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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 glass
transition by means of a new multidimensional NMR experiment. The spatial information is gained
from a proton spin diffusion experiment combined with two P exchange sequences via appropriate
back and forth transfer of magnetization betweéé@ and'H spins. For poly(vinyl acetate) at 10 K
above the glass transition we detected a length scalezofl nm. [S0031-9007(98)07244-5]

PACS numbers: 64.70.Pf, 76.60.—k

Supercooled amorphous systems exhibit a complethe local dynamics. Within the model of cooperatively re-
dynamic behavior (for a recent review, see Ref. [1], andarranging regions Donth has estimated the length scale of
references therein). For most glass-forming systems thighese regions to be close to 2 nm [13,20].
results in highly nonexponentiak relaxation. Recent Obviously it is desirable to have a method which allows
experiments have demonstrated that the nonexponentiahe to directly measure the length scale of dynamic
time behavior is related to a superposition of relaxatiorheterogeneities of the glass transition inanperturbative
processes, each characterized by an individual rate henegy. In this Letter we present a new experimefbD{
giving rise to the notion oflynamic heterogeneitig2—  CP experimentachieving this goal. It is an extension of
9], composed otlow andfastrelaxators. Similar results our previous 4D exchangéC-NMR experiment [3,6,11],
have also been observed in polymer simulations [10]where slow segments are selected and fluctuation of their
Hence dynamic heterogeneities are an essential ingredierates during a waiting time,,; is monitored; see Fig. 1 of
of the glass transition. Two characteristic properties oRef. [6]. We now combine this 4D experiment withi
dynamic heterogeneities—time scale of fluctuations ofpin diffusion duringz,,, providing spatial information.
rates and length scalg,., of temporary clusters of slow The paper is organized as follows: First, we give the
segments—are sketched in Fig. 1. general idea of our new approach and show how these

Information about theéime scale of fluctuationwithin  ideas are realized experimentally; then experimental data
the distribution of reorientation rates has already been okare presented for poly(vinyl acetate) (PVAc) slightly
tained from reduced four-dimensional solid state exchangabove the glass transition temperatufg. Finally, a
NMR (4D experiment[3,6,7,11] and from photobleach- quantitative analysis of these data is performed.
ing [5]. Application of the 4D experiment to a variety In Fig. 2 the idea of the 4D-CP experiment as well as
of polymers [3,6,11] and low-molar glass formers [7] hasthe original 4D experiment is described on the basis of a
clearly shown that the fluctuations within the heteroge-bimodal distribution with rateg,, andks.s [Fig. 2(a)].
neous rate distribution occur on the same time scale as the
relaxation process itself.

The length scaleéy. of the dynamic heterogeneities

may be related to that of cooperatively rearranging regions time scale
(CRRs), first postulated by Adam and Gibbs [12,13]. It .

is reasonable to assume tl&t, is an upper limit for the
length scale of CRRs. A, is a fundamental parame- length scale
ter of the glass transition, several attempts to determine 7 3
its value have been reported. Most approaches, however P ke

involve perturbations of the system itself. Either the lig-
uids are confined to pores [14-16] or probe molecules ARG, 1. Sketch of the temporal fluctuations as well as the
added to the sample [17-19]. Information about the chartength scale of dynamic heterogeneities. The temporal fluc-
acteristic length scale is derived from the dependence dafiations are related to a time scale in the sense that a specified
the a-relaxation properties on the size of the confiningségment may switch between a fast and a slow state. The po-
structure or the probe molecule. Interpretation of these ex3!tions of the individual"C spins are indicated. The circles

. . ."around them indicate the region of the proton bath from which
periments has to take into account that, e.g., the relaxatiqil g netization can be transferred back to the spins. We

in pores strongly depends on the surface properties of theote that it is also possible that the regions of slow segments
host [15,16] and that large probe molecules may changeisplay a continuous, more fractal structure.
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time scale: length scale: The 4D-CP experiment, as sketched above, contains
4D experiment 4D-CP experiment two important ingredients: (i) enhancement of spin diffu-
D D D sion and (ii) selection and detection of slow segments be-
M o W W fore and after the waiting timeg,,. The enhancement of
|S‘°“’| fast | . spin diffusion during the waiting time,, is achieved via
Kiiow kfast E het transfer of'3C magnetization to the proton bath. Whereas

direct 13C-13C spin diffusion is negligible, théH spin
kﬂ kﬂ diffusion is sufficiently fast for the present purpose. The

1 K, transfer of magnetization is achieved via cross polariza-
SOW ast

tion (CP) [11]. In analogy to the 4D experiment the selec-
A . tion and detection process is achieved by using 2D-echo
‘ N NN

X filters with filter timet,,o [6]. The desired magnetization,
ie., Ff(t,,ﬂ), corresponds to the height of the final echo.

X The 4D-CP experiment is sketched in Fig. 3.

) The experiments were performed on PVAc, 40% en-

Faltno) Fa (t) riched at the carbonyl group which serves as a sensor of

\ structural relaxation [21]. NMR echoes were recorded at
=) T =315 K = TP5¢ + 10 K on a Bruker MSL 300 spec-
09tz

s
trometer operating atH and 13C resonance frequencies

log(t,.)

FIG. 2. Schematic description of the 4D and the 4D-CP ex-0f 300.13 and 75.47 MHz, respectively. All CP times
periment, determining the time and length scale of dynamic hetwere set to 0.8 ms and the recycle delay to 3 s. The evo-
erogeneities, respectively. In (a) simple models are displayedytion time of the 2D-echo filters [6] was, = 200 us

for (left) exchange processes with rdfein a bimodal distri- P ; ; - ;
bution with ratesk..... and k... and (right) spin diffusion in a unless specified otherwise. CP times were optimized to ex

1D array of slow and fast regions with length scale., ne- clude equilibration of magnetization during the CP pulses
glecting exchange processes. In (b) it is shown how the magwhile retaining most of the signal intensity. Because of
netization, initially, i.e., forz,,» = 0, connected with the slow the low signal-to-noise (8\) ratio of this experiment up

segments, equilibrates with increasing waiting time due to  to 10 000 accumulations were necessary for a single data
exchange process or spin diffusion, respectively. The mag”:goint. The overall relaxation of the sample was determined

tization, remaining on the slow component, is indicated by th . . -
shaded areas. The dependence of this magnetizatiap,de y a 2D-echo experiment fitted to a stretched exponential

displayed in (c). After normalization to one these curves areeXH —(7n/70)P]yieldingry = 16 msand3 = 0.45. The
denoted Fy4(t,,,) and Ff([mz), respective|y_ Theirt,,, depen_ filter timestm() of the 4D and 4D-CP eXpel‘imentS were cho-
dence allows one to estimate the exchange Fager the length  sen to be 3.5 ms. In this way about 60% of the overall rate
scaleéy., respectively. distribution were selected.

The resulting curveF4(t,,,) is displayed in Fig. 4(a).

The first step of the 4D as well as the 4D-CP experiment? Fig- 4(b) the results of the 4D-CP experiments are
is to selectively magnetize théC spins, related to slow displayed. First we note that the decaydf occurs on
segments and to monitor the subsequent equilibratiofuch shorter time scales than féi. Hence exchange
of magnetization [Fig. 2(b)]. One may distinguish two Processes can be neglected for the interpretation of
equilibration processes in time and space, respectively. Ih; and the observed decay is exclusively related to
the 4D experiment one observes equilibration at a fixegpin diffusion processes, hence containing information
3C nucleus due to exchange processes rendering fagboutépne. For a quantitative interpretation we have to
segments slow and vice versa. In this way magnetizatiotake into account that not alH magnetization can be
is more and more connected also to fast segments arthnsferred back t&*C afterz,,. The regions whoséH

the observed magnetization, denotBg(r,,), decreases

with time until equilibration [Fig. 2(c)]. In contrast,

in the 4D-CP experiment one additionally enables spin selection mixing time detection

diffusion durlng the varlaple waiting time, (sge below | op p loin difusion] o

for more details). In this way magnetization can be | Zpecofiter T l Dochofiter] 8510
. . . a = ¥

transported to more mobile regions. Here the final *C l too ta too /\

magnetization on the slow segments is dendfétﬂtmz)
contammg information aboug., [Fig. 2(c)]. Of course, FIG. 3. Schematic representation of the 4D-CP experiment.

Fi(1,) is also sensitive to exchange processes (see a|§6;e final echo height as a function of, corresponds to

4(zm2) The transfer of magnetization to the proton bath
below). Formally, Fu(s,2) can be viewed as a four- \4Funis o o enable efficient spin diffusion between

time correlatlon function (see Ref. [6] for details) and in regions of slow and fast segments. Without CP this experiment
analogyF4 (t2) as a four time-space correlation function. reduces to the original 4D experiment; see Fig. 2 of Ref. [6].
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bath. The absolute plateau values in Fig. 4(b) have been
obtained by assuming a magnetization transfer efficiency
of about 40%. Anyhow, as will be discussed below, the
determination of,; is insensitive to this normalization.
Neglecting complications due to magnetization transfer

effects the signaFf(tmz) is given by

(a)

]
Fultn2)

09 T

08T
F () o (47 Dityy) [ dF exp(—7/4D1,)p (7).

(1)

Equation (1) expresses the propagation of magnetization
via spin diffusion with diffusion constari® starting from
an arbitrarily selected slowC spin atf = 0. The term
p(t) denotes the average density of SIOWC spins at
position T relative to the specified sloW’C spin. This
term takes into account that after spin diffusion duripg

0.05¢ A two-filter experiment: o o .
i dynamic selection only magnetization related to slow spins is again selected
0 diuy t B and finally measured. A clustering of slow molecules
0.1 L 10 100 t,/ms gives rise to a nontrivial behavior gf(f). The simplest
FIG. 4. Experimental curveg, of the (a) 4D experiment nor- approach is to write
malized to F4(t,,2 = 0) = 1 as well as the theoretical curve _ .. 3 -
for a rate memory parametg = 1 as defined in [6,22] and pM) =06 + (1/&)p + (1 — p) exp(—=2[Fl/Ened)].
(b) Ff (4D-CP experiment) for one and two filters. Experimen- (2)

tal errors are indicated for the data points with larggstonly. . . .
The curves in (b) result from model calculations, described irthereby introducing the correlation lengfh.;. The delta
the text. Upper solid line: equilibration on the length scalefunction denotes the self-correlation term. Furthermore,

£o, lower solid lines: length scale&,. of 2 and 4 nm, respec- the second term expresses that very close to the specified
tively, dashed line: statistical distributidgn.. = 0), and dotted 13 spin it is very probable that anothEIC spin is also
Irlgs(?bctjr?é)iﬁg“trcgl::fze)ér())er?rnm.ema”y accessible length scales COrlow Wherea's' for Qistances muc.h longer thian a con-

stant probabilityp is reached. Sincé&; and the ratio of

the two-filter to the one-filter data reach the same equi-

o ] o ) . librium value one can identifyp = F4(») = 0.72. Of
magnetization is lost is sketched in Fig. 1 as being outsidgqyrse, without selection, i.e., in the one-filter experiment,
the circles of sizez surrounding each’C. Clearly this one hasp = 1. The above expression neglects effects
loss of magn3etizati_on is related to the average dist@ice yye to details of the magnetization transfer and the pres-
?3etween the’C spins, being 0.7 nm in our case of 40% gnce of exchange processes as discussed above. How-
C enrichment. Diffusion on both length scalgsand  gyer, this can be taken into account by considering that

£net CaN be separated by measurifg with and without (i) after the CP to protons the magnetization is distributed
2D-echo filters. On a qualitative level comparison ofaround the individual®C spins with a Gaussian with vari-
both experiments contains information about the relativeance? (see Fig. 1), (ii) the back transfer of magnetiza-
values oféhee and§y with the internal standaré, known  tion of a proton afy to a'3C spin atfc is proportional
from the sample preparation. Direct comparison of twoto exd —(fy — Fc)%/242], and (iii) the presence of a clus-
data sets requires that they are recorded under similagr of slow segments around a tagged segment disappears
conditions, in particular, applying the same number ofpy exchange processes, expressedhy For our experi-
pulses. Therefore, in the reference experiment the firshental data the exchange processes can be neglected on
2D-echo filter was retained and the pulse delayf the  the time scale of the relevant spin diffusion process. Ad-
second was set to As in order to suppress the filter effect justable parameters a2, a, and&ne.. D anda are ob-
[6]. This experiment is denoted a one-filter experiment asained from the decay time and the final plateau value of
compared to the two-filter experiment with both selectionthe one-filter data, respectively. Using these parameters

and detection of slow segments. one can extract the value &f.; from the decay time of
Note that the plateau values of both curves are welihe two-filter experiment.

defined. Their ratio is determined by the known fraction |n Fig. 4(b) the fitted curves for the one-filter and
of selected slow segments. The fact that th\Satio  two-filter data are displayed, the latter also for different
of the Ff is only a few percent of that off, is values ofé. The experimental data are compatible with
partly due to the finite magnetization transfer efficiencyvalues of &, between 2 and 4 nm. For larger values
and partly to the loss of magnetization to the protonthe plateau would not be reached fgf, = 3 ms; for
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much smaller values of;. the plateau value should termination of the lifetime of dynamic heterogeneities we
be already reached for times as small as 0.3 ms, bothave obtained detailed and model-free information about
in contrast to the experimental data. The adjustabl¢he complex dynamics on intermediate length scales near
parameters ar® = 0.42 nn?/ms anda = 0.1 nm. The the glass transition.
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