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A multidimensional static solid-state NMR experiment is de-
cribed that combines 13C exchange sequences with 1H spin diffu-
ion. It realizes a spatial correlation of different reorientation
ates. By means of this experiment the length scale of dynamic
eterogeneities can be measured directly. The pulse sequence and
hase cycle as well as the experimental setup procedure and data
nalysis are described in detail. It complements the previous letter
n this subject where a brief report of the main results were
resented (U. Tracht et al., 1998, Phys. Rev. Lett. 81, 2727).
pplication of this experiment to an amorphous polymer in the

upercooled state yields a length scale of immobile regions of about
nm. © 1999 Academic Press

INTRODUCTION

Amorphous systems in the glass transition range ex
haracteristic dynamic properties regardless of their chem
tructure (1, 2); e.g., thea-relaxation is highly nonexponentia
number of studies on different fragile glass formers (3–12)

as shown that the nonexponentiala-relaxation can be attrib
ted to the existence of dynamic heterogeneities; i.e.
acroscopically nonexponential relaxation functions are d
superposition of different relaxation rates. Dynamic het

eneities can be characterized by the time scale of fluctua
f relaxation rates within the rate distribution and by the sp
xtension of temporary clusters of slow molecules; see F
he question whether the glass transition is connected w
haracteristic length scale is an important aspect of the
etical understanding of the freezing process in superco
iquids. Several theories postulate the divergence of a ch
eristic length scale at the glass transition. The length sca
ynamic heterogeneities can, for example, be related to th
f the cooperatively rearranging regions introduced by A
nd Gibbs (13). Different experimental approaches have b
eveloped to determine a characteristic length scale of the

ransition but apart from two new types of experiments (14, 15)
hese techniques involve external perturbations of the inv
ated dynamics (16–18, 8) or rely on model assumptions abo

he relaxation mechanism for relating experimental data
460090-7807/99 $30.00
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ooperativity length (19, 20). Computer simulations of diffe
nt model glasses have revealed the significance of a co
tivity length for the dynamics of, e.g., Ising spin glas
21, 22), lattice-gas models (23), and Lennard–Jones liqui
24).

Among the experimental techniques used to study relax
rocesses in glass formers and in particular dynamic hete
eities multidimensional solid-state NMR has become an
ispensable tool (5, 9, 10, 25, 26). The temporal evolution o
elected relaxation rates has already been analyzed exten
y reduced four-dimensional solid-state exchange NMR
cho experiment) (5, 9, 10, 27–31). Application of this tech
ique to a variety of polymers and low-molar glass formers
hown that slow molecules change their rate after only
eorientation process. The determination of the characte
ength scale of dynamic heterogeneities is much more co
ated because it requires spatially resolved characterizat
ynamic properties in single component systems which d
xhibit chemical contrast. In a recent publication (15) results

rom a new multidimensional NMR experiment (4D-cross
arization (CP) echo experiment) that allows direct determ
ion of the length scale of dynamic heterogeneities have
resented.
The present contribution is to focus on the complex ex

mental procedure as well as the data analysis to determin
ength scale of the dynamic heterogeneities. First of all,
asic idea of the 4D echo and the 4D-CP echo experime
escribed; in the following paragraphs the pulse sequenc

he experimental setup of the 4D-CP echo experimen
iscussed and finally a theoretical model is presented by w
eans a quantitative analysis of the experimental data is

ormed. Note that we apply this technique to chemical ho
eneous systems rather than the simpler case of blen
lock-copolymers where already the structural heterogen

mply trivial dynamic heterogeneities.

4D-CP ECHO EXPERIMENT

The experiment developed for the determination of
ength scale of dynamic heterogeneities is an extension o
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461DETERMINING LENGTH SCALE OF DYNAMIC HETEROGENEITIES
D exchange experiments used to measure the tempora
ution of selected reorientation rates (5, 9). In the origina
ersion (5) just one of the evolution times of the 4D experim
as incremented so that full two-dimensional13C spectra wer

ecorded in order to achieve spectral resolution of diffe
hemical sites in samples with13C in natural abundance. Lat
sing samples with selective isotopic labeling it was suffic

o record only echo-signals (9). Since much less time is r
uired for recording an echo rather than a full 2D data
ystematic variation of the intermediate mixing time was
ible (4D echo experiment). By combining the latter exp
ent with 1H spin diffusion spatial information is accessib
he basic principle of both techniques is sketched in Fig.

he case of a bimodal distribution with rateskslow andkfast. The
rst part of the 4D echo as well as the 4D-CP echo experi
cts as a filter that leaves magnetization only on immo
olecules or segments. During the variable waiting timetm2

wo different equilibration processes may take place. On
ne hand the mobility of initially slow segments may cha
Fig. 2a). The 4D echo experiment monitors such fluctua
f rates by finally selecting the components that are still
obile after the waiting time. On the other hand spatial re

ribution of magnetization from the immobile toward the m
ile regions may occur (Fig. 2b). Under the assumption tha
ate distribution is static on the time scale of the experimen
D-CP echo experiment measures the amount of magnetiz

hat is still on the initially selected immobile spins after
quilibration time. The final echo height as a function of
aiting time corresponds to a four-time correlation functio

he case of the 4D echo experiment whereas the 4D-CP
xperiment achieves four-time correlation together with a

ial correlation. The experimental realization of the princ
llustrated in Fig. 2 is described in the following.

Pulse sequences and phase cycles are presented for th
f static 13C-CP measurements. The 4D echo experimen
ostly been applied to2H so far (10, 27, 29, 30, 32, 33). The
ulse sequences of the13C 4D echo and the 4D-CP ec
xperiments are shown in Figs. 3a and 3b, respectively
xchange sequences are based on the orientation depend

he resonance frequencies. Dynamic selection is achiev
D echo sequences as described previously (9, 34). Only mag-

FIG. 1. Schematic representation of the time scale and the length scaj het

f dynamic heterogeneities. The time scale is related to the temporal fl
ions in the sense that a specified segment may switch between a fas
low state. Furthermore, the positions of the individual13C spins are indicate
he length scalesj0 anda are significant for the quantitative analysis of
D-CP echo experiment and are explained in Sections 2 and 4, respec
vo-
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etization from segments that have not changed their ori
ions during the filter timetm0 contribute to the final echo give
y ^cos((v 1 2 v 2)t p)& ' ^cos(v 1t p) cos(v 2t p)&. The geomet
ic sensitivity of this filter is determined by the product of
volution time t p and the chemical shift anisotropyd. The
maller the reorientation angle to be probed the largert pd has
o be in order to detect single reorientation processes. Th
cho experiment consists of two 2D echo sequences with

imes tm0 separated by the variable waiting timetm2; see Fig
a. By appropriately choosing the pulse phases (Table 1a

our-time correlation function

F4~tm2! 5 ^cos~~v1 2 v2!tp!cos~v3tp!cos~v4tp!& [1]

s measured. Quantitative analysis of this function is pos
n terms of a rate memory parameterQ (35). Q can be inter
reted as the number of reorientations that a selected
egment performs before it changes its rate. For all org
ragile glass forming systems studied so far fast fluctuation

a-
d a

ly.

FIG. 2. Schematic representation of the 4D (left) and the 4D-CP (r
cho experiments for a bimodal reorientation rate distribution. In the firs
f both experiments immobile segments with ratekslow are selected. Equilibra

ion of the distribution of magnetization during the variable waiting timetm2

ay take place either via changes of the rates of selected segmen
xchange rateG (4D echo experiment) or via spatial distribution of magn
ation with spin diffusion constantD from the immobile toward the mobi
egments (4D-CP echo experiment). Finally, the same filter as in the beg
f the experiments is applied again; thus, by the 4D echo experiment
omponents that have not changed their rates duringtm2 and in the 4D-CP ech
xperiment the amount of magnetization that is still in the immobile reg
re detected. The resulting echo decay curvesF 4(tm2) and F 4

j(tm2) contain
nformation about the exchange rateG and the length scale of dynam
eterogeneitiesj , respectively.
het
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462 TRACHT ET AL.
elected rates corresponding to rate memory parametersQ on
he order of 1 have been found (9, 10, 27–29, 31). The under
ying rate distributions typically covered 2–4 orders of m
itude. Since the NMR echo experiments are sensitive t
-relaxation these exchange processes directly contain
ation about the nature of the main relaxation of the g

ransition.
In order to obtain information about length scales in dyn

cally heterogeneous systems solid state NMR often exp
pin diffusion (25). In contrast to1H spin diffusion experimen
n multicomponent systems with largely different mobilit
tandard selection techniques are not applicable to dete
he length scalej het of dynamic heterogeneities at the gl
ransition in chemically homogeneous systems. Dynamic
ection is easily feasible by13C 2D echo filters but13C spin
iffusion can often not be exploited in such systems bec

or partly 13C-labeled samples like the one used in the pre
nvestigation 13C spin diffusion is usually negligible on th
ypical time scale of the experiment. Of course, this is
ssential requirement for the 4D echo experiment to be s

FIG. 3. Pulse sequences for the 4D and the 4D-CP echo experimen13C
ecoupling is applied during all evolution and detection times. Gated
ontributions from aliphatic carbon atoms. Both pulse sequences consis
f segmental orientations at four times. As compared to the 4D echo ex
nd aftertm2 in order to enable spin diffusion between regions of slow an

or fixed evolution timest p and filter timestm0 or tm1 and tm3, respectively.
-
he
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s

-
ts

,
ine
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nt
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ive to rate exchange, treating the effects of spin diffusion
s a small perturbation. For designing an experiment to
urejhet we exploit that1H spin diffusion is much faster tha

13C spin diffusion because of the higher gyromagnetic r
igher spin density, and natural abundance. Therefore
D-CP echo experiment combines13C 2D echo filters with1H
pin diffusion in order to achieve four-time as well as spa
orrelation. The signalF 4

j(tm2) that is recorded at the end of t
ulse sequence and which is equivalent to the integral ma

ization of the immobile domains is given by

F 4
j~tm2! }

1

~4pDtm2!
3/ 2 O

i , j

cos~~v 1
i 2 v 2

i !tp!

expS2
~r i~0! 2 r j~tm2!!

2

4Dtm2
Dcos~v 3

j tp!cos~v 4
j tp!.

[2]

denotes the spin diffusion coefficient and the sum refe

agnetization is created via cross polarization. Heteronuclear continuous
coupling during the Hahn echo delay can be applied in order to sup
f two 2D echo filters separated by a waiting timetm2, thereby realizing a correlatio
ment the 4D-CP echo experiment is extended by two cross-polarizationefore
st segments. In both experiments the echo height is measured as a futm2
ts.m
de
t o

peri
d fa
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TABLE 1
Phase Cycles for the Echo Experiments

(a) 4D

1H-M 11111111 11111111 11111111 11111111

P1 p/2 02020202 02020202 02020202 02020202
P2 00112233 00112233 00112233 00112233
13C-M 02132031 02132031 02132031 02132031
P3 p/2 13203102 31021320 20310213 02132031

cosv1t1 cosv1t1 sinv1t1 sinv1t1
13C-M 11111111 22222222 11111111 22222222

P4 p/2 31021320 13203102 20310213 02132031
13C-M 02132031 02132031 31021320 31021320
P5 p/2 11223300 11223300 11223300 11223300

cosv2t2 cosv2t2 sinv2t2 sinv2t2
13C-M 12121212 12121212 12121212 12121212

P6 p/2 02132031 02132031 02132031 02132031
13C-M 11223300 11223300 11223300 11223300
P7 p/2 20310213 02132031 20310213 02132031

cosv3t3 cosv3t3 cosv3t3 cosv3t3
13C-M 12121212 21212121 12121212 21212121

P8 p/2 02132031 20310213 02132031 20310213
13C-M 11223300 11223300 11223300 11223300
P9 13203102 13203102 13203102 13203102
13C-M 11223300 11223300 11223300 11223300

(b) 4D-CP

1H-M 11111111 11111111 11111111 11111111

P1 p/2 02020202 02020202 02020202 02020202
P2 (lock) 00112233 00112233 00112233 00112233
P3 p/2 20202020 20202020 20202020 20202020
13C-M 02132031 02132031 02132031 02132031
P4 p/2 13203102 31021320 20310213 02132031

cosv1t1 cosv1t1 sinv1t1 sinv1t1
13C-M 11111111 22222222 11111111 22222222

P5 p/2 31021320 13203102 20310213 02132031
13C-M 02132031 02132031 31021320 31021320
P6 p/2 11223300 11223300 11223300 11223300
13C-M 12121212 12121212 12121212 12121212

cosv2t2 cosv2t2 sinv2t2 sinv2t2
P7 p/2 33333333 33333333 33333333 33333333
13C-M 02020202 02020202 02020202 02020202
13C lock 00000000 00000000 00000000 00000000
P8 (lock) 00112233 00112233 00112233 00112233
P9 p/2 13131313 13131313 13131313 13131313
13C-M 11111111 11111111 11111111 11111111

1H-M 02132031 02132031 02132031 02132031
P10p/2 11223300 11223300 11223300 11223300
1H-M 12121212 12121212 12121212 12121212

P11p/2 00000000 22222222 00000000 22222222
1H-M 13131313 13131313 13131313 13131313
1H lock 33333333 33333333 33333333 33333333
P12 (lock) 00112233 00112233 00112233 00112233
13C-M 02132031 20310213 02132031 20310213
P13p/2 11223300 11223300 11223300 11223300

cosv3t3 cosv3t3 cosv3t3 cosv3t3
13C-M 12121212 21212121 12121212 21212121

P14p/2 11111111 22222222 33333333 00000000
P15p 00002222 11113333 00002222 11113333
13C-M 20202020 13131313 02020202 31313131

Note.The numbersn 5 0, 1, 2, 3 correspond tox, y, 2x, 2y pulse phases.1 and2 stand for1z and2z magnetization, respectively. Since spin-1
2 transitions are

onsidered the effect of the pulses can be visualized in the vector picture. The direction of rotation of the magnetization is determined according tothe left-handed
onvention (25), e.g.,1zmagnetization is rotated to the (n 1 1) axis by a pulse with phasen. The pulse phases are adjusted such that the first 2D filter sequence
1 to P4) generates the cos(v1tp)cos(v2tp) 1 sin(v1tp)sin(v2tp) signal and the final filter (pulses P6 to P9 in the 4D echo experiment and P12 to P15 in the 4D-C
xperiment) yields only the cos(v3tp)cos(v4tp) signal. Contributions from magnetization that has built up during the mixing times due to spin lattice relaxa
liminated by storing alternately1z and2z magnetization. Furthermore CYCLOPS and the cross-polarization phase cycling are included.
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464 TRACHT ET AL.
ll 13C spins. This expression results from the solution of
hree-dimensional diffusion equation for a point source (36). It
s valid in the present form only if one assumes spin diffu
mong13C spins. In realityD stands for the1H spin diffusion
oefficient and a full description of the experiment is m
omplicated as will be discussed below. The pulse sequ
sed to measureF 4

j(tm2) is given in Fig. 3b. In principle th
volution times in the beginning,t p1, t p2, and at the end,t p3,
an all be chosen differently. This is exploited, e.g., for rec
ng the reference data; see below. In the actual applicati
he sequence to determinej het, all three are taken to be equa
p. After the first 2D sequence with filter timetm0 the selecte
agnetization is transferred to protons surrounding the13C

pins via cross polarization. At the end of the waiting timetm2

he 1H magnetization is transferred back to13C. Finally anothe
D echo filter selects the magnetization that is left in immo
egions. The phase cycle as described in Table 1b in co
ation with additional filter steps (lock A, lock B,z filter)
uarantees that only the desired magnetization contribut

he final echo signal. During the lock pulses lock A and loc
esidual transverse magnetization on the respective other
ecays under homonuclear dipolar coupling and hence do
dd to the magnetization created by cross polarization. T
lter preceding the crosspolarization from13C to 1H makes i
ossible to have a constant phase for the13C CP lock pulse an
dditionally suppresses multiple quantum coherences or
etization resulting from pulse imperfections. The efficienc

he phase cycle has been checked by performing the e
ent with the second CP pulse on the13C channel omitted. N

ignal resulting just from1H single pulse excitation could b
etected.
The functionF 4

j measured by the 4D-CP echo experimen
ore complicated than standard spin diffusion curves bec
f the two cross polarization steps before and aftertm2. Yet,

his experiment has the advantage that it can be interp
ithout specific assumptions about the diffusion coefficien
rinciple, the length scalej het of dynamic heterogeneities c
e obtained from a spin diffusion experiment by solving
iffusion equation under the assumption of some reaso
alue for the diffusion coefficientD inferred from simila
ystems (25, 37). Values for D have been determined f
odel systems with well-defined domain sizes and topolo

37, 38). These values cannot be generalized to the 4D
cho data because the effective diffusion coefficient is on
ne hand influenced by the amount of magnetization tr

erred during the CP and spin-lock times that is hard to
ate because each lock pulse scales the dipolar coupling

actor of 20.5 (39). On the other handD may depend on th
obility of the selected component. The 4D-CP echo ex
ent has the advantage that the next nearest neighbor di

0 of labeled13C atoms can be used as an internal refere
he principle sketched in Fig. 2b is only valid for compl

ransfer of magnetization from protons to13C by the cros
olarization at the end of the spin diffusion timet . In reality,
m2
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nly magnetization from carbons close enough to13C atoms is
ransferred; the rest is lost to the proton bath. This means
ven without any dynamic selection the spin diffusion cu
ecays with increasingtm2 due to distribution of magnetizatio
ver the proton bath. Equilibrium is reached when the ma

ization has diffused to the nearest13C atom over an averag
istancej0. The time scale of this decay ofF 4

j is a measure o
he length scalej0 whereas the amplitude of the decay i
easure of the distance over which1H magnetization can b

ransferred to13C atoms via cross polarization. If the two len
calesj0 andj het are significantly different the spin diffusio
urve shows a two-step decay with the first decay corresp
ng to diffusion on the length scalej0 and the second dec
orresponding to diffusion over the distancej het (15). The first
iffusion process can be measured separately by perfor

he 4D-CP echo experiment without dynamic selection. S
he corresponding distancej0 is known from the degree
sotopic enrichment the effective diffusion coefficient can
etermined from this reference experiment. Moreover, by c
aring the results of the experiments with and without sele
f immobile components the length scalej het can be deter
ined without any assumptions about the diffusion coeffic

he topology of the mobility distribution, or the influence of
ross-polarization sequences on the spin diffusion.

EXPERIMENTAL

A polyvinyl acetate sample selectively13C-labeled at th
arbonyl position has been studied. The carbonyl site has
hown to be a sensor of main chain reorientation (40). The
sotopic enrichment amounts to 40% which corresponds
verage distance of13C atoms ofj0 5 0.7 nm. The chemica
hift principal axes values ares xx 5 114 6 3 ppm, s yy 5
38 6 3 ppm, ands zz 5 260 6 3 ppm corresponding to a
nisotropy parameter ofd 5 90 ppm (=2p z 6.8 kHz atB0 5
.05 T) and anasymmetry parameter ofh 5 0.27. The glas

ransition as determined by DSC (heating rate 10K/min
g
DSC 5 305 K. Relevant relaxation times areT1(

1H) 5 2.9 s,
1(

13C) 5 30 s, TCH 5 0.3 ms, T1r(
1H) 5 55 ms, and

*2(
1H) 5 14 ms. The sample has been dried in vacuum

everal hours and annealed prior to sealing it in a glass
nder vacuum. The experiments have been performed
ruker MSL 300 spectrometer operating at1H and 13C reso-
ance frequencies of 300.13 and 75.47 MHz, respective
ommercial Bruker static double resonance probe has
sed. Data were acquired atT 5 315 K 5 Tg

DSC 1 10 K. The
emperature has been chosen such that on the one ha
orrelation times are sufficiently long that molecular dynam
uring evolution and detection periods can be neglected
ross polarization is efficient. On the other hand the correla
imes are short compared toT1 relaxation and13C spin diffu-
ion times.
The most important acquisition parameters are give

able 2 and will be discussed in the following. The delays
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465DETERMINING LENGTH SCALE OF DYNAMIC HETEROGENEITIES
, lock B, andz filter that are employed to support the ph
ycle are chosen to be longer than the relevantT*2 relaxation
imes but short enough to minimize the loss of magnetiza
ia T1r relaxation during the lock pulse on the second chan
ated decoupling during the Hahn echo delayD serves to

uppress the signal from the aliphatic carbons present in n
bundance. The filter parameterst p and tm1 5 tm3 5 tm0 have
een determined guided by results from 2D echo experim
he evolution timet p should be as short as possible in orde
inimize loss of magnetization byT2 relaxation but long
nough to be sensitive to single reorientation processes.
een set to 200ms (t pd 5 8.5) which is the smallest valu
ensitive to reorientation anglesa * 10°. The filter timetm0

etermines what part of the rate distribution is selected.
wo-time correlation function is well described by a stretc
xponential exp[2(t/t 0)

bKWW] with t0 5 16 ms andbKWW 5
.45;hence, a selection of about 60% is achieved by settintm0

o 3.5 ms. Optimizing the cross-polarization time is very
ortant for getting the experiment to work. It determines

otal 13C magnetization and the volume surrounding a13C spin
o which magnetization is transferred during the CP pulse.
o the limited efficiency of magnetization transfer each cr
olarization sequence results in a considerable loss of m

ization. For the reason explained in the following the con
imes cannot be optimized to give maximum signal. A qu
itative analysis of the 4D-CP echo experiment relies on
nformation about the time scale of diffusion over the dista
0. Therefore the magnetization must still be closer to the in

13C spin at the end of the cross-polarization sequence. On
his case does the spin diffusion on the length scalej0 cause a
easurable decay of the spin diffusion curve. Thus the co

ime should be as short as possible while still yielding inte
nough signal. The cross-polarization time has been optim
y performing the 4D-CP echo experiment without dyna
election for different CP times. The resulting spin diffus

TABLE 2
Acquisition Parameters Used in the 4D-CP Echo Experiment

with the Pulse Sequence Given in Fig. 3

Two-filter experiment One-filter experime

ock A 500 ms 500ms
ock B 100ms 100ms
filter 100 ms 100ms

52 ms 52ms
ate 51ms 51ms
P 0.8 ms 0.8 ms

m1; tm3 3.5 ms; 3.5 ms 3.5 ms; 1 ms

p1,2(t pd); t p3(t p3d) 200 ms (8.5); 200ms
(8.5)

200 ms (8.5); 1ms
(30)

W 2 ms 2 ms
epetition delay 3 s 3 s
ccumulations per echo 9600 4800

Note.The choice of the different parameters is discussed in the text.
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urves are displayed in Fig. 4. It is obvious that durin
ontact pulse of 1.6 ms an equilibration of magnetization
lready taken place whereas the curves acquired with 0.
.5 ms CP pulses show the expected decay. Since there
ignificant difference between the results for 0.8 and 0.5
ontact times all experiments were performed with CP pu
f 0.8 ms because of the gain of signal as compared to a co

ime of 0.5 ms.
There are two possibilities for measuring the curve w

ut dynamic selection. In order to be directly comparabl
he actual 4D-CP echo experiment it has to be recorded
he same pulse delays. Either both 2D echo filters
eactivated by setting all evolution times tot p1,2 5 t p3 5 1
s, hence reducing the geometric sensitivity, or the
lter may be retained,t p1,2 5 200 ms andt p3 5 1 ms. Ideally
he resulting spin diffusion curves should be identical. S
ifferences between the two experiments are conceiv
ecause the spin diffusion may be slowed down in
obile regions due to a reduced homonuclear dipolar
ling. Furthermore in the mobile regions spin diffusion
uperimposed by mass transport via reorientations of m
egments. Finally the cross-polarization efficiency may
epend on the mobility. The experimental results (see
) show that the spin diffusion curves from the two exp

ments are slightly different. Since the experiment with
rst 2D echo sequence retained (one-filter experiment)
he full 4D-CP echo experiment (two-filter experiment) h
dentical initial conditions at the beginning of the s
iffusion time t m2 it is justified to assume a single effecti
pin diffusion coefficient for these two experimen
hereas the spin diffusion coefficient might be differen

he case of the experiment without any dynamic selec
or the reasons mentioned above. Therefore the one-
xperiment is used as a reference.

FIG. 4. Experimental data from the 4D-CP echo experiment withou
dynamic selection (t p 5 1 ms, tm0 5 1 ms) for different cross-polarizati
contact times. The data show the equilibration of proton magnetization fo
contact pulses. Dotted lines serve as a guide to the eye. The first data po
been normalized to unity, in all cases.
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ANALYSIS OF EXPERIMENTAL DATA

Results from the 4D echo experiment and the one-filter
wo-filter 4D-CP echo experiments are shown in Fig. 6. O
usly, the spin diffusion curvesF 4

j decay much faster than t
our-time correlation functionF 4 such that the requirement th
he reorientation rate distribution is static on the time sca
he spin diffusion process is met. Also, the plateau v
eached after the decay is completed is significantly lowe
he two-filter experiment compared with that for the one-fi
xperiment. This shows that the experiment is capabl
etermining the length scale of the dynamic heterogene
het. The analysis of the data, necessary to extractj het, is
escribed in the following.
The model used to describe the 4D-CP echo experime

ased on the solution of the three-dimensional diffusion e
ion for a point source as expressed by Eq. [2]. For the pre
urpose the expression is rewritten as

F 4
j~tm2! }

1

~4pDtm2!
3/ 2 E expS2

r 2

4Dtm2
Dr~r !dr , [3]

ence omitting the integration over all initial positions;
ppendix for a formal proof.r(r ) 5 d(r ) 1 r0(r ) denotes th
verage density of immobile13C spins at positionr relative to

he initially selected13C spin. The delta function expresses
elf-correlation term.r0(r ) is the local density of13C spins. Fo
he experiment without dynamic selectionr0(r ) is always given
y the average density of13C atoms with distancej0, r0(r ) 5

0
23. Otherwiser0(r ) is lower because of the selection of o
art of the13C spins. Equation [3] still neglects the effect of
agnetization transfer via crosspolarization.

FIG. 5. Reference experiment measuring the spin diffusion process o
nternal length scalej0. Data from the experiment without any dynam
election (t p1,2 5 t p3 5 1 ms) are compared to the one-filter experiment (t p1,2 5
00 ms, t p3 5 1 ms). Lines serve as a guide to the eye. The initial data p
btained with no dynamic selection, has been normalized to unity.
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A clustering of slow segments can be expressed by

r0~r ! 5
1

j 0
3 Fp 1 ~1 2 p!expS2

2ur u
jhet

DG , [4]

hus defining the correlation lengthjhet. This approach is ana
gous to the treatment of complex two component system
escribed in (37) where the distribution of the selected co
onent is modeled as clusters of extensionj het that are sur
ounded by regions with average densityp/j 0

3 of the selecte
omponent. This means that close to the selected13C atom the
robability of finding another immobile segment is h
hereas for distances much longer thanj het one ends up wit
n average probabilityp. p is determined by the selected p
f the rate distribution. It is equivalent to the final value of

our-time correlation function,p 5 F 4(tm2 3 `) 5 F 4
`; see

lso Fig. 1b. For the one-filter experiment one hasp 5 1. As

FIG. 6. Experimental data from the 4D and the 4D-CP echo experim
a) F 4 has been normalized toF 4(tm2 5 0) 5 1. The solid line is th
heoretical curve for a rate memory parameterQ 5 1. (b) F 4

j from the
ne-filter (upper curve) and the two-filter (lower curve) 4D-CP echo ex
ents. Because of the poor signal-to-noise ratio echo heights from the 4
cho experiments have been determined by fitting the echo signals to

ans. Experimental errors are indicated for the data points at longest m
ime only. The normalization is discussed in the text. The curves result
odel calculations witha 5 0.1 nm andD 5 0.42 nm2/ms as described

he text. Upper solid line, equilibration on the length scalej0; lower dashed
ine, statistical distribution (jhet 5 0) of different reorientation rates; low
olid lines, length scalesjhet of 2 and 4 nm, respectively; lower dotted lin
pper limit of experimentally accessible length scales corresponding toj het '
0 nm.
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467DETERMINING LENGTH SCALE OF DYNAMIC HETEROGENEITIES
lready mentioned, details of the magnetization transfer
ate exchange processes have been neglected so far.
ffects can be taken into account by the following mo
ssumptions: (i) after the crosspolarization from carbon
rotons the distribution of magnetization around the initial13C
tom is given by a Gaussian with variancea2; see also Fig. 1
he parametera cannot be directly translated into a carbo
roton distance; (ii) The transfer of proton magnetization ar H

o a 13C spin at r C at the end oftm2 is proportional to
xp(2(r H 2 r C) 2/ 2a2); and (iii) the cluster of immobil
egments surrounding a given spin disappears by exch
rocesses as expressed byF 4. The explicit calculation ofF 4

j is
traightforward but somewhat technical and is therefore g
n the Appendix. Adjustable parameters for the model cu
reD, a, andj het. The model curves shown in Fig. 6 have b
btained with a 5 0.1 nm andD 5 0.42 nm2/ms. The
arametera determines the absolute normalization of b
urves whereasD determines the time scale of the decay.
bsolute normalization has to take into account the lim
fficiency of the cross-polarization steps and has been ch

o give the best fit of the experimental data to the theore
urves. By changing the absolute normalization both valua
ndD change. As will be discussed below the determinatio
het is insensitive to the absolute normalization of the de
urves. The curves from the two-filter and the one-filter ex
ments relative to each other have been normalized acco
o the theoretical ratio of their plateau values. As compare
he one-filter experiment the two-filter experiment addition
ecays to the selected part. Hence the ratio of the pla
alues of the one- and the two-filter experiments approxim
orresponds top 5 F 4

`. Taking into account the details of t
D-CP echo experiment deviations of the ratio of the pla
alues fromF 4

` occurs for smallj het. This effect is discussed
he Appendix. It does not influence the analysis of the ex
mental data because values fortm2 3 0 are not accessib
nyway and therefore the experimental curves cannot be
alized toF 4

j(0) 5 1. For estimating the influence of t
bsolute normalization on the result forj het model curves hav
een calculated for plateau values of the one-filter experi
etween 0.1 (Fig. 6) and 0.6 (Fig. 7). Figure 7 shows the m
urves corresponding to a plateau value of 0.6. Comparis
ig. 6 shows that the range of correlation lengths tha
ompatible with the experimental data is quite insensitiv
he choice ofD anda becausejhet mainly influences the tim
t which the plateau value is reached. For both sets of m
urves the experimental results are compatible with correl
engths between 2 and 4 nm. The data from the two-
xperiment show that the plateau value is not yet reache

m2 5 0.3 ms but is definitely reached fortm2 5 3 ms.
herefore values ofjhet smaller than 2 nm as well as larger th
nm can be excluded. The length scales accessible b

xperiment are limited by the rate exchange processes w
lso lead to a decay ofF 4

j. Correlation lengths ofj het $ 100
m cannot be distinguished from infinitej . Within the ex-
het
nd
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l
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erimental uncertainty only correlation lengths smaller tha
m can be determined.
The best fit to the experimental data especially for shortm2

as been achieved witha 5 0.1 nm andD 5 0.42 nm2/ms.
he value of a is a measure of the distance over wh
agnetization is transferred by the cross polarization.

mall number is reasonable because a large loss of magn
ion to the proton bath is compatible with the low signal
oise ratio of the 4D-CP echo experiment as compared t
D echo experiment. A larger value fora would correspond t
ross polarization to a larger number of protons and co
uently the observed poor signal-to-noise ratio would be s
ue to inefficient cross polarization and not to a loss of m
etization to the proton bath. This assumption contradict
esults from the one-filter experiment. The decay of this c
hows that a loss of magnetization to the proton bath t
lace. The corresponding diffusion coefficientD 5 0.42
m2/ms is about a factor of 1.5 to 2 smaller than typical1H spin
iffusion coefficients determined for polymers below th
lass transition (37). This discrepancy can be attributed to
lready mentioned scaling of the dipolar coupling by a facto
1
2 during the spin lock pulses or to the dependence ofD on the
obility.

DISCUSSION

By means of the new 4D-CP echo experiment the le
cale of immobile regions in polyvinyl acetate has been d
ined to bej het 5 3 6 1 nm. This length corresponds to

ubic volume between 65 and 520 repeat units. It is
ossible to infer further information about the shape of

mmobile domains. They could be compact clusters as we
ontinuous interpenetrating structures. The result confirms
ries that relate the dynamic properties in the glass trans
ange to a cooperativity length (19).

In contrast to previous experimental determinations
haracteristic length of the glass transition the NMR exp

FIG. 7. Comparison of the same experimental data as shown in Fig
odel calculations witha 5 0.2 nm andD 5 0.19 nm2/ms. The differen
odel curves correspond to the same length scales as those of Fig. 6.
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468 TRACHT ET AL.
ent directly measures length scale and time scale of dyn
eterogeneities independently and without any external pe
ations. Furthermore the length scalejhet has a well-define
eaning as expressed by Eq. [4]. The obtained value is
arable to results from the experiments that indirectly mea
cooperativity length (16, 8) as well as to the results obtain
ithin the model of cooperatively rearranging regions (19, 20).
he length scalej het corresponds to the average diamete

mmobile domains, whereas the typically studied length s
f cooperatively regions corresponds to the extension of
ile domains within the interpretation of Donth (41). For the
resent case of a selection of about 60% of the overall
istribution the length scalejhet can be interpreted as an up

imit for the less well-defined cooperatively rearranging
ions.
Further analysis ofjhet as a function of temperature and

he filter timetm0 would be of interest. The temperature ra
hat is accessible to this new exchange NMR experime
ather limited because the mixing times have to be shorter
pin-lattice relaxation but the reorientation process has
low enough to justify the assumption that no dynamics
lace during evolution and detection times and the rate
hange process has to be slower than the1H spin diffusion. The
esults from temperature dependent heat capacity spectro
nterpreted within the model of cooperatively rearranging
ions (20) indicate that no significant temperature depend

s to be expected in this range. By determiningjhet for larger
lter times tm0 the spatial distribution of segments correla
ith their reorientation rates could be characterized. By se

ng less segments with smaller reorientation rates the stru
f the immobile domains could be studied as a function o
obility of the selected segments. If the mobility depend

he size of a cooperatively rearranging region the length
f the dynamic heterogeneities should increase with incre
lter strength. However, in order to achieve sufficient accu
o detect any changes of the length scale the signal-to-
atio of the 4D-CP echo experiment has to be significa
mproved. Please note that a 2D MAS version of the
xperiment was also developed (42).

SUMMARY

By combining static13C multidimensional exchange tec
iques with 1H spin diffusion the 4D-CP echo experime
llows the direct determination of the length scale of dyna
eterogeneities. The well-defined correlation length co
ponds to the average diameter of immobile domains.
xperiment does not require external perturbation of the
erved dynamics and the analysis does not rely on m
bout the nature of cooperative reorientations. The upper
f accessible length scales is given by the rate exch
rocesses. In combination with the 4D echo experimen
ew 4D-CP echo experiment yields detailed information a

he dynamics in supercooled liquids. For polyvinyl aceta
ic
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ength scale ofjhet 5 3 6 1 nm has been obtained. This res
upports the concept of cooperative dynamics in the
ransition range.

APPENDIX

The complete theoretical description of the 4D-CP e
xperiment assumes spin diffusion duringtm2 as given by Eq

2]. This equation can be rewritten as

EE r12~r i! f~r j 2 r i!r34~r j!dr idr j [5]

ith r12(r ) 5 ¥ kcos((v 1 2 v 2)t p)d(r 2 r k) and r34(r ) 5

kcos(v 3t p) z cos(v 4t p)d(r 2 r k) where the sum is over a
13C spins. Qualitativelyr12(r ) andr34(r ) are a measure of th
ensity of slow13C nuclei. Furthermore the abbreviationf(r j 2

i) 5 exp(2(r i(0) 2 r j(tm2))
2/(4Dtm2)) is used. Substitutin

j by (r j 1 r i) in Eq. [5] yields

EE r~r i! f~r j!r~~r j 1 r i!!dr idr j. [6]

hus the integration overr i becomes independent off(r ) and
he integral can be replaced by an average density corre
efined asr(r j) 5 * r(r j 1 r i)r(r i)dr i /* r(r i)dr i .
In general, in addition to spin diffusion rate exchange du

m2 has to be taken into account which results in a decrea
he density of immobile segments in the initially selec
egions. Therefore,r(r ) 5 d(r ) 1 r0(r ) has to be replaced b
time dependent average densityr(r , tm2). The delta function

s weighted withF 4(tm2). The second term ofr0(r ), describing
he increased probability of finding immobile13C atoms aroun
he initially selected13C, has to be scaled by a function t
ccounts for the amount of slow rates that become fas
dditionally for the amount of fast segments that become s
or long timestm2 the density must still be given byp/j 0

3.
herefore the time dependent densityr0(r , tm2) is expressed b
p 1 (1 2 p)exp(22ur Cu/j het)) z y(tm2) with a functiony(tm2)
hat decays from 1 to 0 on the same time scale asF 4.

y~tm2! 5
F4~tm2! 2 F 4

`

1 2 F 4
` [7]

inally the spatial distribution of magnetization during
ross-polarization sequences has to be considered. The tr
f magnetization from13C atoms to protons is accompanied
spatial distribution aroundr 5 r C 5 0. This process can b

nterpreted as a preceding diffusion process resulting
aussian distribution of magnetization with variancea2 5
Dt and it can be taken into account by replacing the
0
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469DETERMINING LENGTH SCALE OF DYNAMIC HETEROGENEITIES
iffusion time tm2 by an effective timet eff 5 tm2 1 t 0. The
aussian distribution of magnetization during the transfer

rom 1H to 13C is modeled by weighting the average densit
13C atomsr(r C, tm2) with the factor exp(2(r 2 r C) 2/ 2a2). The
omplete expression forF 4

j(tm2) therefore reads

F 4
j~tm2! }

1

~4pDteff!
3/ 2 EE expS2

r 2

4Dteff
D

3 expS2
~r 2 r C! 2

2a2 Dr~r C, tm2!dr dr C

5
1

~4pDteff!
3/ 2 E expS2

r 2

4Dteff
D

3 FexpS2
r 2

2a2DF4~tm2! 1
1

j 0
3 E

expS2
~r 2 r C! 2

2a2 DS p 1 ~1 2 p!

3 expS2
2ur Cu
jhet

Dy~tm2!Ddr CGdr [8]

ith p 5 F 4
`. In the case of the one-filter experiment w

0(r C) 5 j 0
23 an analytical expression forF 4

j can be found
ecause the integrals of the type* exp(2r 2/C)dr can be
epresented by the solutions of the corresponding one-di
ional integrals. Forp Þ 1 additionally an integral of the typ
exp(2(r 2 r C) 2/ 2a2)exp(22ur Cu/j het)dr C occurs which ca

e reduced to error functions and has been solved numer
n the present case. The plateau valueF 4

j(`)/F 4
j(0) for the

ne-filter experiment is given by

~1/j 0
3~2pa2! 1.5!

~~1/ 2! 1.5 1 1/j 0
3~2pa2! 1.5!

nd for the two-filter experiment by

p~1/j 0
3~2pa2! 1.5!

~1/ 2! 1.5 1 p z 1/j 0
3~2pa2! 1.5 1 ~1 2 p! f~jhet!

ith the integral

f~jhet! 5 ~4pDteff!
21.5 E expS2

r 2

4DtD1/j 0
3 E

3 expS2
~r 2 r C! 2

2a2 D ~1 2 p!

3 expS2
2r C

j Ddr Cdr .

het
k
f

n-

lly

or jhet @ a the ratio of the plateau values of the one-filter
he two-filter experiments approachesp whereas for smalle
het it decreases.
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