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A multidimensional static solid-state NMR experiment is de- cooperativity length 19, 20. Computer simulations of differ-
scribed that combines “C exchange sequences with "H spin diffu-  ent model glasses have revealed the significance of a coop
sion. It realizes a spatial correlation of different reorientation  atjvity length for the dynamics of, e.g., Ising spin glasse:

rates. By means of this experiment the length scale of dynamic (21, 22, lattice-gas models2@), and Lennard-Jones liquids
heterogeneities can be measured directly. The pulse sequence and (24)

phase cycle as well as the experimental setup procedure and data Amona the experimental techniaues used to study relaxatic
analysis are described in detail. It complements the previous letter 9 P q y

on this subject where a brief report of the main results were prqgesses in Q'ass formers gnd in particular dynamic heterqg
presented (U. Tracht et al., 1998, Phys. Rev. Lett. 81, 2727). Neities multidimensional solid-state NMR has become an ir
Application of this experiment to an amorphous polymer in the ~dispensable tool¥; 9, 10, 25, 25 The temporal evolution of

supercooled state yields a length scale of immobile regions of about ~ Selected relaxation rates has already been analyzed extensi\
3NM.  © 1999 Academic Press by reduced four-dimensional solid-state exchange NMR (4l
echo experiment)5, 9, 10, 27-3). Application of this tech-

nigue to a variety of polymers and low-molar glass formers he
shown that slow molecules change their rate after only or
reorientation process. The determination of the characteris
ength scale of dynamic heterogeneities is much more comp

. . |
Ch’;‘gg{g::t?: dsfe:ﬁ*mzs Irr; thnegﬁzs at:glr:essl,tslocr:f {sgi?ihlem%' ted because it requires spatially resolved characterization
y properties rega . %‘%namic properties in single component systems which do n
structure L, 2); e.g., thea-relaxation is highly nonexponential.

) i . exhibit chemical contrast. In a recent publicatidrb)(results
ﬁ\ars]usr,rr]]g(\?vrnotfhz{tut(::gsngrr:e?:fggg:&l?j!i:gtziiscg:rgﬁiﬁb- from anew multidimensior)al NMR experimenF (4D-cross po.
uted to the existence of dynamic heterogeneities; i.e tarlzanon (CP) echo experiment) Fhat allows dlrgpt determine
macroscopicall tial relaxation funct T d [gn of the length scale of dynamic heterogeneities have be

cally nonexponential relaxation functions are dueto, . .+
a superposition of different relaxation rates. Dynamic heterB—.I_he present contribution is to focus on the complex expe

geneities can be chz_ara_cterlzed by _the_ time scale of quctuat@R]semal procedure as well as the data analysis to determine t
of relaxation rates within the rate distribution and by the spatlgia

INTRODUCTION

) . length scale of the dynamic heterogeneities. First of all, th
extension of temporary clusters of slow molecules; see Fig.

The question whether the glass transition is connected witrhéSiC idea of the 4D echo and the 4D-CP echo experiment
characteristic length scale is an important aspect of the th scribed; in the following paragraphs the pulse sequence a

retical understanding of the freezing process in Supercoo%?fgcexpenmental setup of the 4D-CP echo experiment a

liquids. Several theories postulate the divergence of a charac- ussed and finally a theoretical model is presented by whi
q ' P 9 means a quantitative analysis of the experimental data is pe

e e sei"imed. Not it we appy s techmue tochemical o
Y 9 ' Pie, Eheous systems rather than the simpler case of blends

of the _cooperatlv_e ly rearranging regions introduced by Ada lock-copolymers where already the structural heterogeneiti

and Gibbs 13). Different experimental approaches have been s . -
. . imply trivial dynamic heterogeneities.

developed to determine a characteristic length scale of the glas

transition but apart from two new types of experimei, (19 4D-CP ECHO EXPERIMENT

these techniques involve external perturbations of the investi-

gated dynamicsl6—18, § or rely on model assumptions about The experiment developed for the determination of thi

the relaxation mechanism for relating experimental data tolength scale of dynamic heterogeneities is an extension of tl
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netization from segments that have not changed their orient
tions during the filter time,, contribute to the final echo given
by (cos((w; — w,)t,)) =~ (cos(w,t,) cos(w,t,)). The geomet-
ric sensitivity of this filter is determined by the product of the
evolution timet, and the chemical shift anisotropy. The
smaller the reorientation angle to be probed the latg&has
FIG.1. Schematic representation of the time scale and the length&gale t0 be in order to detect single reorientation processes. The 4
of dynamic heterogeneities. The time scale is related to the temporal flucteeeho experiment consists of two 2D echo sequences with filt
tions in the sense that a specified segment may switch between a fast a'fﬁ’]’?estmg separated by the variable waiting tirhg; see Fig.

slow state. Furthermore, the positions of the individd@l spins are indicated. . .
The length scale§, anda are significant for the quantitative analysis of thesa' By appropnately choosmg the pl‘”Se phases (Table 1a) t

4D-CP echo experiment and are explained in Sections 2 and 4, respectivéf?/w'“me correlation function

) Fa(tmp) = (cog(w; — wz)tp)cos(watp)coiwﬂ.tp» [1]
4D exchange experiments used to measure the temporal evo-
lution of selected reorientation rate$, @). In the original s measured. Quantitative analysis of this function is possib
version §) just one of the evolution times of the 4D experiment terms of a rate memory parame®@r(35). Q can be inter-
was incremented so that full two-dimension spectra were preted as the number of reorientations that a selected sl
recorded in order to achieve spectral resolution of differegegment performs before it changes its rate. For all organ

chemical sites in samples witfC in natural abundance. Later fragile glass forming systems studied so far fast fluctuations
using samples with selective isotopic labeling it was sufficient

to record only echo-signal®). Since much less time is re-

quired for recording an echo rather than a full 2D data set, (a) (b)
systematic variation of the intermediate mixing time was pos- r D D D

sible (4D echo experiment). By combining the latter experi- /\\ e W W oo

ment with *H spin diffusion spatial information is accessible. « rslwl fast || |
The basic principle of both techniques is sketched in Fig. 2 for Koow Kiast Eher *

the case of a bimodal distribution with rates,, andk... The selection

first part of the 4D echo as well as the 4D-CP echo experiment ‘ ‘L }N hﬂ
acts as a filter that leaves magnetization only on immobile k -
molecules or segments. During the variable waiting timpe Ksow  Knst gquilibration

two different equilibration processes may take place. On the
one hand the mobility of initially slow segments may change
(Fig. 2a). The 4D echo experiment monitors such fluctuations
of rates by finally selecting the components that are still im-
mobile after the waiting time. On the other hand spatial redis-

oo S : . detection
tr_|but|or_1 of magnetlzatlon_ from the immobile towarc_i the mo- /\ . 1 0
bile regions may occur (Fig. 2b). Under the assumption that the x
rate distribution is static on the time scale of the experiment the ‘l' j
4D-CP echo experiment measures the amount of magnetization =~ Fa(tme) Fs (tm2)

that is still on the initially selected immobile spins after the
equilibration time. The final echo height as a function of the 9
waiting time corresponds to a four-time correlation function in log(tm) log(tnz)

the case of the 4D echo experiment whereas the 4D-CP ech@g. 2. schematic representation of the 4D (left) and the 4D-CP (right
experiment achieves four-time correlation together with a spscho experiments for a bimodal reorientation rate distribution. In the first pa
tial correlation. The experimental realization of the principlef both experiments immobile segments with riatg, are selected. Equilibra-
illustrated in Fig. 2 is described in the foIIowing tion of the distribution of magnetization during the variable waiting time

Pul d bh | ted for th ma& take place either via changes of the rates of selected segments w
u S_e iequences and phase cycles are presente . or the gnge raté’ (4D echo experiment) or via spatial distribution of magneti-
of static “C-CP measurements. The 4D echo experiment hagion with spin diffusion constarid from the immobile toward the mobile
mostly been applied téH so far (L0, 27, 29, 30, 32, 33 The segments (4D-CP echo experiment). Finally, the same filter as in the beginni
pulse sequences of théC 4D echo and the 4D-CP echoof the experiments is applied again; thus, by thg 4D e_cho experiment tho
experiments are shown in Figs. 3a and 3b, respectively. TffgPonents that have not changed their rates dayingnd in the 4D-CP echo
exchanae sequences are based on the orientation de endenex(éaer ment the amount of magnetization that is still in the immobile region
9 a - . : . p_ gr (a tected. The resulting echo decay cuivgd,,) and Fi(t.,) contain
the resonance frequencies. Dynamic selection is achievedifi¥mation about the exchange rafe and the length scale of dynamic

2D echo sequences as described previol$4). Only mag- heterogeneitie,., respectively.
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FIG. 3. Pulse sequences for the 4D and the 4D-CP echo experintétmagnetization is created via cross polarization. Heteronuclear continuous wé
decoupling is applied during all evolution and detection times. Gated decoupling during the Hahn echo delay can be applied in order to suppres
contributions from aliphatic carbon atoms. Both pulse sequences consist of two 2D echo filters separated by a waitingtieneby realizing a correlation
of segmental orientations at four times. As compared to the 4D echo experiment the 4D-CP echo experiment is extended by two cross-polarizftioa ste
and aftert,, in order to enable spin diffusion between regions of slow and fast segments. In both experiments the echo height is measured as & functit
for fixed evolution timeg, and filter timest,,, or t.;, andt,s, respectively.

selected rates corresponding to rate memory param@ters tive to rate exchange, treating the effects of spin diffusion onl

the order of 1 have been founf, (10, 27—-29, 3Ll The under- as a small perturbation. For designing an experiment to me

lying rate distributions typically covered 2—4 orders of magsure &, we exploit that'H spin diffusion is much faster than

nitude. Since the NMR echo experiments are sensitive to tH€ spin diffusion because of the higher gyromagnetic ratic

a-relaxation these exchange processes directly contain inforgher spin density, and natural abundance. Therefore tl

mation about the nature of the main relaxation of the glag®-CP echo experiment combin&€ 2D echo filters with'H

transition. spin diffusion in order to achieve four-time as well as spatia
In order to obtain information about length scales in dynangorrelation. The signdF;(t,,) that is recorded at the end of the

ically heterogeneous systems solid state NMR often explofisise sequence and which is equivalent to the integral magr

spin diffusion @5). In contrast to'H spin diffusion experiments tization of the immobile domains is given by

on multicomponent systems with largely different mobilities,

standard selection techniques are not applicable to determine 1 _ _

the length scalé ., of dynamic heterogeneities at the glass Fia(tm) = (4mDt) %2 > cod(w} — whty)

transition in chemically homogeneous systems. Dynamic se- m i

lection is easily feasible by’C 2D echo filters but®C spin (ri(0) = ry(ty))? _ _

diffusion can often not be exploited in such systems because EXD<— Dt )COE{w'atp)COS(thp)-

for partly **C-labeled samples like the one used in the present m

investigation **C spin diffusion is usually negligible on the (2]

typical time scale of the experiment. Of course, this is an

essential requirement for the 4D echo experiment to be ser3idenotes the spin diffusion coefficient and the sum refers 1




TABLE 1
Phase Cycles for the Echo Experiments

(a) 4D
1H-M Attt +t Attt b+
P1w/2 02020202 02020202 02020202 02020202
P2 00112233 00112233 00112233 00112233
13C-M 02132031 02132031 02132031 02132031
P3 n/2 13203102 31021320 20310213 02132031
coswltl coswltl sinwltl sinwltl
13C-M B o o PR A e
P4 7/2 31021320 13203102 20310213 02132031
13C-M 02132031 02132031 31021320 31021320
P5 7/2 11223300 11223300 11223300 11223300
COS w2t2 Cosw2t2 sin w2t2 sin w2t2
13C-M t—t—t—t— et —t—t— e ok et —
P6 7/2 02132031 02132031 02132031 02132031
13C-M 11223300 11223300 11223300 11223300
P7 w/2 20310213 02132031 20310213 02132031
COoS w3t3 COoSw3t3 COSw3t3 COSw3t3
13C-M et et bt et
P8 /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 ottt B R ettt 4ttt
P1 w/2 02020202 02020202 02020202 02020202
P2 (lock) 00112233 00112233 00112233 00112233
P3 n/2 20202020 20202020 20202020 20202020
13C-M 02132031 02132031 02132031 02132031
P4 7/2 13203102 31021320 20310213 02132031
cos wltl coswltl sinwltl sin wltl
13C-M B o o o o S S
P5 7/2 31021320 13203102 20310213 02132031
13C-M 02132031 02132031 31021320 31021320
P6 /2 11223300 11223300 11223300 11223300
13C-M ettt — P et et — -
COS w2t2 COsw2t2 sin w2t2 sin w2t2
P7 w/2 33333333 33333333 33333333 33333333
13C-M 02020202 02020202 02020202 02020202
13C lock 00000000 00000000 00000000 00000000
P8 (|OCk) 00112233 00112233 00112233 00112233
P9 7/2 13131313 13131313 13131313 13131313
13C-M ottt B R ettt 4ttt
1H-M 02132031 02132031 02132031 02132031
P10 #/2 11223300 11223300 11223300 11223300
1H-M ettt — R =t — B
P11 w/2 00000000 22222222 00000000 22222222
1H-M 13131313 13131313 13131313 13131313
1H lock 33333333 33333333 33333333 33333333
P12 (|0Ck) 00112233 00112233 00112233 00112233
13C-M 02132031 20310213 02132031 20310213
P13 7/2 11223300 11223300 11223300 11223300
COS w3t3 COSw3t3 COSw3t3 COSw3t3
13C-M ettt — —t—t—t—t ettt — b —+
P14 nw/2 11111111 22222222 33333333 00000000
P157 00002222 11113333 00002222 11113333
13C-M 20202020 13131313 02020202 31313131

Note.The numbers = 0, 1, 2, 3 correspond tg y, —x, —Y pulse phasest and — stand for+z and —z magnetization, respectively. Since spittansitions are
considered the effect of the pulses can be visualized in the vector picture. The direction of rotation of the magnetization is determined atteoidittpanded
convention 25), e.g.,+z magnetization is rotated to the ¢ 1) axis by a pulse with phase The pulse phases are adjusted such that the first 2D filter sequence (pul
P1 to P4) generates the cogl,)cos(.t,) + sin(w.t,)sin(w.t,) signal and the final filter (pulses P6 to P9 in the 4D echo experiment and P12 to P15 in the 4D-CP ¢
experiment) yields only the casit,)cos(.t,) signal. Contributions from magnetization that has built up during the mixing times due to spin lattice relaxation
eliminated by storing alternately¥z and —z magnetization. Furthermore CYCLOPS and the cross-polarization phase cycling are included.
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all *C spins. This expression results from the solution of thenly magnetization from carbons close enougi’@atoms is
three-dimensional diffusion equation for a point sou@®.(It transferred; the rest is lost to the proton bath. This means th
is valid in the present form only if one assumes spin diffusioeven without any dynamic selection the spin diffusion curv
among™C spins. In realityD stands for théH spin diffusion decays with increasing,, due to distribution of magnetization
coefficient and a full description of the experiment is morever the proton bath. Equilibrium is reached when the magn:
complicated as will be discussed below. The pulse sequerization has diffused to the nearéS€ atom over an average
used to measurEj(t,,) is given in Fig. 3b. In principle the distance&,. The time scale of this decay &f; is a measure of
evolution times in the beginning,,, t,,, and at the end,;, the length scale&, whereas the amplitude of the decay is &
can all be chosen differently. This is exploited, e.g., for recordheasure of the distance over whidH magnetization can be
ing the reference data; see below. In the actual applicationtadnsferred td°C atoms via cross polarization. If the two length
the sequence to determifg,, all three are taken to be equal tascalesé, and &, are significantly different the spin diffusion
t,. After the first 2D sequence with filter tintg, the selected curve shows a two-step decay with the first decay correspon
magnetization is transferred to protons surrounding fi@& ing to diffusion on the length scalg and the second decay
spins via cross polarization. At the end of the waiting titpge corresponding to diffusion over the distargg (15). The first
the *H magnetization is transferred back't€. Finally another diffusion process can be measured separately by performii
2D echo filter selects the magnetization that is left in immobikkie 4D-CP echo experiment without dynamic selection. Sinc
regions. The phase cycle as described in Table 1b in comthie corresponding distanc® is known from the degree of
nation with additional filter steps (lock A, lock B filter) isotopic enrichment the effective diffusion coefficient can be
guarantees that only the desired magnetization contributesdeiermined from this reference experiment. Moreover, by con
the final echo signal. During the lock pulses lock A and lock Baring the results of the experiments with and without selectic
residual transverse magnetization on the respective other nuoleimmobile components the length scag, can be deter-
decays under homonuclear dipolar coupling and hence doesmated without any assumptions about the diffusion coefficien
add to the magnetization created by cross polarization. Thehe topology of the mobility distribution, or the influence of the
filter preceding the crosspolarization froi€C to ‘H makes it cross-polarization sequences on the spin diffusion.
possible to have a constant phase for'fi@CP lock pulse and
additionally suppresses multiple quantum coherences or mag- EXPERIMENTAL
netization resulting from pulse imperfections. The efficiency of
the phase cycle has been checked by performing the experiA polyvinyl acetate sample selectivelyC-labeled at the
ment with the second CP pulse on tf€ channel omitted. No carbonyl position has been studied. The carbonyl site has be
signal resulting just frontH single pulse excitation could beshown to be a sensor of main chain reorientatié@).(The
detected. isotopic enrichment amounts to 40% which corresponds to ¢
The functionF; measured by the 4D-CP echo experiment iverage distance dfC atoms ofé, = 0.7 nm. The chemical
more complicated than standard spin diffusion curves becawsseft principal axes values are,, = 114 = 3 ppm,o,, =
of the two cross polarization steps before and afffgr Yet, 138 = 3 ppm, ando,, = 260 = 3 ppm corresponding to an
this experiment has the advantage that it can be interpretedsotropy parameter & = 90 ppm @27 - 6.8 kHz atB, =
without specific assumptions about the diffusion coefficient. [h.05 T) and arasymmetry parameter aof = 0.27. The glass
principle, the length scalé,. of dynamic heterogeneities cantransition as determined by DSC (heating rate 10K/min) i
be obtained from a spin diffusion experiment by solving thg;>“ = 305 K. Relevant relaxation times afg(*H) = 2.9 s,
diffusion equation under the assumption of some reasonalg'’C) = 30 s, T¢y = 0.3 ms, T, (*H) = 55 ms, and
value for the diffusion coefficienD inferred from similar T%(‘H) = 14 us. The sample has been dried in vacuum fo
systems 25, 37). Values for D have been determined forseveral hours and annealed prior to sealing it in a glass tul
model systems with well-defined domain sizes and topologiaader vacuum. The experiments have been performed on
(37, 38. These values cannot be generalized to the 4D-@&Puker MSL 300 spectrometer operating*at and **C reso-
echo data because the effective diffusion coefficient is on thance frequencies of 300.13 and 75.47 MHz, respectively.
one hand influenced by the amount of magnetization traremmercial Bruker static double resonance probe has be
ferred during the CP and spin-lock times that is hard to estised. Data were acquired Bit= 315 K= T;°° + 10 K. The
mate because each lock pulse scales the dipolar coupling bgmperature has been chosen such that on the one hand
factor of —0.5 (39). On the other han® may depend on the correlation times are sufficiently long that molecular dynamic
mobility of the selected component. The 4D-CP echo expeduring evolution and detection periods can be neglected al
ment has the advantage that the next nearest neighbor distammoss polarization is efficient. On the other hand the correlatic
&, of labeled™C atoms can be used as an internal referendémes are short compared T relaxation andC spin diffu-
The principle sketched in Fig. 2b is only valid for completsion times.
transfer of magnetization from protons tC by the cross The most important acquisition parameters are given i
polarization at the end of the spin diffusion timg. In reality, Table 2 and will be discussed in the following. The delays locl
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TABLE 2 curves are displayed in Fig. 4. It is obvious that during e
Acquisition Parameters Used in the 4D-CP Echo Experiment contact pulse of 1.6 ms an equilibration of magnetization he
with the Pulse Sequence Given in Fig. 3 already taken place whereas the curves acquired with 0.8 a

0.5 ms CP pulses show the expected decay. Since there is

Two-filter experiment One-filter experiment . .. .
P P significant difference between the results for 0.8 and 0.5 nr

Lock A 500 us 50048 contact times all experiments were performed with CP pulse
Lock B 100 us 100pus of 0.8 ms because of the gain of signal as compared to a cont:
z filter 100 pus 100pus time of 0.5 ms.
éate 5521"‘2 gi”‘z There are two possibilities for measuring the curve with
cp 0.8Mms o.g ms out dynamic selection. In ordgr to b'e directly comparable t.‘
ton tos 3.5 ms: 3.5 ms 35ms: 1 ms the actual 4D-CP echo experiment it has to be recorded wi
tp12(tp8); toa(tpsd) 200 us (8.5); 200us 200 us (8.5); 1us the same pulse delays. Either both 2D echo filters al
(8.5) (=0) deactivated by setting all evolution timesttg, = t,; = 1
bW 2 us 2ps us, hence reducing the geometric sensitivity, or the firs
Repetition delay 3s 3s . . B -
Accumulations per echo 9600 4800 filter may be retained,; , = 200 us andt,; = 1 us. Ideally

the resulting spin diffusion curves should be identical. Stil
Note. The choice of the different parameters is discussed in the text. ~ differences between the two experiments are conceivab
because the spin diffusion may be slowed down in th
mobile regions due to a reduced homonuclear dipolar col
A, lock B, andz filter that are employed to support the phasgling. Furthermore in the mobile regions spin diffusion is
cycle are chosen to be longer than the relevEintelaxation superimposed by mass transport via reorientations of mobi
times but short enough to minimize the loss of magnetizatig@gments. Finally the cross-polarization efficiency may als
via T, relaxation during the lock pulse on the second channelepend on the mobility. The experimental results (see Fi
Gated decoupling during the Hahn echo delayserves to 5) show that the spin diffusion curves from the two exper
suppress the signal from the aliphatic carbons present in natunaénts are slightly different. Since the experiment with the
abundance. The filter parametégsandt., = tns = t.o have first 2D echo sequence retained (one-filter experiment) ar
been determined guided by results from 2D echo experimentse full 4D-CP echo experiment (two-filter experiment) have
The evolution time, should be as short as possible in order tRjentical initial conditions at the beginning of the spin
minimize loss of magnetization by, relaxation but long diffusion timet,, it is justified to assume a single effective
enough to be sensitive to single reorientation processes. It Bag diffusion coefficient for these two experiments,
been set to 20Qus (t,6 = 8.5) which is the smallest value whereas the spin diffusion coefficient might be different ir
sensitive to reorientation angles= 10°. The filter timet,, the case of the experiment without any dynamic selectio
determines what part of the rate distribution is selected. Th§r the reasons mentioned above. Therefore the one-filt
two-time correlation function is well described by a stretcheglxperiment is used as a reference.
exponential expf (t/7,)""] with 7, = 16 ms andByww =
0.45;hence, a selection of about 60% is achieved by setting
to 3.5 ms. Optimizing the cross-polarization time is very im|-_-§1 ()

portant for getting the experiment to work. It determines the 104 A A
13 2 . : :
total **C magnetization and the volume surrounding@ spin A I
to which magnetization is transferred during the CP pulse. Due 1 1 0 A A a1
to the limited efficiency of magnetization transfer each cross- O
polarization sequence results in a considerable loss of magne—o'8 T 9 0 4;
tization. For the reason explained in the following the contact ¢ ¢ 4 [ " : 315
times cannot be optimized to give maximum signal. A quan-
titative analysis of the 4D-CP echo experiment relies on the 04T © CP:05ms
information about the time scale of diffusion over the distance 024 OCP:08ms
&, Therefore the magnetization must still be closer to the initial A CP: 1.6 ms
°C spin at the end of the cross-polarization sequence. Only in 0 t : : t
this case does the spin diffusion on the length s¢ateause a 0.01 0.1 1 10 100, jme 000

measurable decay of the spin diffusion curve. Thus the contact

time should be as short as possible while still yielding intenseF'G' 4. Experimental data from the 4D-CP echo experiment without an)
dynamic selectiont(, = 1 us, t,, = 1 ms) for different cross-polarization

enough S|g_nal. The cross—polanzanon Flme has_ been OptImIZ_ tact times. The data show the equilibration of proton magnetization for lor
by performing the 4D-CP echo experiment without dynamigontact pulses. Dotted lines serve as a guide to the eye. The first data point
selection for different CP times. The resulting spin diffusiomeen normalized to unity, in all cases.
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Ff?tmz) A clustering of slow segments can be expressed by
17X X no dynamic selection 1 2|r|
A O one-filter experiment Po(r) ==|p+ (1- p) ex;{ - )] , [4]
0.9 % % & [ Enet
X
0.8 © thus defining the correlation lengéh.. This approach is anal-
074 o ogous to the treatment of complex two component systems
X described in §7) where the distribution of the selected com-
o6 o X X O o ponent is modeled as clusters of extensiyn that are sur-
© o X X rounded by regions with average dengity¢; of the selected
05T component. This means that close to the selet@ditom the
probability of finding another immobile segment is high

0.1 1 10 100t_/ms whereas for distanqgs mu_ch Ionger_ thian one ends up with
an average probabilitg. p is determined by the selected part

FIG.5. Reference experiment measuring the spin diffusion process on g€ the rate distribution. It is equivalent to the final value of the
internal length scalet,. Data from the experiment without any dynamicfour_time correlation functionp = F,(t,, — ) = Fi; see
m. 1

selection {,, » = t,s = 1 us) are compared to the one-filter experimept{=
200 us, ts = 1 us). Lines serve as a guide to the eye. The initial data poin@
obtained with no dynamic selection, has been normalized to unity.

ANALYSIS OF EXPERIMENTAL DATA

Results from the 4D echo experiment and the one-filter and
two-filter 4D-CP echo experiments are shown in Fig. 6. Obvi-
ously, the spin diffusion curves; decay much faster than the
four-time correlation functioffr , such that the requirement that
the reorientation rate distribution is static on the time scale of
the spin diffusion process is met. Also, the plateau value
reached after the decay is completed is significantly lower for
the two-filter experiment compared with that for the one-filter

g
experiment. This shows that the experiment is capable of Fa (tm2)

determining the length scale of the dynamic heterogeneities,
&nee The analysis of the data, necessary to extégt is
described in the following.

The model used to describe the 4D-CP echo experiment is
based on the solution of the three-dimensional diffusion equa-
tion for a point source as expressed by Eq. [2]. For the present
purpose the expression is rewritten as

2

1 o
Fa(tm) o WJ eXF<—4Dth)P(r)df, [3]

F4(tm2)

Iso Fig. 1b. For the one-filter experiment one pas 1. As
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FIG. 6. Experimental data from the 4D and the 4D-CP echo experimen

(a) F, has been normalized tB,(t,, = 0) = 1. The solid line is the
hence omitting the integration over all initial positions; se@eoretical curve for a rate memory parame@r= 1. (b) Fi from the
Appendix for a formal proofﬁ — 8(r) + Po(r) denotes the one-filter (upper curve) and the two-filter (lower curve) 4D-CP echo experi

average density of immobilEC spins at positiom relative to

ments. Because of the poor signal-to-noise ratio echo heights from the 4D-(
echo experiments have been determined by fitting the echo signals to Gau

e 3 . .
the initially selected’C spin. The delta function expresses thgs; Experimental errors are indicated for the data points at longest mixir
self-correlation termp,(r) is the local density of°C spins. For time only. The normalization is discussed in the text. The curves result frol
the experiment without dynamic selectips(r) is always given model calculations witla = 0.1 nm andD = 0.42 nni/ms as described in
by the average density dic atoms with distance,, po(r) = the text. Upper solid line, equilibration on the length sc&jelower dashed

&:°. Otherwisep,(r) is lower because of the selection of onl

line, statistical distribution &, = 0) of different reorientation rates; lower
ysolid lines, length scale§, of 2 and 4 nm, respectively; lower dotted line,

part of the™C spins. Equation [3] still neglects the effect of th&pper limit of experimentally accessible length scales correspondisig. to

magnetization transfer via crosspolarization. 20 nm.
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already mentioned, details of the magnetization transfer and i

4 (th)
rate exchange processes have been neglected so far. These 1 A
effects can be taken into account by the following model "
assumptions: (i) after the crosspolarization from carbons to 08T
protons the distribution of magnetization around the initi&l o
atom is given by a Gaussian with variara®e see also Fig. 1. 067 R
The parametea cannot be directly translated into a carbon— 04t I sy
proton distance; (ii) The transfer of proton magnetization.at , .
to a °C spin atr. at the end oft,, is proportional to 021 Z‘t’xig:ﬁ:::ﬁ:ﬁmzm
exp(—(ry — r¢)?/2a%); and (iii) the cluster of immobile iy Sl o
segments surrounding a given spin disappears by exchange 0.01 0.1 1 10 100 1000
processes as expressedry The explicit calculation oFj is tno/ms

_Straightforwarq but S_omeWhat technical and is therefore giVerf:IG. 7. Comparison of the same experimental data as shown in Fig. 6
in the Appendix. Adjustable parameters for the model curvg@gdel calculations witta = 0.2 nm andD = 0.19 nni/ms. The different
areD, a, and¢,.. The model curves shown in Fig. 6 have beemodel curves correspond to the same length scales as those of Fig. 6.
obtained witha = 0.1 nm andD = 0.42 nni/ms. The

parametera determines the absolute normalization of both

curves whereaP determines the time scale of the decay. Thgerimental uncertainty only correlation lengths smaller than 2
absolute normalization has to take into account the limitetn can be determined.

efficiency of the cross-polarization steps and has been chosefhe best fit to the experimental data especially for shgrt
to give the best fit of the experimental data to the theoretidahs been achieved with = 0.1 nm andD = 0.42 nni/ms.
curves. By changing the absolute normalization both vatuesThe value ofa is a measure of the distance over which
andD change. As will be discussed below the determination afagnetization is transferred by the cross polarization. Th
&ner IS Insensitive to the absolute normalization of the decaynall number is reasonable because a large loss of magneti
curves. The curves from the two-filter and the one-filter expetien to the proton bath is compatible with the low signal-to-
iments relative to each other have been normalized accordingise ratio of the 4D-CP echo experiment as compared to tl
to the theoretical ratio of their plateau values. As compared 4® echo experiment. A larger value fawould correspond to
the one-filter experiment the two-filter experiment additionallyross polarization to a larger number of protons and cons
decays to the selected part. Hence the ratio of the plateguently the observed poor signal-to-noise ratio would be sole
values of the one- and the two-filter experiments approximatealye to inefficient cross polarization and not to a loss of mac
corresponds tp = F;. Taking into account the details of thenetization to the proton bath. This assumption contradicts tf
4D-CP echo experiment deviations of the ratio of the plateagsults from the one-filter experiment. The decay of this curv
values fromF; occurs for smalk,.. This effect is discussed in shows that a loss of magnetization to the proton bath tak
the Appendix. It does not influence the analysis of the expgstace. The corresponding diffusion coefficiebt = 0.42
imental data because values figy, — 0 are not accessible nm*ms is about a factor of 1.5 to 2 smaller than typidaispin
anyway and therefore the experimental curves cannot be ndiffusion coefficients determined for polymers below their
malized toF;(0) = 1. For estimating the influence of theglass transition37). This discrepancy can be attributed to the
absolute normalization on the result #g, model curves have already mentioned scaling of the dipolar coupling by a factor c
been calculated for plateau values of the one-filter experimen$ during the spin lock pulses or to the dependend@ oh the
between 0.1 (Fig. 6) and 0.6 (Fig. 7). Figure 7 shows the modebbility.

curves corresponding to a plateau value of 0.6. Comparison to

Fig. 6 shows that the range of correlation lengths that is DISCUSSION

compatible with the experimental data is quite insensitive to

the choice oD anda becausé,, mainly influences the time By means of the new 4D-CP echo experiment the lengt
at which the plateau value is reached. For both sets of modehle of immobile regions in polyvinyl acetate has been dete
curves the experimental results are compatible with correlationined to beé,,, = 3 = 1 nm. This length corresponds to a
lengths between 2 and 4 nm. The data from the two-filteubic volume between 65 and 520 repeat units. It is nc
experiment show that the plateau value is not yet reached fmssible to infer further information about the shape of thi
t. = 0.3 ms but is definitely reached fdr, = 3 ms. immobile domains. They could be compact clusters as well ¢
Therefore values df;,.. smaller than 2 nm as well as larger tharcontinuous interpenetrating structures. The result confirms th
4 nm can be excluded. The length scales accessible by thiges that relate the dynamic properties in the glass transitic
experiment are limited by the rate exchange processes whiahge to a cooperativity lengtig).

also lead to a decay ¢%;. Correlation lengths of,., = 100 In contrast to previous experimental determinations of .
nm cannot be distinguished from infinitg,. Within the ex- characteristic length of the glass transition the NMR exper
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ment directly measures length scale and time scale of dynargngth scale o€, = 3 = 1 nm has been obtained. This result
heterogeneities independently and without any external pertaupports the concept of cooperative dynamics in the gla
bations. Furthermore the length scdlg, has a well-defined transition range.

meaning as expressed by Eg. [4]. The obtained value is com-

parable to results from the experiments that indirectly measure APPENDIX
a cooperativity length16, 8 as well as to the results obtained
within the model of cooperatively rearranging regiohS,(20. The complete theoretical description of the 4D-CP ech

The length scalé€,., corresponds to the average diameter @fxperiment assumes spin diffusion during as given by Eq.

immobile domains, whereas the typically studied length scgl. This equation can be rewritten as

of cooperatively regions corresponds to the extension of mo-

bile domains within the interpretation of Donth1). For the

present case of a selection of about 60% of the overall rate jj p1a(ri) £(r; = 1)) pas(r;)dr dr, (5]

distribution the length scal&,, can be interpreted as an upper

limit for the less well-defined cooperatively rearranging re-

gions. With poar) = Zucos(1 — @t)3(r — 1) and par) =
Further analysis ot as a function of temperature and OfEkcos(wgtp) - cos(w,t,)8(r — r,) where the sum is over all

the filter timet,, would be of interest. The temperature rang&c Spins_ Qua"tativebplz(r) andp34(r) are a measure of the

that is accessible to this new exchange NMR experimentdgnsity of slow**C nuclei. Furthermore the abbreviatitfn, —

rather limited because the mixing times have to be shorter than = exp(—(r,(0) — ri(tm))?/(4Dt,y,)) is used. Substituting
spin-lattice relaxation but the reorientation process has to ,bjeoy (r; + r,) in Eq. [5] yields

slow enough to justify the assumption that no dynamics take

place during evolution and detection times and the rate ex-

change process has to be slower than'thepin dlff_usmn. The p(r) £(r)p((r, + r))dr,dr,. [6]
results from temperature dependent heat capacity spectroscopy

interpreted within the model of cooperatively rearranging re-

gions @0) indicate that no significant temperature dependeneﬁe]us the integration over, becomes independent f(fr) and

IS to be expected in this range. By determinifig for larger e jntegral can be replaced by an average density correlati
filter timest,, the spatial distribution of segments correlateffi,eq aso(r) = [ p(r, + r)p(r)dri/f p(ry)dr,

with their reorientation rates could be characterized. By select|, goneral in addition to splin diffusion rate exé:hange durin
ing less segments with smaller reorientation rates the structure ’ ‘

) . . 3 ; 't’m2 has to be taken into account which results in a decrease
of the immobile domains could be studied as a function of tf{ﬁe density of immobile segments in the initially selectec

mobility of the selected segments. If the mobility depends %gions. Thereforea(r) = 8(r) + p(r) has to be replaced by
the size of a cooperatively rearranging region the length SC%"‘?ime dependent average dengify, t..). The delta function
of the dynamic heterogeneities should increase with increasgggNeighted WithF 4(t,,.). The second term gfy(r), describing
filter strength. However, in order to achieve sufficic_ant accuragys increased probability of finding immobiiéC atoms around
to detect any changes of the length scale the signal-to-nojfg jnitially selected®C, has to be scaled by a function that
ratio of the 4D-CP echo experiment has to be significantly. . nts for the amount of slow rates that become fast a
improved. Please note that a 2D MAS version of the 3Ckygitionally for the amount of fast segments that become slo
experiment was also developet?. For long timest,, the density must still be given bg/&:.
Therefore the time dependent dengityr, t..,) is expressed by
SUMMARY (p + (1 — p)exp(=2|rc|/&ne)) - Y(tme) With a functiony(t,)

- . 13 . ) that decays from 1 to O on the same time scal€ as
By combining static”"C multidimensional exchange tech-

niques with *H spin diffusion the 4D-CP echo experiment "

allows the direct determination of the length scale of dynamic Y(tm) = Faltne) _wF“ [7]
heterogeneities. The well-defined correlation length corre- 1-F;

sponds to the average diameter of immobile domains. The

experiment does not require external perturbation of the dBinally the spatial distribution of magnetization during the
served dynamics and the analysis does not rely on modetsss-polarization sequences has to be considered. The tran:
about the nature of cooperative reorientations. The upper liroitmagnetization front°C atoms to protons is accompanied by
of accessible length scales is given by the rate excharmgspatial distribution around = r. = 0. This process can be
processes. In combination with the 4D echo experiment thrgerpreted as a preceding diffusion process resulting in
new 4D-CP echo experiment yields detailed information aboGtaussian distribution of magnetization with variaree =
the dynamics in supercooled liquids. For polyvinyl acetate 2Dt, and it can be taken into account by replacing the spi
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diffusion timet,, by an effective timet,; = t,, + t,. The Foré, > athe ratio of the plateau values of the one-filter anc
Gaussian distribution of magnetization during the transfer battie two-filter experiments approachpswhereas for smaller
from *H to *°C is modeled by weighting the average density of;., it decreases.

BC atomsp(r ¢, t,) with the factor expt-(r — rc)*/2a%. The

i é
complete expression fdf,(t,,,) therefore reads ACKNOWLEDGMENTS
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