microclus-

ters’’ [17] may appear when higher concentrations are

studied.
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