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Glass transition of polymers: Memory effects in structural relaxation of polystyrene
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The dynamics of thex relaxation in polystyrene is investigated by applying specific multidimensional
solid-state NMR echo techniques to evaluate multitime correlation functions. A broad distribution of correla-
tion times characteristic for amorphous polymers above the glass transition temperature is analyzed with
respect to temporal fluctuations within the relaxation time distribution. These fluctuations are quantified by a
rate memory parameter Qrhe experimental correlation functions revéalto be almost at its theoretical
minimum, proving a strong coupling among different relaxation modes. Similar results obtained for polyvinyl-
acetate and ortho-terphenyl indicate that this behavior is a characteristic feature of the dynamics in amorphous
systems above the glass transition as seen by NMR experiments. Furthermore, the multitime correlation
functions allow one to quantify the heterogeneous and homogeneous contributions to the relaxation process
and to determine to what extent the relaxation can be regarded as a heterogeneous superposition of different
relaxation processes as opposed to a homogeneous scenario, in which the nonexponentiality is intrinsic. The
analysis reveals that the relaxation is close to the heterogeneous limit and that remaining deviations indicate the
presence of a small fraction of correlated back-and-forth jumps.
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[. INTRODUCTION formed that quantifies the actual contribution of dynamic
) _ ) heterogeneities to the nonexponentiality of the relaxation.
Structural relaxation of amorphous materials is often Recently, formal criteria have been proposed that allow us

characterized by a nonexponential decay of the measurgd yantify homogeneous and heterogeneous contributions to
correlation functllonﬁl], which is attributed to a COOperative, iye relaxation process from the knowledge of two-time and
nonlocal dynamics. Numerous models of the cooperativity INhree-time correlation functiongL0]. As will be shown in

glassy materials have been discussed in the literd@i& this paper, these correlation functions are experimentally ac-

such as the concept of cooperatively rearranging regioné : o . )
: o S . essible by multidimensional NMR and allow a determina-
[4,5] or the coupling schemfs]. Additional insight into the H’on and qzantification of the relaxation type.

nature of the complex dynamics on a microscopic scale ca Th ist fd ic het # . th
be gained in terms of the concepts of tieéaxation typeand _ € existence of dynamic heterogeneities raises the ques-
tion of how long a segment may keep its present relaxation

the rate memory s . .
The relaxation type being either heterogeneous or homd@te, introducing the concept ofrate memory Experimen-

geneous is related to the question whether the nonexponefflly, & qualitative answer has been sought by means of re-
tiality is caused by a superposition of different exponentiaiduced four-dimensiong4D) exchange NMR spectroscopy,
processes or by a superposition of intrinsically nonexponenapplied to study thex relaxation of polyvinylacetaté®?VAC)

tial processes, respectively. Since experimentally accessibRfound the glass transitiqi1]. The idea behind the experi-
correlation functions measure an ensemble average, a digent(schematically depicted in Fig.) 1s to select a slowly
tinction between both scenarios cannot be made simply orelaxing subensemble and to monitor the time necessary for
the basis of the shape of the resulting nonexponential relaxtuctuations to occur, redistributing these slow segments to-
ation function. Qualitatively, a heterogeneous relaxation im4wards the equilibrium distribution. For PVAC, the time scale
plies the existence of fast and slow segments, attributed tof these fluctuations is close to the time scale of dheelax-
density differences of the local structurg]. Of course, the  ation itself[16]. Meanwhile, similar observations have been
density differences as well as the local geometric constraintgade in reduced 4D experiments on ortho-terphé®yP)

are not static but fluctuate with time. Therefore, one may17),

speak _of dynamlc heterogeneitieConsidering geometric Motivated by the study of Ref11], other experimental
constraints in an amorphous polymer, a preference of corre-

lated back-and-forth jumps may exist even though the mo-

lecular potential is not static, but may have changed signifi- te =0 tny =00

cantly after a reorientation process. Such effects have indeed & o

been observed in Brownian and molecular-dynamics simula- < —> = —>

tions of polymer chaing8,9]. As shown in Ref[10], corre- O o '/;\

lated back-and-forth jumpgequivalent to anorientational —— ' it

memory are the origin of homogeneous contributions to the log 1/t log 1/t log 177
relaxation process. In general, both homogeneous and het-

erogeneous contributions are expected to be present. FIG. 1. Principle of experimental techniques to monitor dy-

Experimentally, the existence of dynamic heterogeneitiesamic fluctuations within a distribution of relaxation rates. For ex-
has been demonstrated by a number of different experimentsnple, in 4D NMR, a slow subensemble is selected and its return to
[11-15. To date, however, no experiment has been perthe equilibrium distribution with time,,,, is monitored.
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techniques have been developed to tackle the question o° g ) )

dynamic fluctuations within a relaxation rate distribution. a) [t [ ta [| & t, echo

For example, by fluorescence spectroscopy, a dynamically H\ H’_‘J P

biased subset of probe molecules was selected through pha \

tobleaching and the randomization of orientations was pur- @, ®,

sued by fluorescence deddy8—20. This experiment will be echo {,=t.=t,
discussed further in Sec. IV. b 0, 0, 0, \(94 0, 6. o™ ech°°

It is important to note that information about the rate H\t"/(Lt“"—H b H»:’:‘Z—H\tpwﬁ_‘ <
memory cannot be obtained from measuring two-time corre- A i N
lation functions, e.g., via methods of 2D exchange NMR, o, o, o, o,
yielding a specific rate, but rather by a 4D exchange experi-
ment, capable of relating the rates of a given molecular seg- rG_ 2. schematic view of the pulse sequences for the 2D stimu-
ment at two different times through the measurement of ated echo and 4D echo experimetise also Table) to obtain the
four-time correlation function. Consequently, in 2D ex- two-time and four-time correlation functions, respectivefg) In
change experiments the relaxation of the entire ensemble {fe stimulated echo experiment, an echo originates from compo-
monitored, in contrast to the 4D exchange experiment, whiclents immobile during,,, thus measuring the relaxation rate of the
monitors the return of a dynamically biased subensemblentire ensemble(b) In the 4D echo experiment, molecular seg-
into the equilibrium state. Therefore, from the 4D exchangeaments that are rigid during,; give rise to a stimulated echo after
experiments information is obtained that is inaccessible by, in the second evolution period. Exchange of reorientation rates
2D NMR techniques. may take place during,,. The same filter is applied durinig,s,

Mathematically, the concept of a rate memory is based onielding the final echo intensity in dependencetgp.
analyzing the possible outcome of a four-time correlation
function, accessible through a 4D echo experiment, for &y a discussion of the experimental results in Sec. IV. We
given two-time correlation function as obtained by methodsconclude with a summary in Sec. V.
of 2D exchange NMR. Surprisingly, the additional informa-
tion content of'the four-time corre_lation funct.ion can be ex- || EcHO TECHNIQUES IN MULTIDIMENSIONAL
pressed by a single parame€@ywhich can be interpreted as SOLID-STATE NMR
the ratio of typical slow relaxation rates to the average ex-
change rate between slow and fast segments. Since a strict Solid-state NMR techniques exploit anisotropic interac-
formulation of the concept of the rate memory is somewhations that yield information on the orientation and dynamics
involved, it is presented in the preceding pafit]. of specific molecular siteR27]. For 2H NMR, the spectral

The present work will focus on a detailed analysis of theshapes are dominated by the coupling of the quadrupole mo-
dynamic properties of the relaxation. First, rather than ana- ment of a nucleus to the electric-field gradient at the nuclear
lyzing the four-time correlation function for the limiting case site. To a good approximation, the interaction can be de-
of a bimodal distribution of relaxation rat¢$6,22 or spe- scribed by an axially symmetric field gradient tensor with the
cific N-state models/17], we demonstrate how the rate unique axisz along the C2H bond direction, leading to tran-
memory paramete® is determined from correlation func- sition frequencieso:
tions measured in 2D and 4D exchange NMR experiments.

Second, we analyze whether the fast fluctuations observed - ) = f _

, € , w:=w(9;t)=*=[3cosI(t)—1], (1)
for PVAC are specific to this polymer or are a general fea- 2
ture of the microscopic dynamics of amorphous polymers
close to the glass transition. Third, we determine the relaxwhere § denotes the anisotropy parameter related to the
ation type on the basis of the concepts introduced in Refstrength of the quadrupole coupliritypically 6=27X125
[10]. kHz for rigid aliphatic C?H bond$ and 9(t) the time-

For our present study, we selected amorphous polystyrerdgependenidue to molecular reorientationangle between
(PS, which has been characterized by multidimensionathe unique axis of the field gradient tensor and the static
NMR before. From 1D line-shape analysis and 2D exchang@agnetic field. Two- and higher-dimensional experiments
experiments, the dynamics of the PS main chain abfye have been proven particularly useful because the orientations
was described by small-step rotational diffusion with a dis-of a C-*H bond can be related at two or more subsequent
tribution of correlation times several decades wide and théimes. The basic principle of the 2D exchange experiment is
temperature dependence of the mean correlation times exhibutlined in Fig. 2a). During the evolution timety, the
iting a non-Arrhenius temperature dependeri28]. Re- angular-dependent frequency of a spin is encoded and is
cently, detailed information about the geometry of mainstored with the second pulse as longitudinal magnetization at
chain motions in PS was obtained by various 3D NMR techthe beginning of the mixing time,,. Molecular motions
niques[24,25. Two types of motion, namely, small-step re- duringt,, lead to frequency changes and the new frequency
orientations and large angle motions, the latter being associs read out by applying a third pulse, initiating the detection
ated with conformational transitiong6], were separated. period.

The paper is organized as follows. After briefly reviewing  Setting the pulse lengths and phases appropriately
the relevant aspects of multidimensional solid-state NMR ir[28,29, one obtains the cosine modulated 2D time domain
Sec. I, the theoretical concepts related to the rate memorgignal, which parametrically depends on the mixing time
and the relaxation type are summarized in Sec. lll, followed ,:
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TABLE |. Pulse sequences to measure the different four-time correlation functions; se®)Earsd (6)
and Fig. 2b). The summation of the first and second time domain signals in the table generates the corre-
lation function(5). The correlation functioii6) is obtained by summation of all four 4D time domain signals.

4D time domain signal 0, 0, O3 0, O O¢ 0, Receiver

(COS(11,)COS(Wt,)COSWst,) COSwaty))
(sin(wstp)sin(w,t,)coswsty)coswaty))
(cos(ity)cos,ty)sin(wsty)sin(waty))
(sin(qtpy)sin(wtp)sin(wsty)sin(wat,))

X X X X
< X < X
X X X X
< X < X
xX X x X
< < x X
X X X X
x X < <

Facodtr,taitm) =(cod w(F;ty)tr]cod w(3;0)t1]), (2) é_‘tp>1 [27]. The presence 01_‘ a distribution of_ correlation
times leads to a nonexponential decay of the stimulated echo
where the angular brackets denote the average over the indind is often accounted for by fitting the decay curve by a
vidual orientations in the sample: stretched exponential according to Fjcodtm)
. . =exfd — (t/7)?], with B being a measure for the width of the
{codo(¥:tm)to]cog w(9;0)t]) distribution andr, a characteristic relaxation tinf&1].
Basically, the pulse sequence for the reduced 4D echo
:f dﬁZJ d¥;co w(Fz5tm)t2] experiment Fig. @), can be viewed as two subsequent
stimulated echo experiments, separated by a variable delay
X cog ((91;0)t1]P11(F2,tm|91,00P1jo(91). (3 time t,,. After the third pulse, a stimulated echo occurs as
) . . ) described above, composed of the’B-bonds that have not
HerePy)1(92,tw| 941,0) is the conditional probability to find  gjgnificantly reoriented during the course of the first mixing
a segment with orientatioft;: = 9,(ty) at atimet, givenit  time Their magnetization is then stored as longitudinal mag-
had the orientation}, = 9,(0) at time 0.Pyo(9,) is thea  petjzation int,,,. Thus the first part of the pulse sequence
priori probability to find a segment with orientatiah. The  acts as a filter, selecting only components essentially immo-
time do_maln signal in Eg.2), when viewed as a function of pjje duringt,,,;. During the second mixing time,,, slow and
tm for given values ot andt,, can be regarded as a corre- fast components may exchange due to the fluctuations in the
lation function, which depends parametrically on the value%ystem_ Then the same filter is appliedtjg via a second
of t; and t,. In this case, we will use the notation giimylated echo sequence. By selecting pulse lengths and
F2.codtm;t1.to) for the correlation function. When focusing on pnases accordinglisee Table | anf29]), the following cor-

the dynamic properties of a system with identical nucleafejation functions are determined as functions of eithgr
sites, it is sufficient to employ echo techniques instead of  or¢, .:

recording full 2D spectra. Applying the 2D pulse sequence

of Fig. 2a), a stimulated echo originates at a time Facodtmi tm2,tm3) =(COL Wy~ w1)tpCOL W tp)COL w3ty)),
t,:=t;=t; after the third pulse, caused by segments that did 5
not change their frequency during,. Acquiring these ech-
oes as a function df,, allows Eq.(2) to be rewritten to yield
the correlation function30]:

where we have already used the shorthand notation intro-
duced above, i.e@,:=o(F;tpz+tm+tn). Analogous to

the 2D experiment, both the cosine and sine modulated 4D
F 200 tmitp) = 3(COL wp— 1)ty + COL o+ wy)tp) signals can be added to eliminate unwanted contributions, if

= H{cogwy— w)ty), @ necessary:
Fa(tm tmz,tms) =(COg wp— w1)t,CO 04— w3)t,). (6)

where we have used the abbreviatiang: = w(39;t,,) and
w;:=w(¥;0) to increase the readability of the formulas To determine fluctuations between fast and slow relaxing
here and below. For sufficiently lardg (typically =30 us  segments, the signal, codtm tmz.trs) OF Faltmg tmz,tms)
for rigid deuteronsthe last term in the first line of Ed4), are recorded as a function gf, with t,,; andt,s as param-
which corresponds to the free induction de¢BiD) starting  eters and we will usd=, .{tp) or Fy(ty,2) for the corre-
at time —t,, before the third pulse, has already decayed tosponding correlation functions from now on. Oftgp and
zero. Meeting this condition can easily be verified by observi,; are chosen to be equal and will then be denated As
ing no asymmetry of the echo envelope or, if necessary, thwill be discussed in Sec. IV A, for the determination of the
sine modulated correlation functioR, i{tm;t,) may be rate memory itis sufficient to employ the sigrtg) since the
added to cancel the unwanted FID, which there appears witadditional measurement of sine terms results only in a small
a negative sign30]. correction to the shape of the echo decay curve. Therefore, in

From now on we will normalizeF, ¢,{tn;t;) such that the following, onlyF,(t.,) will be used to develop the the-
F2codtm=0it)=1. Furthermore, we will drop the parameter oretical background, where&s, .o{tp) is measured experi-
t, from the argument list of the two-time and four-time cor- mentally to approximaté=,(t.,). It is easy to check that
relation functions. For processes with a single correlatiormainly components for whick,= w3 and w,= w, contrib-
time 7., the intensity of the stimulated echo decays mono-ute to the final echo intensity iR ¢{t.p). Since many seg-
exponentially to a final value dependent on the geometry ofnents of the initially selected slow subensemble will have
the reorientation, i.e., to zero for random jumps in the limitbecome fast in the limit of long,,, they will not contribute
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to the second stimulated echo acquired affgr Therefore, For the simplest model of a bimodal and equal distribu-
one expect§ 4(t,,,) to decrease monotonically with the mix- tion of relaxation rates, three parameters are involved: a slow
ing time t,,, to a final plateau value, which depends on theand a fast relaxation rate, andk;, as well as an exchange
characteristics ofF,(t,) and the value of the filter time rateI’ between both states. The relaxation of this model as
tm,, Which generally is on the order of. At this point, it is expressed by () is biexponential witheffectiveratesxs
important to note that whether or not a segment reorientggﬁgfbrggériiagé Lftsbl; t%reeg;?:rhg]ni;ne(sbr:)hceesesn[]hzrlcei‘mtgﬁg\t/ely
d““’.‘gtmz |s.not relevant for the _ﬂnal ;lgnal |.nte_n_3|ty since opens another relaxation channel for an initially slow seg-
the information not about the orientation of individual seg- -+ The effective slow relaxation rake is then approxi-
ments but rather about their dynamic state is preserved dufﬁately given byk.~k.+T. Since the value of is only
o o e s st o sy TG 0 corparison o the me sccle el for e
tions contributing to the stimulated echo intendi82]. For g;lewsi,t);ws em, the dimensioniess rate memory: parameter
smallt,, the filter is not very effective, while for large a

good orientational selection is possible. Qualitatively, in a s

2D exchange spectrum, this corresponds to choosing the Qi=ks/I'~1+ =1 (7)
bounds for integration of the signal around the diagonal

(w1=w,) [27]. Note that other mixing times thaty,, may is introduced. The rate memory paramegecounts the num-

be varied as well, resulting in different correlation functionsber of relaxation processes until a slow segment changes its
(6). For example, a functioR 4(t,,3), obtained by increment- rate and can simply be expressed on the basks,f,,) and

ing ty3 for fixed t,,; andtp,, will give information about the F,(t,,) since x, is obtained fromF,(t,) and I' from
characteristic relaxation time and width of the correlationF ,(t,,) [16]. Low-Q values indicate a strong coupling be-
time distribution of the selected subensemble. Such studiggveen the different relaxation modes and hence a fast decay

have been reported previously for polystyr¢ag]. of F4(typ) to its final plateau value and therefore a short-
time rate memory, whereas large valuesQfre indicative
ll. THEORY of weak coupling and subsequently a long-time rate memory.

Typically, a continuous rather than bimodal distribution
of relaxation rates is observed in amorphous polymers. For

In this section we elucidate the additional informationthis general case a rate memory param&ecan still be
content of the four-time correlation functidf,(t,,,) for a  defined, now effectively counting the number of relaxation
given two-time correlation functioR,(t,,) [21]. In the pres- processes undergone before the present dynamic state of a
ence of dynamic heterogeneities, the functiey{t,,,) mea- segment is uncorrelated to its initially slow state. As shown
sures the time scale between the limiting cases of no exn detail in Ref.[21], F,(t,») can be calculated on the basis
change between fast and slow segments tfgr—0 and  of F,(t,,) and the experimental parameteéfg andt,,; for
complete exchange fdr,,— o, resulting in the equilibrium  different values ofQ; the relation being in a good approxi-
rate distribution of the whole ensemble. mation

A. Rate memory

[Fz(tml) - Fz(tm1+tm2/Q)][F2(tm3) - Fz(tm3+tm2/Q)]
1-Fa(tm2/Q) '

Fa(tm) =Fo(tm+tmo/Q+tmg) + 8

We note here that this equation is expected to hold particudynamics can be uniquely traced back to the presence of
larly well if the homogeneous contributions are small andcorrelated back-and-forth jumps. Hence both limits can be
tmi=tms; see Sec. V B of Ref.21]. characterized so that in the heterogeneous case ther@are
The dependence of Ed8) on all three mixing times back-and-forth jumps and in the homogeneous cassiow
tm1, tme, @ndt,g Might suggest tha can also be extracted and fast segments, i.e., no selectivity. Verifying the occur-
by variation oft,; or t,;3 for a fixed value ot,,. However, rence of back-and-forth jumps requires the knowledge of the
as will be illustrated by an experimental example, this cannogrientation of a given segment at at least three successive
be recommended in practice. times. Therefore, the measurement of a three-time correla-
tion function is necessary to determine the relaxation type.
Specifically, the measurement of the particular three-time
B. Relaxation type correlation function

As already discussed in the Introduction, the relaxation _ _
type describes whether the nonexponentiality is mainly due (Cos @~ wo)tpCOS o~ w1)tp) ©
to heterogeneoussuperposition of different exponential re- is required, which appears to be accessible by means of the
laxation process¢or homogeneousgsuperposition of iden- 3D exchange pulse sequence. A closer examination, how-
tical intrinsically nonexponential relaxation procegsdg-  ever, yields that all four 3D time domain signals need to be
namics. As shown in[10], intrinsically nonexponential measured and combined in an experimentally infeasible fash-
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ion [33]. Yet the structure of the required three-time corre-  Originally, in Ref.[10] the formalism was developed and
lation function is identical to the four-time correlation func- applied to the case of translational dynamics, but can be
tion F, of Eq. (6) under the condition thab;=w, in the  transferred to rotational dynamics as well. In this case two
latter. Therefore, the three-time correlation function can bdather subtle complications arise. The first is related to the
realized by means of a 4D exchange experiment since th@ct that the range ab is finite (- 612<w=< ). A segment,
conditionw;= w, can be assured by settihg, to the small-  that by chance changed its NMR frequency frem/2 to

est experimenta”y possib|e Va“ﬂasua”ygl ms, exclud- S dUring the first time interval will afterward eXperience a
ing the occurrence of molecular reorientation in this timenegative change in frequency. This appear like a correlated
period. As will be shown belowF 4(t,tmo,tms) Will be  back-and-forth jump in frequency space sinee— w,)(ws

evaluated for particular values tf;=tm3=1tm/2, that is, — w4)<0;. Although the jump processes may occur without
any orientational memory, according to our definition, this
F4(tm1=tmo/2:tme= O0tm3= tmo/2) results in homogeneous contributions. Correlations of this

kind, albeit somewhat weaker, will also hold for less extreme
=(cogwy— w)tpcodws—w3)tp) (100 cases. They can be reduced by choosing sufficiently large
_ ) _ values oft, since then such correlations are effectively
will be measured, where the notatidp,=0 is meant 10  gmeared out. The second complication is due to the nonlinear
indicate the shortest experimentally possible value for thQiependence of the NMR frequency on orientation; see Eq.
respective mixing time, ensuring that the conditi®s=w,  (1). This means that for some orientations a jump of, e.g., 10
is met. In the following, we will use the notation o |eads to a significant change i whereas for some other
F4(tmi,tms) for the special three-time correlation function to grientationsw will basically remain constant. In terms of the
preserve its close relation to the actual 4D experiments, peghove definitions this will be interpreted as the first segment
formed for the shortest possible valuetgh. _ being “faster” (in terms of the change im) than the sec-

In the homogeneous case, a subensemble is always indigng, |eading to small heterogeneous contributions, even if
tinguishable from the entire ensemble, rendering the filteoth segments exhibit identical dynamics. This effect can
selection ineffective, with the result that the outcome afterequa”y be circumvented by increasing the value tgf
the mixing timet3 is independent from the events during thereby effectively increasing the “strength” of the filter and
the first mixing timet,. Thus the following factorization is  thys its ability to be sensitive to small frequency changes.
allowed: Only for the case that the dynamics strictly corresponds to

rotational diffusion, such as for the dynamics of colloids, the
Fa(tm:tma) = Fa(tmy) Faltms), 11 situation is not alleviated by increasing the valuet pf34].

which establishes a condition for the homogeneous [d#e IV. RESULTS AND DISCUSSION
In contrast, the condition for the heterogeneous case is .
obtained by considering the total absence of back-and-forth A. Experiment

jumps. Back-and-forth jumps do not contribute to  Ppolystyrene, deuterated at the main ch@S$—d;); was
Fa(tm,tms) since any segment that moves significantly dur-purchased from Polymer Standards Service, Mainz, Ger-
ing tp; and jumps back duringy,; does not pass the first many. The sample had a weight average molecular weight of
filter and thus does not contribute y(ty;,tms). It Will, 173 000 g/mol and a polydispersity value of 1.03. The glass
however, contribute td,(t,,) with t,=t,+ty3 since the transition temperature obtained by differential scanning calo-
orientation at=0 andt=t, is the same. Consequently, only rimetry was 376 K with a heating rate of 10 K/miftd NMR

in the limit of a vanishing probability of correlated back-and- spectra were recorded on a Bruker CXP 300 spectrometer,
forth jumps are the correlation functionk,(t,) and operating at a resonance frequency of 45 MHz with a 90°
F4(tm1.tms) €xpected to be equal. Specifically, the conditionpulse length of 3us. The recycle delay was set to 3 s, which

for the heterogeneous case reads was at least three times longer than the longitudinal relax-
ation time. The total experimental time ranged between sev-
Fa(tmistms) =Fa(tmittms)- (120 eral hours for the stimulated echo decays ard32days for

) ) o ) a 4D experiment. The sample was annealed for at least 6 h
Mgthematlcally,.thls relation is equivalent to the.statemenbrior to the experiments; during the measurements the tem-
(sin(@2— w1)tpsin(ws—wy)ty)=0 [10]. Generally, if both  perature stability was better than0.5 K.
homogeneous and heterogeneous contributions are present,

one expectgsee[10]) B. Rate memory

[F2(tmo/2) 1< F 4(tmo/2,tmo/2) <F 2(tmo)- (13 The NMR experiments on polystyrene were performed at
temperatures abovéy where the average correlation times

In the case of purely homogeneous relaxation the first tware in the slow-motion limit (1 ms<7,<10 9. The data
functions are identical, whereas for purely heterogeneous resbtained from the stimulated echo deday,{t,) measured
laxation the second and the third function are identicalat T=Tgy+ 10 K are shown in Fig. @). The evolution time
Hence a comparison of the three functions directly allowswas set tot,=30 us to provide efficient filtering. Both the
one to judge whether homogeneous or heterogeneous relagesine and the sum of the cosine and sine modulated 2D data
ation predominates. The experimental realization to detersets were recorded to test the assumption in(8qvirtually
mine the relaxation type by applying EGL3) will be dis- identical parameters were obtained in both cases. The solid
cussed in Sec. IV. line is a fit of a stretched exponential with the characteristic
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It is immediately visible that the relaxation rate of the
selected subensemble is slower than that of the entire en-
semble. The rate memory, however, is not infinite since
F4codtmp) decays with time, indicating equilibration of the
subensemble in a finite time as one would expect for any
ergodic system. Theoretical curves 1} . {typ) for differ-
ent values ofQ, calculated from Eq(8), are shown as solid
_ lines. A comparison with the experimental data rev&alo
00! . . be between 1 and 1.5, whereas the calculated curve for
0.1 10 100 1000 1000.0 Q=2 already shows significant deviations from the experi-

t [ms] mental data points. The small value & indicates that a
selected, initially slow segment needs only between one and
b) 10 ' ' ‘ two elementary steps to become equilibrated again, which is
close to the theoretical minimum @=1.

One experimental uncertainty in the determinatioiQak
given by the possibility to normalize the NMR data to the
value of the shortest mixing timig,,. Therefore, it is impor-
tant to measure at temperatures not too high so#hetlong
enough to determine the initial plateau value. In the present
experiment, the normalization leads to insignificant varia-
tions for the value ofQ only. Furthermore, in multidimen-
sional exchange NMR, the exchange intensity, equiva-

to[Ms] lently, the reduction in the echo intensityay arise not only
from dynamic processes, but also from spin diffusion, that is,

FIG. 3. (8 2D echo decayF,c{ty) for polystyrene at magnetization transfer amorfg nuclei mediated by dipole-
T=Ty+10 K with t,=30 us. The solid line represents a stretched 516 couplings. In the past, the effect of spin diffusion has
exponential with fit parameterg=0.38 and7,=9.5 ms.(b) 4D o0 led out from the observed temperature dependence of
echo decay, ..{tp) Obtained with the filtet,,, set to 15 ms. The . L .

' the exchange process, assuming spin diffusion to be a non-

theoretical curves for differer calculated from the 2D echo data ) .
are also shown. Fad@=1, the information of the initial rate is lost thermally activated process. For PS, it has been shown by 2D

after a single relaxation process, wher€as « corresponds to the exche.mg(? NMR belowT that the time. constant for spin
maximum rate memory. The experimental data indicateo be  diffusion is more than 100 [87]. Recent investigations have

near the theoretical minimum 6= 1, implying strong fluctuations addressed the question whether molecular motions have an

between slow and fast segmerfts. .,shas been normalized so that impact on the spin diffusion rates in deuterated systems

Fs,00{0)=1. [38,39. There it was concluded that for disordered systems
close to the glass transition with motional correlation times

time constantz, of 9.5 ms and a distribution constant Of the order of 10°~1 s (slow motion limit, as studied
B=0.38. The parameters correspond to an average correI_Qerea _the effects of spin dlffu5|or_1 can be neglecte_d in analyz-
tion time of (7.)=(7o/8)T(1/8) =37 ms and to a distribu- N9 stimulated ec_ho deqay fqncnons. For-1 s, spin diffu-
tion of relaxation rates with a full width at half maximum of Sion processeswith typical time constants of tens of sec-
about 3 decades. The longitudinal relaxation time measure@ndS compete with dynamic processes. Additionally, for
independently could be approximated as a single exponenti&i9id systems, spin diffusion rates are only nonzero for small
with T,=800 ms and, together with the prefactor of the fit- frequency separatlonégss th:m 5-10 kHz Yet motions
ting function, was used to normalize the 2D echo decay. Thaith 7¢ in the range 10°-10"" s can render the spin diffu-
values are in agreement with previous data obtained by NMRIon rates temperature dependent, resulting in spin diffusion
[23] and those obtained by light scattering techniquedates in the range 1-10°S [39]. As can be seen from Fig.
[35,34. 3(b), the value ofQ is determined from the part of the decay
In the 4D echo experiment,,; = t3 = ty,oWas setto 15 curves where <200 ms[note thatF,(t.,) scales logarith-
ms to achieve a good filter effect within the relaxation ratemically with Q in the plots; cf. Ref[21]]. In this time re-
distribution and to apply the same filter before and after thegime, experimental implications such as relaxation and spin
second mixing time. A smaller value of,, which is best diffusion are negligible.
chosen to be on the order af, results in an insufficient Since the theoretical curve fdf,.{typ) is calculated
filter, whereas for longer values of,,, most of the signal from experimentally obtained values fét, ..{ty), the de-
intensity is discarded by the first filter, thus causing signalfpendence of the value € on the stimulated echo fit param-
to-noise problems in the subsequent analysis. As in the 2Bters needs to be determined. The experimeRtal{t.)
experimentt, was set to 3Qus. The experimental 4D echo data in Fig. 43 can be reasonably well fitted wif ranging
decay, normalized to its value for the shortest mixing timefrom 0.3 to 0.4 and, between 7 ms and 10 ms, respectively.
tmz, IS presented in Fig.(B). The data were corrected for The calculated curves fdf, .{t,p) corresponding to those
longitudinal relaxation with an exponential decay with parameters are shown in Fighd The slope is only slightly
T,=11s. influenced, with variations on the order of the experimental

Fz,ws (tm)

F4,cos (tm2)

0.6 -

04! : : :
0.1 10 100 1000  1000.0
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a) 1.0 . 1.0 :'
08 7,=10ms $=0.4 08k Q>»
J N 7,=9.5ms p=0.35 | B Q=1
:E 0.6 L _ ... 1=6.8ms p=0.3 ] 0.6 L
N g
w04 o4 f
0.2 - 0.2 _ + 2D echo .
3 ”}4D echo +
901 1.0 100 1000 10000 00 b5 : s
: : ['m o] . . 1.0 10.0 100.0
b t, [ms]
b) 1.0 FIG. 5. 2D echo decay in PS and theoretical prediction of the
i 4D echo decay dependent ggs in terms of the rate memory for
L Q— (solid line and Q—1 (dashed ling Both experimental
—~ 08 curvesF,(t,3) differ only by a scaling factor. This demonstates
o I that experimentallyQ cannot be extracted from the variation of
§ tm3-
L 06+
I wards an effect that is interesting and so far not understood,
i we briefly mention some major differences between both ex-
0.4 : : : . . . . .
01 1.0 10.0 100.0 1000.0 periments(i) In NMR, the sample itself is deuterated, while
t, [ms] the optical technique relies on a fluorescent probe molecule

which, however, has been shown to follow the bulk dynam-
ics very well.(ii) In the fluorescent experiments, the depth of
calculation ofF 4 odtro) for Q=1. (&) F codty) for reasonable fits the bleaching as set by the laser beam de_termlnes the filter
with B in the range 0.3-0.4 and relaxation constatdetween 7 strength. The effectiveness of the bleac_hlng has bee_r_1 ob-
and 10 ms(b) F, ..{t,,) determined on the basis of the 2D func- served to depend strongly on the experimental conditions,

tions in (a). The calculated decays are only slightly influenced bySuch as the probe molecule and the system under investiga-
variation of the fit parameters. tion in ana priori unknown way. In contrast, the stimulated

echo filter in the 4D NMR experiment is quantitatively set by
the time delayto. (iii) The optical experiment has been
performed exactly aly (10-20 K lower than the NMR ex-

FIG. 4. Analysis of the influence of the 2D fit parameters on the

uncertainties. AccordinglyQ does not depend crucially on
the choice of the fit parameters of the 2D echo data. periment.

Unfortunately, the temperature dependenceQoannot Finally, we address the question of whether sampling of
be obtained from multidimensional NMR experiments since; . for fixed t,; andt., is capable of obtaining the rate

for most polymers the slow motion limit assumption, Wherememory paramete®. To this end, the data obtained previ-

the analysis is applicable, is valid only up to approximatelyous|y for PS[12] were reanalyzed: see Fig. 5. The 2D echo

Ty+25 K. Simulations on the.bgsis of a modifi.ed I_:re_drick—decay is characterized by =5 ms andg=0.33, whereas

son model, where such restrictions do not exist, indicate g selected slow subensemble has a characteristic time con-

weak temperature dependence@{40]. stant about five times longer with a narrower distribution
A similar small value ofQ was found for PVAC at  narameteps. It turns out that the different theoretical curves

Ty+20 K [16], which is close to the minimum value of t5r =1 andQ=c are rather similar as compared to the

Q=1 observed in polystyrene, indicating large dynamicgjgnificant differences one would obtain from variation of
fluctuations and intimately coupled relaxation modes neafhe central mixing timet,,. As also shown in Fig. 5, by

the glass transition. Since in the meantime a similar res“'éppropriate scaling both limiting cas€=1 andQ=co fit
has even been found for a low-molar glass-forming systemye gata equally well so that in practical applications no
[17], it seems that by analyzing fluctuations in terms of arateatement about the rate memory can be made. Since for

memory parameter we have. found a behavior that is t_VPicatlypicaI experimental parameteFs,(t,,) displays a plateau
for strongly cooperative motion around the glass transition.,,o|e for smalt,,, the normalization problem does not occur

Con;]paring lthe feS“'FSh OL the 45 NMS k«)axperr]iments ONwhen varyingt,,, rather thant,;. The situation is slightly
amorphous polymers with those obtained by other SpectrOsqyer in simulations since in contrast to the NMR experi-

scopic techniques, it is striking that the photobleaching €Xthent the data point fot=0 can be determined so that no
periments performed on the low-molar glass-former OTP in'additional scaling has to be taken into accor).
dicates that there is a large fraction of probe molecules that,
initially slow, do not randomize during a time period consid-
erably larger than the average reorientation 2. These
long-lived constraints would indicate a large value@fin To determine whether the dynamics in PS is mainly het-
marked contrast to the 4D NMR experiments performed orerogeneous or homogeneous based on(E).we measured
OTP, which can also be modeled well in terms of a mini-F; ¢dt), shown in the upper curve in Fig. 6. Fitting a

mum rate memory17]. Since these discrepancies point to- stretched exponential yields,=6.5 ms andB=0.45 for

C. Relaxation type
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1.00¢ . . analysis of this aspect will be presented elsewhere.

V. SUMMARY

We showed that a model-free interpretation of higher-

010F = B cosltmo) “ order correlation functions determined by NMR reveals im-
o Fy tmo/2tmo/2) . portant information about the complex dynamics close to the
= [Fygodtmo’@ N2 N E glass transition. We analyzed quantitatively the microscopic

N dynamic properties of polymer segments by relating experi-

0'010.1 10 100 100.0 mental data to a theoretical description of dynamic fluctua-

tnolms] tions of both the orientation and the probability for changing

FIG. 6. Determination of the relaxation type for PS at the prientation. This has been achieved by applying the the-
T=T,+13 K. The close agreement betweB(tmo/2,tmg/2) and oretical concepts of rate memory and relaxation type. The
Fcodtno) indicates that the dynamics is mainly heterogeneousCharacteristic time of a crossover between a slow and a fast
However, the small deviations indicate some fraction of correlated€laxing subensemble was determined via multidimensional
back-and-forth jumps. NMR by analyzing a four-time correlation function. The in-

formation content of the four-time correlation function as
. compared to a two-time correlation function can be param-
Facoftm). The temperature T=Ty+13 K) was slightly  ggized by a single paramete, which is a measure for the
higher than for the previous measurements, accounting fQhte memory, and the additional information content of
the reduced distribution width of correlation times at higherF4(tm) can be obtained without assuming a particular func-
temperatures observed previously for P3S'E223]' From ional form of F,(t,,). The experimental value & for poly-
F2coftm) the dashed line representifif; co{ty/2)]” was cal-  giyrene is near its theoretical minimum, implying a maximal
culated. The four-time correlation functidfu(tmo/2,tmo/2)  fluctuation rate within a rate distribution of given width. This
was measured fdrm9=4.3r0 andt,,g=28.77g. ) observation is similar to the results for polyvinylacetate and

Here one experimental aspect has to be taken into aGstho-terphenyl, suggesting a common behavior of reorienta-
count. Note that different pulse sequences were applied tggp, dynamics of glass-forming systems abdkg with re-
obtain F codtmo) and F4(tmo/2,tm/2) and therefore the ab- gpect to the rate memory but deviates from the optical ex-
solute value ofF 3 c.{tm)) measured via a 2D echo experi- periments. Additionally, simulations of a generalized
ment cannot be compared directly to the value forgredrickson model, which is a rather simple spin lattice
F4(tm0/2,tm0_/2) acquired by applying a-4D echo sequence.model, also reveal values 6 close to 1[40].

Comparability for the two values dfy, given above can be  Fyrthermore, the relaxation is mainly heterogeneous with
achieved by measuring,(tmo,0), that is, a 4D echo experi- only very small homogeneous contributions, indicating a
ment with eitherty,, or tys is set toty, and the remaining  small fraction of correlated back-and-forth jumps. The domi-
two mixing times are set to the shortest possible vallie npance of heterogeneous contributions is in marked contrast
Fa(tmo/2,tmo/2) according to F4(tmo/2,tmo/2)F2codto))  above the glass transition. There it has been shown via com-
Fu(tmo,0). Note that rather thanF,c.{tmo/2,tmo/2),  puter simulations that the dynamics is mainly homogeneous
F4(tmo/2,tmo/2) was measured to eliminate even the slightesf10], as already predicted by the Rouse model of polymer
influence of the second term in E@) on the intensity of the  dynamicg42,10. Only close the glass transition the dynam-
echoes inF 4(tmo/2,tmo/2). ics becomes apparently heterogeneous, indicating deviations

The close agreement betweeR,(tno/2,tmo/2) and  from the Rouse model.

F, codtmo) indicates that the relaxation is mainly heteroge-

neous; cf. Eq(13). However, there are small but significant ACKNOWLEDGMENTS
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