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Length Scale of Dynamic Heterogeneities at the Glass Transition Determined
by Multidimensional Nuclear Magnetic Resonance
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We directly measure the equilibrium length scale of dynamic heterogeneities close to the gla
transition by means of a new multidimensional NMR experiment. The spatial information is gaine
from a proton spin diffusion experiment combined with two 2D13C exchange sequences via appropriate
back and forth transfer of magnetization between13C and 1H spins. For poly(vinyl acetate) at 10 K
above the glass transition we detected a length scale of3 6 1 nm. [S0031-9007(98)07244-5]
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Supercooled amorphous systems exhibit a comp
dynamic behavior (for a recent review, see Ref. [1], a
references therein). For most glass-forming systems
results in highly nonexponentiala relaxation. Recen
experiments have demonstrated that the nonexpone
time behavior is related to a superposition of relaxat
processes, each characterized by an individual rate h
giving rise to the notion ofdynamic heterogeneities[2–
9], composed ofslow and fast relaxators. Similar result
have also been observed in polymer simulations [1
Hence dynamic heterogeneities are an essential ingre
of the glass transition. Two characteristic properties
dynamic heterogeneities—time scale of fluctuations
rates and length scalejhet of temporary clusters of slow
segments—are sketched in Fig. 1.

Information about thetime scale of fluctuationswithin
the distribution of reorientation rates has already been
tained from reduced four-dimensional solid state excha
NMR (4D experiment) [3,6,7,11] and from photobleach
ing [5]. Application of the 4D experiment to a varie
of polymers [3,6,11] and low-molar glass formers [7] h
clearly shown that the fluctuations within the hetero
neous rate distribution occur on the same time scale a
relaxation process itself.

The length scalejhet of the dynamic heterogeneitie
may be related to that of cooperatively rearranging regi
(CRRs), first postulated by Adam and Gibbs [12,13].
is reasonable to assume thatjhet is an upper limit for the
length scale of CRRs. Asjhet is a fundamental parame
ter of the glass transition, several attempts to determ
its value have been reported. Most approaches, howe
involve perturbations of the system itself. Either the l
uids are confined to pores [14–16] or probe molecules
added to the sample [17–19]. Information about the ch
acteristic length scale is derived from the dependenc
the a-relaxation properties on the size of the confini
structure or the probe molecule. Interpretation of these
periments has to take into account that, e.g., the relaxa
in pores strongly depends on the surface properties o
host [15,16] and that large probe molecules may cha
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the local dynamics. Within the model of cooperatively r
arranging regions Donth has estimated the length scal
these regions to be close to 2 nm [13,20].

Obviously it is desirable to have a method which allow
one to directly measure the length scale of dynam
heterogeneities of the glass transition in anonperturbative
way. In this Letter we present a new experiment (4D-
CP experiment) achieving this goal. It is an extension o
our previous 4D exchange13C-NMR experiment [3,6,11],
where slow segments are selected and fluctuation of t
rates during a waiting timetm2 is monitored; see Fig. 1 o
Ref. [6]. We now combine this 4D experiment with1H
spin diffusion duringtm2, providing spatial information.
The paper is organized as follows: First, we give t
general idea of our new approach and show how th
ideas are realized experimentally; then experimental d
are presented for poly(vinyl acetate) (PVAc) slight
above the glass transition temperatureTg. Finally, a
quantitative analysis of these data is performed.

In Fig. 2 the idea of the 4D-CP experiment as well
the original 4D experiment is described on the basis o
bimodal distribution with rateskslow andkfast [Fig. 2(a)].

FIG. 1. Sketch of the temporal fluctuations as well as t
length scale of dynamic heterogeneities. The temporal fl
tuations are related to a time scale in the sense that a spec
segment may switch between a fast and a slow state. The
sitions of the individual13C spins are indicated. The circle
around them indicate the region of the proton bath from wh
magnetization can be transferred back to the13C spins. We
note that it is also possible that the regions of slow segme
display a continuous, more fractal structure.
© 1998 The American Physical Society 2727
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FIG. 2. Schematic description of the 4D and the 4D-CP
periment, determining the time and length scale of dynamic
erogeneities, respectively. In (a) simple models are displa
for (left) exchange processes with rateG in a bimodal distri-
bution with rateskslow and kfast and (right) spin diffusion in a
1D array of slow and fast regions with length scalejhet, ne-
glecting exchange processes. In (b) it is shown how the m
netization, initially, i.e., fortm2  0, connected with the slow
segments, equilibrates with increasing waiting timetm2 due to
exchange process or spin diffusion, respectively. The mag
tization, remaining on the slow component, is indicated by
shaded areas. The dependence of this magnetization ontm2 is
displayed in (c). After normalization to one these curves
denotedF4stm2d and F

j
4 stm2d, respectively. Theirtm2 depen-

dence allows one to estimate the exchange rateG or the length
scalejhet, respectively.

The first step of the 4D as well as the 4D-CP experim
is to selectively magnetize the13C spins, related to slow
segments and to monitor the subsequent equilibra
of magnetization [Fig. 2(b)]. One may distinguish tw
equilibration processes in time and space, respectively
the 4D experiment one observes equilibration at a fix
13C nucleus due to exchange processes rendering
segments slow and vice versa. In this way magnetiza
is more and more connected also to fast segments
the observed magnetization, denotedF4stm2d, decreases
with time until equilibration [Fig. 2(c)]. In contrast
in the 4D-CP experiment one additionally enables s
diffusion during the variable waiting timetm2 (see below
for more details). In this way magnetization can
transported to more mobile regions. Here the fin
magnetization on the slow segments is denotedF

j
4 stm2d

containing information aboutjhet [Fig. 2(c)]. Of course,
F

j
4 stm2d is also sensitive to exchange processes (see

below). Formally, F4stm2d can be viewed as a four
time correlation function (see Ref. [6] for details) and
analogyF

j
4 stm2d as a four time-space correlation functio
2728
-
t-
d,

g-

e-
e

e

nt

n

In
d

ast
n
nd

in

l

lso

.

The 4D-CP experiment, as sketched above, cont
two important ingredients: (i) enhancement of spin diff
sion and (ii) selection and detection of slow segments
fore and after the waiting timetm2. The enhancement o
spin diffusion during the waiting timetm2 is achieved via
transfer of13C magnetization to the proton bath. Where
direct 13C-13C spin diffusion is negligible, the1H spin
diffusion is sufficiently fast for the present purpose. T
transfer of magnetization is achieved via cross polari
tion (CP) [11]. In analogy to the 4D experiment the sele
tion and detection process is achieved by using 2D-e
filters with filter timetm0 [6]. The desired magnetization
i.e., F

j
4 stm2d, corresponds to the height of the final ech

The 4D-CP experiment is sketched in Fig. 3.
The experiments were performed on PVAc, 40%13C en-

riched at the carbonyl group which serves as a senso
structural relaxation [21]. NMR echoes were recorded
T  315 K  TDSC

g 1 10 K on a Bruker MSL 300 spec
trometer operating at1H and 13C resonance frequencie
of 300.13 and 75.47 MHz, respectively. All CP time
were set to 0.8 ms and the recycle delay to 3 s. The e
lution time of the 2D-echo filters [6] wastp  200 ms
unless specified otherwise. CP times were optimized to
clude equilibration of magnetization during the CP puls
while retaining most of the signal intensity. Because
the low signal-to-noise (SyN) ratio of this experiment up
to 10 000 accumulations were necessary for a single
point. The overall relaxation of the sample was determin
by a 2D-echo experiment fitted to a stretched exponen
expf2stmyt0dbg yieldingt0  16 ms andb  0.45. The
filter timestm0 of the 4D and 4D-CP experiments were ch
sen to be 3.5 ms. In this way about 60% of the overall r
distribution were selected.

The resulting curveF4stm2d is displayed in Fig. 4(a).
In Fig. 4(b) the results of the 4D-CP experiments a
displayed. First we note that the decay ofF

j
4 occurs on

much shorter time scales than forF4. Hence exchange
processes can be neglected for the interpretation
F

j
4 and the observed decay is exclusively related

spin diffusion processes, hence containing informat
aboutjhet. For a quantitative interpretation we have
take into account that not all1H magnetization can be
transferred back to13C after tm2. The regions whose1H

FIG. 3. Schematic representation of the 4D-CP experim
The final echo height as a function oftm2 corresponds to
F

j
4 stm2d. The transfer of magnetization to the proton ba

via CP is essential to enable efficient spin diffusion betwe
regions of slow and fast segments. Without CP this experim
reduces to the original 4D experiment; see Fig. 2 of Ref. [6]
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FIG. 4. Experimental curvesF4 of the (a) 4D experiment nor
malized to F4stm2  0d  1 as well as the theoretical curv
for a rate memory parameterQ  1 as defined in [6,22] and
(b) F

j
4 (4D-CP experiment) for one and two filters. Experime

tal errors are indicated for the data points with largesttm2 only.
The curves in (b) result from model calculations, described
the text. Upper solid line: equilibration on the length sc
j0, lower solid lines: length scalesjhet of 2 and 4 nm, respec
tively, dashed line: statistical distributionsjhet  0d, and dotted
line: upper limit of experimentally accessible length scales c
responding tojhet ø 20 nm.

magnetization is lost is sketched in Fig. 1 as being outs
the circles of sizea surrounding each13C. Clearly this
loss of magnetization is related to the average distancj0
between the13C spins, being 0.7 nm in our case of 40
13C enrichment. Diffusion on both length scalesj0 and
jhet can be separated by measuringF

j
4 with and without

2D-echo filters. On a qualitative level comparison
both experiments contains information about the rela
values ofjhet andj0 with the internal standardj0 known
from the sample preparation. Direct comparison of t
data sets requires that they are recorded under sim
conditions, in particular, applying the same number
pulses. Therefore, in the reference experiment the
2D-echo filter was retained and the pulse delaytp of the
second was set to 1ms in order to suppress the filter effe
[6]. This experiment is denoted a one-filter experimen
compared to the two-filter experiment with both select
and detection of slow segments.

Note that the plateau values of both curves are w
defined. Their ratio is determined by the known fracti
of selected slow segments. The fact that the SyN ratio
of the F

j
4 is only a few percent of that ofF4 is

partly due to the finite magnetization transfer efficien
and partly to the loss of magnetization to the pro
-
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bath. The absolute plateau values in Fig. 4(b) have b
obtained by assuming a magnetization transfer efficie
of about 40%. Anyhow, as will be discussed below,
determination ofjhet is insensitive to this normalization.

Neglecting complications due to magnetization trans
effects the signalF

j
4 stm2d is given by

F
j
4 stm2d ~ s4pDtm2d23y2

Z
d$r exps2$r2y4Dtm2dr̄s$rd .

(1)

Equation (1) expresses the propagation of magnetiza
via spin diffusion with diffusion constantD starting from
an arbitrarily selected slow13C spin at$r  0. The term
r̄s$rd denotes the average density of slow13C spins at
position $r relative to the specified slow13C spin. This
term takes into account that after spin diffusion duringtm2
only magnetization related to slow spins is again selec
and finally measured. A clustering of slow molecu
gives rise to a nontrivial behavior of̄rs$rd. The simplest
approach is to write

r̄s$rd  ds$rd 1 s1yj3
0d fp 1 s1 2 pd exps22j$rjyjhetdg ,

(2)

thereby introducing the correlation lengthjhet. The delta
function denotes the self-correlation term. Furthermo
the second term expresses that very close to the spec
13C spin it is very probable that another13C spin is also
slow whereas for distances much longer thanjhet a con-
stant probabilityp is reached. SinceF4 and the ratio of
the two-filter to the one-filter data reach the same eq
librium value one can identifyp  F4s`d  0.72. Of
course, without selection, i.e., in the one-filter experime
one hasp  1. The above expression neglects effe
due to details of the magnetization transfer and the p
ence of exchange processes as discussed above.
ever, this can be taken into account by considering
(i) after the CP to protons the magnetization is distribu
around the individual13C spins with a Gaussian with var
ancea2 (see Fig. 1), (ii) the back transfer of magnetiz
tion of a proton at$rH to a 13C spin at$rC is proportional
to expf2s$rH 2 $rCd2y2a2g, and (iii) the presence of a clus
ter of slow segments around a tagged segment disapp
by exchange processes, expressed byF4. For our experi-
mental data the exchange processes can be neglect
the time scale of the relevant spin diffusion process. A
justable parameters areD, a, andjhet. D anda are ob-
tained from the decay time and the final plateau value
the one-filter data, respectively. Using these parame
one can extract the value ofjhet from the decay time o
the two-filter experiment.

In Fig. 4(b) the fitted curves for the one-filter an
two-filter data are displayed, the latter also for differe
values ofjhet. The experimental data are compatible w
values ofjhet between 2 and 4 nm. For larger valu
the plateau would not be reached fortm2  3 ms; for
2729
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much smaller values ofjhet the plateau value should
be already reached for times as small as 0.3 ms, b
in contrast to the experimental data. The adjustab
parameters areD  0.42 nm2yms anda  0.1 nm. The
value ofD is a factor of about 1.5–2 smaller than typica
1H spin diffusion constants [11], which can be attribute
to the contribution of spin diffusion during the CP time
with a scaled dipolar coupling [23]. The small value o
ayj0 reflects the significant loss of magnetization to th
proton bath. We checked that the assumption of low
CP efficiencies going together with higher plateau valu
(between 12%y8% as in Fig. 4 and 58%y42% for the
one- and the two-filter experiments, respectively) chang
only the parametersa and D but not jhet because the
experiment primarily determines the ratiojhetyj0.

The main achievement of our new experiment is that w
were able to determine a length scale of the glass tran
tion, related to the size of dynamic heterogeneities. Sl
segments are clearly clustered together asjhet is signifi-
cantly larger than the diameter of a repeat unit. In co
trast to previous related attempts [2,14–19] our approa
for the first time, directly measures length and time sca
of dynamic heterogeneities independently. Moreover, t
results can be expressed in terms of an equilibrium o
servable. This has the advantage that (i) the leng
scale has a well-defined meaning, (ii) one does not ha
to worry about the effect of external perturbations, an
(iii) via Eqs. (1) and (2) the present approach can be
rectly translated to computer simulations. The fact th
our results are compatible with estimates from other e
periments in glass-forming systems [14] and the resu
by Donth et al. [13,20] show that the dynamic hetero
geneities seem to be closely related to CRRs. Howev
a precise relation between CRRs and dynamic hete
geneities has still to be formulated. Length scales, o
tained by the experiments mentioned before, are often
the same order [14,17] but also much larger, e.g., [1
as well as smaller values, e.g., [15], are found. This u
derlines that it is important to use well-defined concep
to defineand measurea length scale at the glass trans
tion. In principle one might studyjhet as a function of
temperature. However, the results by Donthet al. [20]
indicate that no significant temperature dependence is
be expected within the range of temperatures accessibl
the NMR experiments.

In summary, the length scale of dynamic heter
geneities in supercooled PVAc has been determined
a nonperturbativeexperiment combining13C multidimen-
sional exchange NMR and1H spin diffusion techniques.
Clusters of slow segments with diameter ofjhet  3 6

1 nm have been identified. Together with the previous d
2730
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termination of the lifetime of dynamic heterogeneities w
have obtained detailed and model-free information ab
the complex dynamics on intermediate length scales n
the glass transition.
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