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The local dynamics of 1,4 polybutadiene below and above the merging of éinel 8 relaxations have been
investigated by combining neutron spin ectMSE) and dielectric spectroscopy. The study of the dynamic
structure factor measured by NSE over a wide momentum transfer range allows us to charactesize the
relaxation as an interchain process while Beelaxation originates from mainly intrachain motions. At
temperatures below the merging, the dynamic structure factor can be described by a superposition of elemental
processes for th@ relaxation as obtained from dielectric spectroscopy. The elemental motions behind this
process can be related to rotational jumps of the chain building blocks around their center of mass. Further-
more, we have been able to consistently describe the dynamic structure factor above the merginagaofcthe
B relaxations by assuming that both processes are statistically independent. In the framework of this scenario
a procedure for analyzing the dielectric response inath@merging region has been developed. Its application
to the dielectric data allows us to describe the dielectric response in this region on the basis of the low
temperature behavior of theand 8 processes and without considering any particular change in the relaxation
mechanism of these processes. The temperature dependence found for the relaxation time mtess
follows now the viscosity, a masked feature in the experimental data due to the merging process. In this way,
we have been able to consistently describe the relaxation of both, the polarization and the density fluctuations,
by using the same scenario, i.e., independeand 8 processes, and considering the same functional forms and
temperature dependences of the characteristic times of the two prod&@83-651X96)07209-1

PACS numbgs): 61.20—p, 64.70.Pf, 61.12.Ex, 61.4te

I. INTRODUCTION Through the momentum transfeQ} dependence of the dy-
namic structure factoB5(Q,t) this information can be pro-

It is well established thatat leas}t two relaxational pro- vided by quasielastic neutron scatterit@ENS techniques.
cesses take place in all glass-forming polymgr®]: the Because it measures directly in the time domain, neutron
primary or structurale relaxation and the secondary @r  spin echo(NSE) is a particularly well suited QENS tech-
relaxation, also known as the Johari-Goldstein pro¢8%s nique for this task. Up to now most of the NSE experiments
Both of these relaxations coalesce in what we will call theon glass-forming liquids have been performed in a tempera-
a-B process in a temperature range 10%-20% above thiire range above the merging of theand 3 relaxations in a
glass transition temperatufig, which we will refer to as the  relatively narrowQ range near the first peak of the static
merging temperatur€,, . The a relaxation is commonly be- structure factorS(Q) [5,6], where the spectra are mainly
lieved to be related to segmental relaxations of the maimlominated by intermolecular correlations. These experiments
chain. The temperature dependence of its relaxation timbave established the validity of the time-temperature super-
shows a dramatic increase aroufg, leading to the glassy position principle and the existence of one universal tem-
state at lower temperatures. TBeelaxation is active above perature scale, which is valid for both viscosity relaxation
as well as belowly, and occurs independently of the exist- and density fluctuations. However, later NSE experiments on
ence of side groups in the polymer. This relaxation has trai,4 polybutadienéPB) performed near the first minimum of
ditionally been attributed to local relaxation of flexible parts, S(Q) [7] revealed two interesting results: on the one hand,
e.g., side groups, and, in main chain polymers, to twisting othe spectral shape was different from the observed one at the
crankshaft motion in the main chajid]. On the other hand, first peak[6], and, on the other hand, a decoupling of the
the origin of thea relaxation should be of an intermolecular microscopic time scale from the time scale set by the viscos-
nature in the context of some models of the glass transitioity relaxation was observed. Dielectric measurements
[4]. The molecular nature of the secondary relaxation and itbrought evidence that below the decoupling temperature,
relationship with the primary relaxation are still unknown. which coincides withT), for this polymer, the NSE relax-

The dynamics of glass-forming systems have mainly beemtions appear to correspond to tAgrocesd8]. In a recent
investigated by means of relaxation techniques like dielectriavork [9], we have investigated the dynamic structure factor
spectroscopy or dynamical mechanical measurements. In oin the B-relaxation regime of 1,4 PB, including new mea-
der to access the relaxational processes on a molecular leveljrements performed & values close to the second maxi-
it is necessary to get spatial information of the relaxationsmum of S(Q) the intrachain peak10]. We found that the
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dynamics in thisQ range is dominated by th@ relaxation, Il. NEUTRON SPIN ECHO STUDY:
leading to an assignment of an intramolecular origin to this THEORETICAL CONSIDERATIONS
relaxation. In that work we described the NSE data-below
Ty interms of a Ic_)cahzed mo_t|on occurring on a Ien_gth SCfalediate dynamic structure factpi4] relating to the pair corre-
of about 1.5 A with the bgrrler distribution fr_om dlele_ctrlc lation function of the moving atoms. In contrast, QENS ex-
spectroscopy. Now, knowing that th@relaxation contrib-  periments on localized motions are generally performed by
utes to the decay of the density fluctuations measured bincoherent scattering yielding the self-correlation function.
NSE, the question arises, what can be learned from the NSﬁh|s is due to main|y two reasons:(i) Hydrogen(]arge in-
data in the merging regime and above on the relation begoherent cross sectipis the most investigated atom, atig
tween these two relaxation processes. the interpretation of incoherent scattering functions, reveal-
The investigation of the dynamics in the merging regioning the single particle motion, is much more simple than the
of the @ and B relaxations is a subject of great interest, be-coherent case, which addresses the relative motion of differ-
cause it may shed some light on the nature of both processemnt particles. Therefore, the coherent scattering function has
Concerning dielectric investigations on polymeric systemspeen much less investigated than its incoherent counterpart.
the understanding of the dynamics in this region is still poor|n order to lay the grounds for an analysis of the NSE data in
partly due to the difficulty to access experimentally its fre-terms of model coherent scattering functions, in the follow-
quency range(~106—1()8 Hz), lying in the upper limit of ing we consider QENS from coherently scattering atom con-
standard relaxation techniques, but mainly as a consequenf@urations performing simple jump processes. These consid-
of the missing spatial information. A phenomenological de-€rations are the basis for an interpretation of scattering from

scription of possible scenarios for theg splitting has been the localizedg relaxation(Sec. Il A). In order to deal also

made[11], but this study has been based on the traditionalVith the merging ofa and g relaxation in Sec. Il B we ap-
roximate the coherent structure factor for atom configura-

analysis of dielectric data, i.e., by assuming that the spectra . : o .
can be described by the addition of the contributions correllons undergoing two different statistically independent pro-
sponding to then and B relaxations. This analysis implies Cesses.
that there are two kinds of dipoles, each of them relaxing
through one of the two processes. As far as we know, any
other kind of treatment of dielectric data has not been yet In the following we will consider a two-level system with
guantitatively performed. Moreover, in the particular case ofenergetically equal levels. One scatterer undergoes transi-
1,4 PB the temperature dependence of the dielectric timtions between two positions, labeled as 1 andp@sition
scale deduced from the maxima of the dielectric loss, usuallyectorsr; andr ), with a transition rate I Let P;;(t) (with
assigned to the relaxation, does not follow the temperature i,j =1,2) be the conditional probability of finding the scat-
behavior of the time scale associated with the viscosity, aterer at positiorj at timet if at t=0 it was at position. It is
would be expected. This is another open question whict¢asy to find that
(r:r?éjrld' be addressed in the framework of the description of the P () =Py(t)=1(1+e 27, (13

ging process.

In this work we present a study of the dynamics of the
glass-forming polymer 1,4 PB at temperatures below and
above the merging of the and 8 relaxations. For this pur-  the jncoherent intermediate scattering function can be writ-
pose we have combined NSE and broadband dielectric techs, 55
nigues. While the last one facilitates precise information
about the temperature dependence of the characteristic times S P
and the spectral shape of the relaxations, NSE provides ~S(Q,t)=(e'QM=MON =3 pdp; (t)(e? (1), (2)
space-time information about the processes involved in the "
mesoscopic dynamics of the system, but compared to dieleGyhere PO is the probability of finding the scatterer atat
tric spectroscopy its dynamic range is rather limited. Therey—q. For energetically equal levels we haRd=P3=1/2.

fore, a combination of both methods is necessary to achievgaking an average over all_the possible orientations of the
further progress in the understanding of the mechanisms b@ectorﬂ—ﬁ with respect taQ, i.e.,

yond the dynamics of the, 8, anda-8 relaxations in glass-
forming systems. Analyzing the merging process we show sin(QlFJ-—Fi|)
that « and B relaxations appear to be statistically indepen- W
dent. This result is supported by a recent study of these re-

laxations in PBs of varying microstructuf&2]. Such an in- we can deduce from Eqgl) and (2) that the incoherent
dependence ok and 8 relaxations was already suggested byscattering function for such a system is given by
Williams [13] for dielectric relaxation, but has never been

guantitatively checked. In Sec. Il we present some theoretical 1 sin(Qd)| 1
results about coherent structure factors for different types of S(Q.Y= 2 [1+ W} *t3
localized motions and for the merging of two processes.

Thereafter, the NSE and the dielectric spectroscopy studies

are reported. whered=|r;—r;| is the jump distance.

In general NSE experiments explore the coherent interme-

A. Coherent scattering function for localized motions

P1a(t)=Poy(t)=3(1—e"2/7). (1b)

(0 (=1 = N ©)

sin(Qd)
- Qd

e*2t/‘r
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states, respectively. If the initial and final states are identical,

that is, no transition took place, thdmy;(t) or P,,(t) de-

06 - % @ 4 scribe the corresponding probabilities. For the case that a
T : transition occurredp15(t) or P,y(t) are the probability func-

tions. With Eqs(1), (5), and(6) the coherent structure factor

becomes

0~7|||||||||||||||;|||

Sl Q

S(Q,t)=3{2P11([A12(Q)1* A12(Q) + 3 PAt)
X[ Az Q)]* Apl( Q) + 3 P1A)[A11(Q) T* Azl Q)
+3Po(O[A2(Q)]* Ai(Q)} (78

=1|A1(Q) +AAQ)|?

0.5 -
S o4l +3|A1(Q)—Axp(Q)%e 2. (7b)
g
#03 2 A Here we have already introduced the initial condition of
02 L = e 2a= d equal probability of finding the particles in each possible
G 6 v o . .
A B position at time 0. The global factor 1/2 arises from the nor-
0.1 - 7 malization ofS(Q,t) to the number of atoms.
ol v As an example we consider the case illustrated in the inset
0 5 10 15 20 of Fig. 1 where a pair of atoms moves in counter sense. In
Q@AY this case the center of mass of the moving system is

fixed; the positions of the scatterers are given

by: {Ai}:(—a,—d/2); {B.}:(a,d/2); {A,}:(—a,d/2);

{B,}:(a,—d/2). Let us calls= \d?+4a? (see insets of Fig.

1). Taking an |sotroplc averaggEq. (3)] and taking into

account that |rA g |—|rA2 rle |rA1 rA2| |rB1

—rBZ|— |rA1—rBz|—|rA2 rBl—Za the coherent struc-
Now we will build the coherent structure factor of hop- ture factor deduced from E§7) reads

ping pairs. Let us consider two scatterers, labeled asd

B, which perform transitions between two positiosee as 1

an example insets in Fig.)1We will treat two different S(Q,t)=§ [1+

cases: (i) correlated andii) uncorrelated jumps.

FIG. 1. Inelastic contribution to the scattering function in the
incoherent(dashed-dotted lineand coherentsolid) cases for cor-
related hopping processes. The jump distadcis 1 A and the
distance 2 between correlated particles are 2(@ and 4 A(b).

sin(Qs) sin(Qd) sin(2Qa)
Os T 0od | 20a

The basic difference in calculating the coherent scattering 1 sin(Qs)  sin(Qd) sm(2Qa) /
function compared to its incoherent counterpart relates to the + > 1+ Os Qd - 20a N
problem that other than for incoherent scattering, where the
motion of one particular atom is traced, now we have to treat (8

the scattering from changing atom configurations: we have
to consider all possible initial and final states, calculate their A simple case where the center of mass moves is realized
scattering amplitudes, take the appropriate products of anby: {A,}:(—a,—d/2); {B,}:(a,—d/2); {A,}:(—a,d/2);
plitudes and perform the necessary averages. {B,}:(a,d/2), and the corresponding distances arg,

Our pair of atomsA and B may assume the positions . |=|F —Fg|=2a; |Fa—Tal=|Fs.—Fa|=d: |F
fa, Fa, andfg andrg,, respectively. If {,j) and (,k) 2B A A B1 '8, ' A1
A Ay B B2’ BZ|—| A, B, | s. The spatlal average of E67) results

deS|gnate the |n|t|al and final atom configurations, respec
tively, (i, k,I=1,2), the scattering amplitudes for these two in the following expression for the coherent structure factor:

states are

i i _E sin(2Qa) sin(Qd) sin(Qs)
Aj(Q)—e@int e, (58 S(Q’t)_Z[” 2Qa ' Qd Qs
1 sin(2Qa) sin(Qd) sm(Qs)
21*" 202 " ad Os
The form factorsI:H((Q) describing the different configura- (9)
tions then are given by

—2t/r

Ak(Q) =@+ ¢i®Ts, (5b) +

In the case of uncorrelated motion which we now con-
Fil(Q)=[Aj(Q)T*Ak(Q). (6)  sider the two scattererd and B jump independently from
each other. Therefore, the dynamic structure factor involves
Now we consider the case of correlated hopping of atomi¢he products of the transition probabilities of both partides
pairs. We have to distinguish two different initial and final andB, P# i (1) andP,J(t), i,j=1,2, respectively,
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11 It can be seen easily that if the distance between corre-
SQYH=57 > PHOPROIAKQT*A(Q), (10 lated jumping atoms is large compared to the jump distance
K] d, these modifications of the inelastic form facf&u. (16)]
~ stay small. As an example, Fig. 1 compares the inelastic
where the factors 1/2 and 1/4 correspond to the normalizacontributions toS(Q,t) for the incoherent case with that for
tion of S(Q,t) to the number of particles and to the product ¢grrelated motiod Eq. (8)] for a jump distanca&l=1 A as-
of the initial probability conditiongassumed to be equal for suminga=1 A [Fig. 1@], anda=2 A [Fig. 1b)]. It is
both particles and both positionsrespectively. Equation eyident that the deviations between coherent and incoherent
(10) contains 16 contributions; taking the isotropic averagesform factors reduce strongly with increasing difference be-
their sum can be calculated to be tween the distance of the hopping pairs compared to the

. . jump length.
E —2t/m\2 E sin(2Qa) l sin(Qs) Let us now consider transitions of a rigid object between
(1+e =')9 1+ + (113 : o
4 2 2Qa 2 Qs two levels, where again the transition probabilities are de-

) ) _ scribed by Eq(1). The object may contaiN atoms with the
N sin(2Qa) N sin(Qs) N sm(Qd)} scattering lengtlb, at positions;, (i=1,N). The associated
2Qa Qs Qd motion may consist of a rotation around an arbitrary axis
(11b  through the center of mass depicted by a rotational m&ltrix
and a displacement by a translational ved®rin order to
1 _oymol SINQ) 1 sin(2Qa) 1 sin(Qs) evaluate the coherent dynamic structure factor, we have to
+-(1-e™ ") =5 + = , ; : ; .
4 Qd 2 2Qa 2 Qs generalize the scattering amplitudes of E5). now describ-
(110 ing the object in the initia] 1] and final[2] states

1
+Z(1—e4t”)[1

where contribution(118 comes from the terms=j, k=1I;

(11b from the termsi=j, k#| andi#j, k=1, and (110 Al(Q):Ei bie'?", (1739
from the termsi#j, k#1. The final expression fos(Q,t)
follows as: L
Ay Q)= bje@@*R 170
soq L]y, sM2Qa) sinQd) sinQs) 2(Q) ; ] (7H
QU=311"%0a ""ad " s

where we explicitly have to include the different scattering
sin(Qd) ot lengths into the expression f&(Q,t).
W e : 12 Again performing an isotropic average and for simplicity
assumingp; =b; for all i andj and removing the scattering
From inspection and comparison of the structure factorsength we obtain
we observe: For=0 and correlated motion we find the Fou-

N
2

rier transform of a dumbbell of lengthor 2a, respectively, S(O.1) = }+ i sin(Qlr; rJ|)
. ' 2 NS r—r
SIH{QS,ZQB.} 1<] Q|r| M
S(QO=1+ o~ (13 .
{Qs,2Q4a} . 1 » sin(Q|ri—Qr+R|)
and in the uncorrelated case we find a mixture of both cor- 2N 5 Qlri—Qri+R|
responding to an equal population of distansesnd 2a i - . =
N 1 sin(Q|ri—Qr;+R|)
1 sinfQs)| 1 sin(2Qa) N©&  QIfi—Qf +R|
=_ - R j
S(Q,0) 5 1+ s 5 [1 20a | (14 b
1 1 sin(Q|ri—rj)
For t=2, which for incoherent scattering corresponds to the +H 5+ g > S
. ; X 2 N5 Qlr; r1|
elastic incoherent structure factor, the result is the same in
the three cases 1 s sin(Q|fi— Qr; +R)|)
5 L[, sinQs sin2Qa) sinQd) 2N Qlri—Qr+R|
)= —
(Q=)=3 Qs 2Qa Qd [ 1.« siQ|fi—Qr+R]|)
(15 — SEL e~ 27 (18
N i<j Q|ri—er+R|

i.e., the particles are equally distributed among the four sites.
Concerning the inelastic part, in the uncorrelated case was above, the limits =0 andt=o reveal the form factor of

recuperate the incoherent result, whereas for correlated maehe rigid object and that of the object occupying both posi-
tions the incoherent inelastic contribution is complementedions simultaneously.

by Up to now we have been dealing with coherent scattering
. . from an isolated ensemble of atoms jumping between two

L 1]sin(Qs) sin(2Qa) (16) equilibrium positions. If such an object is embedded into a

2| Qs 2Qa matrix with the same average scattering properties as the
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considered jumping unit, then the scattering contrast fronthe scattering from the hole in the embedding medium which
the average size of the object is matched by the matrix andrises from embedding an object with a form fadiaf(Q)).
the corresponding forward scattering is suppressed. Thus, we Now relating to the dynamic structure factor we com-
have to appropriately subtract this scattering intensity frormence from Eq(7b) and obtain for an object embedded in a
Eq. (18) for S(Q,t). matrix which performs jumps in a two level system

In order to understand the principle, we consider an en-
semble of dumbbells containing two atoms at a fixed dis- S(Q,t)=<[A1(Q)+A2(Q)]2)—<A(Q))2+<A(Q)>ZSC(Q)
tanceL. Related to its center of masy, the “i” dumbbell

atoms have the coordinates +([ALQ)—Ax(Q)]P)e . (23
R For reorientational motions the hole in the embedding me-
ri=Ri+ > gL, (198  dium is not changing and E@23) is valid for arbitrary re-
orientations. In the case of translational jumps the quantity
g ([AL(Q)+A(Q)]1?) —(A(Q))? representing the structure
Fio=Ri— > éL, (19p  factor fort—oo may formally lead to negative intensity—if

the separation between the initial and final state are suffi-
ciently large([A;(Q)+A,(Q)]?) may decay faster witiQ

where g is a unit vector in the direction of the distance tnhan(A(Q))2. In this case the requirement of overall positive
vector between the two atoms. The static structure factor fofytensity has to be fulfilled by the center of mass correlation

such an ensemble is given by term (A(Q))2S.(Q), restricting possible translational jumps
1 i to those which are compatible with the translational correla-
S(Q)= N < E eiQ‘(Fi(?ij)> _ (20) tions in the system.
i
Sy

B. Coherent structure factor for two different statistically
Introducing center of mass coordinafégy. (19)], S(Q) independent processes

can be rewritten as The self-correlation function corresponding to an atom

undergoing two different statistically independent processes

S(Q)=<1+ sm(QL)) E <E eié(ﬁ—ﬁ;) a and B, can be written as a convolution product of the
QL i<j corresponding self-correlation functions
1. . 1. . R . L. R
xXcog 5 Q-gljcog5 QgL ). (21 G;‘B(r,t)zfGf(r’,t)G;’(r—r’,t)dr’. (24)

The first part of Eq(21) represents the orientationally aver- This implies that the self(incoherent structure factor,
aged form factor of the dumbbelA?(Q)). The second part which is given by the Fourier transformation &f24(rt),
contains the center of mass correlations including correlareads as the direct product of the structure factors corre-
tions between dumbbell orientations and center of mass dissponding to the two processes

tances. If we neglect these translational-rotational correla-

tions, the statistical average in E@1) can be split into an B 1) = SO 3

orientational and translational one. Qb SS(Q,USE(Q'U' 25

5 o 1 However, in the coherent case the derivation of a similar
S(Q)=(A2(Q))+ = ( D eQR-R) <cos(— 6_@,_) expression is not straightforward, because the correlations
N\ =] 2 between all the pairs of scatterg,i) have to be taken into
1 account. The coherent structure factor for g8 process
Xcos(z é'éjL)> can be written in a general form as

—(A2(Q)) +(AQ)S(Q) 11, (22 SH(G.0= 1 S S oG, 26

with (A(Q))*=(cosGQ-€,L)cosGQ-€,L))q a,, Where the
average has to be taken over the orientational configuratio,
spaces(); and Q,. (A(Q))? is the square of the average
scattering amplitude of the dumbbell taken in the center o
mass coordinates argi(Q) is the structure factor due to the 1
center of mass correlations. Equati@®) can easily be gen- S*A(Q,t)= — 2 2 <1>ﬁﬁ(Q)goﬁﬁ(Q,t), (27)
eralized to ensembles of more complicated jumping units. N5 5

The above reasoning on the structure factor shows, that from .

the form factor of the jumping unit one has to subtract thewhere nowe ﬁB(Q,t) is a correlation function normalized to
square of the average scattering amplitude of the unil att=0. If « and B are considered statistically independent
(A(Q))>?. In this way the forward scattering of the building processesy ##(Q,t)= ¢ #(Q,t)¢£(Q,t) and Eg.(27) be-
block is extinguished. This may be considered as subtractingomes

hered ﬁﬁ(é,t) is the correlation function corresponding to
he pair (,i) andN the number of particles. Expressi(6)
fan also be written as
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. 1 . R . The background corrected spectra were divided by the reso-

S“E(Q,t):NZ > 2H(Q)e(Q.0ef(Q.1), (28  Iution function yielding the normalized intermediate dy-
ot namic structure factor§(Q,t)/S(Q,0). In addition, in this

work we have reanalyzed previous data reported in R6fs.

which using the Vineyard approximati¢@5] for the « pro- and[7].

cess can be expressed as

S“B(Q,t)zs‘g(Q,t)Sﬁ(Q,t), (29) C. Neutron spin echo results
. . . In a first approach, we fitted the NSE data with a
WhereSﬁ(Q,t)=(1/N)2j2i®ﬁB(Q)<pﬁ(Q,t) is the coherent Kohlrausch-Williams-WattsKWW) [17] function,
structure factor of thg process. In this framework we obtain
an expression fo8*#(Q,t) connecting the coherent structure S(Q.1) wex _( t )ﬁ
factor of theg relaxation with the relaxation function of the S(Q,0) Tww, |
a process, where in the language of the Vineyard approxi-

mation S°(Q,t) takes the role o§(Q). which describes the decay of the density fluctuations through
the « relaxation. As will be shown below, the value of the
Ill. NEUTRON SPIN ECHO STUDY: shape parameteB obtained for this process by dielectric
EXPERIMENT AND RESULTS spectroscopy is 0.41. Therefore, we fitted NSE data by
means of Eq.(30) and 8=0.41, expecting a viscositylike
temperature dependence af,,, in the case that we are
The experiments were performed on a perdeuterateckally observing the primary relaxation. The results of scal-
PB(—CD,—CD=CD—CD,—), synthesized by anionic po- ing the time scale of NSE data with<&T)/T, where¢ is
lymerization[16]. Purifiedseebutyllithium was used as the the monometric friction coefficient obtained from viscosity
initiator and benzene as the solvent. The reaction conditionmeasurementgl8], are shown in Fig. @) for Q=1.48 A1
used led to a statistically uniform, stereoirregular chain mi-and in Fig. Zc) for Q=2.71 A" These twoQ values lie
crostructure of 52% 1,&ans 41% 1,4eis, and 7% 1,2 close to the first and the second maximaS{R)), respec-
(vinyl)-units. Molecular weight and polydispersity were tively, [see Fig. 23)]. As can be seen in Fig(8), the whole
My=31.6x10* and M /M y<1.02 as determined by mem- master curve obtained fo=1.48 A™! can be described,
brane osmometry in toluene at 310 K and size exclusiomithin the experimental uncertainties, with a KWW function
chromatography, respectively. With differential scanningwith 8=0.41. This result is compatible with an earlier result

(30)

A. Sample

calorimetry(DSC) T, was determined to be 178 K. [6], where aB value of 0.45 was obtained from the fitting of
the master curve to a KWW function. In contrast @+2.71
B. Neutron spin echo experiments A~ obviously the spectra do not follow a time temperature

. superposition principle determined and strong devia-
The NSE experiments were performed by means_of th?ioﬁs f?om a siﬂgle rFr)1aster curve ar:%OL[Me Fig.gzc)].
spectrometer IN11 at the Institute Laue LangedliiL ) in Figure 3 evidences the difference between the tempera-

Grenoble. As described elsewhdre4], NSE measures di- .
rectly the normalized intermediate scattering functionj[ure dependences of thgyy obtained for the twa values

. . : ; in question. ForQ=1.48 A! the characteristic time scale
S iy b PETect e by =E1)T, 25 e cou expec
our deuterated PB sample is nearly entirely,due to cohererﬂ;m Fig. Ab), whereas f0|Q=2_.71 .A the characteristic
scattering. The exoeriments were performed at the hi herﬂl es follow clearly an Arrhenius-like temperature depen-

INg. per ber 9N€¥ence. The fitted line in Fig. 3 forgw(Q=2.71 A™%) cor-
scattering angle availabl€128°), allowing us to reach a ~ NSE : NSE
maximum@ value of 2.71 A'? for the minimum incoming responds 10 7iww = Tkww, EXPEJ/KT) with 7wy, =1.9
wavelength\ available(4.16 A). By changing the value of X 10 8 s andE,=0.40 eV. The observed activation energy
we measured spectra at 205 K for differéptvalues in the agrees perfectly with that found for the dielectg@crelax-
range 1.40 A'<Q<2.71 A%, accessing the dynamics ation(see below. We would like to point out that the KWW
around the first and second maxima as well as around thiinction used in our description of the data also describes
minimum of the static structure fact& Q) [10]. For several approximately the relaxation function corresponding to the
Q values and, in particular, fa@=2.71 A"! we also mea- dielectric 8 relaxation in the time domain if we restrict the
sured spectra at different temperatures ranging between 17ine range to the NSE window. From this simple analysis we
K and 300 K. The time window varies wit® from 1.8  conclude that around the first maximum $fQ), which is
ps<t<1.5 ns(Q=2.71 A1) to 13 ps<t<6.3 ns(Q=1.40 governed by interchain correlatiofi$0], the dynamics are
A™1). For each momentum transfer the instrumental resoluelearly related to the relaxation, whereas around the second
tion function was determined from the elastic scattering ofmaximum, which reflects intrachain correlatidd€)], the dy-
the sample at 4 K. The instrumental background as well apamics are connected to tierelaxation.
the scattering from the Al container and the cryostat was These results, together with the observation of the decou-
measured separately and subtracted from the experimentpling of the characteristic time scale from the viscosity to-
spectra using the appropriate transmission factors. Therebwards theB relaxationlike behavior in the minimum & Q)
the most important background was found at the two highedi7], clearly show that thes process contributes to the dy-
Q values where the Debye-Scherrer rings of the Al resultedhamic structure factor in the NSE window.
in an elastic background of about 20% of the total signal. Below Ty, (=210 K) the « relaxation slows down very
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~ FIG. 3. Temperature dependence of the characteristic times
< Tkww Obtained from the fits o5(Q,t) to stretched exponentials
o 06 :
Y with 8=0.41 atQ=1.48 A"! (®) and 2.71 A1 (O). Dashed-dotted
G line corresponds to the Vogel-Fulcher-like temperature dependence
= 04 of the viscosity forQ=1.48 A" and the solid line to the Arrhenius-
g like temperature dependence of the dielectdcrelaxation for
« Q=271A"
0.2
AN IV. NEUTRON SPIN ECHO STUDY:
0 Ll Ll vl vl e® EVALUATION IN THE ﬂ REGIME
10* 10° 10? 10" 10° 10! The B relaxation is generally assumed to be a spatially
t/Tn localized process; e.g., results from dielectric spectroscopy
are commonly interpreted in terms of distributions of el-
1 emental local jump process¢&]. The simplest picture of
such a process is a jump of an atom between two equivalent
08 sites separated by a distandewith a characteristic time
s r=15>texp(E/kT). Scattering functions for incoherent and
o coherent scattering for these two level jump processes were
« 0.6 discussed in Sec. Il. As we have seen, coherent and incoher-
= ent scattering differ with respect to the presence of interfer-
Qo 04 ence terms in the coherent scattering. For uncorrelated mo-
n tion dynamic constructive interferences are ab$ent (12)]
0.2 and it follows naturally that the coherent quasielastic part

assumes the form of the incoherent structure fadEor (4)].
Note that the interference terms from the average atom dis-

0 12 10 5 P 4 5 0 5 tribution remain giving rise t&(Q). If the motions are cor-
107° 1077 100 107 107 107 100 10 related we have shown above that the interference effects are
t/Tn small as long as the jump distances are smaller than the

distance between the atom pairs.
In a first approach to model thg relaxation we thus
FIG. 2. (a) Static structure factor obtained dy1B (ILL) for approximate the coherent quasielastic form factor by the in-
deuterated PB at different temperatutestracted from Ref[10]). coherent one. Then with Ed4) the normalized dynamic
(b) Scaling representation of the NSE data at 1.48 £O 280 K; ® structure factor may be written as
260 K; A 240 K; A 230 K; O 220 K); (c) the same kind of repre-

sentation for 2.71 AL (O 300 K; @ 280 K; ¢ 260 K; ¢ 240 K; A SQYy _ 1 J, snQd
220 K; A 205 K; [J 190 K; M 180 K; V 170 K). Solid lines S(Q) 25(Q) Qd
correspond to KWW functionésee texk .
1 [ sm(Qd)} .

+ — e < (313
rapidly with decreasing temperature and cannot be observed 25(Q) Qd
anymore within the window of NSE. Therefore, the analysis Fe(Q,d) F™(Q,d)
of the structure factor has been performed distinguishing two =1- ' : —2r
dynamical regimes: theg8 regime, atT<T,, where we S(Q) S(Q)

measure theg process, and the-3 regime atT>T,,, where (31
in principle both, thed and thea process could be presentin ~ As mentioned above the secondary relaxation cannot be
NSE window. described by means of a single Debye process, but more
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complicated relaxation functions involving distributions of

relaxation times, like the Cole-Cole functi¢m9], or distri- -, @)
butions of energy barriers, like log-normal functiof0], \%M
have to be used for its description. We mention here in ad- 1 - 1)
vance that the dielectrig-relaxation function of PB can be %K
well described by assuming a superposition of Debye el- s %Q%A A o
emental processes with a Gaussian distribution of energy & te i 4 a0, Ay
barriersg(E), & P Q(A™):
= > 1.56
" t S A 1.88
@g(t)=f g(E)exp — ——=+|dE, (329 & e 5 2.16
0 D F{ E) el I I I | I [ 33
Toexp = - - - - ) 2.71
KT 10 10" 10 109 10*
t(s)
1 r{ E—EO)Z
g(E)=——exp — (32b)
Jmo .
Here o is the width andg, is the average of the distribution
of activation energies. The widtlr decreases linearly with e
temperatur¢o(eV)=0.145-2.55x10 % T(K)]. The narrow- g
ing of the relaxation function with increasing temperature is >~
another well established feature of tBaelaxation[1]. The S
values of 75 and E, are determined from the temperature A e 180
dependence of the position of the maximum of the relax- =l 190
ation, 7,.=T5exXp(E/kT) and they arery=3.5x10"*" s 0Lttt 11— 205
andE,=0.41 eV. The coherent dynamic structure factor cor- 10 10 tl(OS) 10 10
responding to thgd process can now be built by a superpo-
sition of the coherent scattering functions for the elemental
processe$Eqg. (31)] weighted by the Gaussian distribution
function of the activation energieg E) 1
sQy 1 (= g
S0 "1 5 g J, A QaENdE =
+ L fxg(E)Finel(Q d(E))efﬂlr(E)dE g:
S(Q) Jo ’ ' z ,
o 190
(33 Ozl 1 v 0 205
0% 10" 10% 10° 10*
The free parameters in this model atend 7)>c. Ford we t(s)

choose the dependence on the activation energy given by the
soft potential model, i.egd=E*[21], giving a slight varia-
tion of d in the energy range whetg E) presents significant
values. We also allowed@ and temperature dependent am-
plitude factor which accounts for fast processes like
phonons. The best fit was obtained ffA)=1.9 E(eV)*
implying a most probable jump distance of 1.5 A and
T E=75/250. nyl) units] was investigated. As shown by Hofmaeal.

As can be seen from Fig. 4 with this approach we obtair{12], the 8 relaxation in samples with intermediate micro-
a very good description of all the NSE data at all temperastructure between 1,4 PB and 1,2 PB behave differently from
tures andQ values investigated. We would like to emphasizethe B relaxations in the two borderline microstructures, being
the astonishing result that the time scale observed for thapparently even faster than in 1,4 PB for certain contents of
relaxation of density fluctuations by NSE is shifted by ap-vinyl groups.
proximately two orders of magnitude to shorter times with  This simple description of the dynamic structure factor for
respect to the time scale observed for dipole relaxation. Rethe B relaxation immediately explains the qualitatively dif-
cent light scattering experiments on tBerelaxation of 1,4 ferent behavior o5(Q,t) at the two first maxima 08(Q).
PB also suggest a similar shift of the observed time scal&igure 5a) disp_la?/s the relative quasielastic contribution of
compared to that of dielectric relaxatif®2]. A difference of  the 8 processF"°(Q) to the normalized dynamic structure
one decade for a given temperature between the time scalactor as calculated on the basis of the parameter obtained
obtained from dielectric relaxation compared to that of NSEthrough the fitting procedure described abdsgelid line).
at Q=1.88 A [7] is reported in[23]. However, in that This contribution is very small in the neighborhood of the
work a PB sample with a different microstructy@0% (vi-  first peak, so there at higher temperatures we are mainly

FIG. 4. NSE spectra at 205 k) for the Q values indicated; at
Q=1.88 At (b) and 2.71 A (c) for the temperatures indicated.
Solid lines are the fitting curves obtained in the incoherent approxi-
mation for the inelastic paf©)].
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FIG. 6. Schematic representation of ¢@ and trans(b) units
and the form factors associated to thégh solid line corresponds

) ) ) to cis unit and dotted line to trans unit. The form factéréQ)
FIG. 5. Q dependence of the amplitude of the relative qua5|elas-disp|ayed correspond t(F(Q)z(A(Q)Z)—(A(Q))Z [Eq. (22)]

tic contribution of theg process to the coherent scattering function ;pare A(Q)a are the scattering amplitudes of tlés or trans
obtained in the incoherent approximation for the inelastic gsaifd 5,5 The positions of the rotation axes considered for the cis unit

line) and from the cis unit rotation model for the rotation axis are shown in@): axis through the center of masa)(and through
through the center of mass of the uf@ and through the main 1o main chain B).

chain(b) for different angles: 30¢< ), 60° (4), 90°(A), and 120°
(A). The static structure factd®(Q) at 160 K[10] is shown for

comparisor(dashed-dotted line cussed in Sec. [[Eqg. (18) and(23)]. Since the form factors

of the cis andtrans units are rather similafFig. 6) we treat
only motions of thecis-group expecting similar results also
observing the contribution of the relaxation. On the other for the trans unit. We note, that theis group carries the
hand, F"(Q) is quite high around the minimum and the dielectric dipole. Therefore, its motion is observed by dielec-
second peak 08(Q), explaining the Arrhenius behavior of tric spectroscopy.
the characteristic times of Fig. 3 =2.71 A™! and the Both units exhibit form factors showing a first intensity
decoupling observed ®=1.88 A1 [7]. maximum around)=3 A~ and a second maximum around
Up to now we have considered the dynamic structure facé A~* before the intensity approaches the asymptotic value
tor in incoherent approximation which, as we have shown irof 1. Note that at~3 A~' we experimentally see a high
Sec. Il, may be a reasonable approximation under certainontribution of theg process to the structure factor. With this
conditions. Now we would like to approach the molecularin mind, we consider as a possible elemental process the
geometry more closely, and consider, in an exemplary wayrotation of acis unit around a given axis parallel to the
possible motions of the building blocks of PB. Examiningdouble bond and on the plane defined by the
the molecular structure we realize that the polymer is buitC—CD=CD—C rigid unit (see Fig. & We have calculated
from basically two different rigid units, theis and the the form factor associated with this motion. On the basis of
trans units, comprising each four carbon and two deuteriumEgs.(18) and (23) we have calculate&™™!(Q) for different
atoms (Fig. 6). Both are of similar geometry and mainly angles of rotation around an axis passing through the center
distinguish themselves in the way the polymer backbonef mass of the unit in Fig. ® and through the extremal C
continues. These two building blocks are randomly incorpo-atoms in Fig. B). Considering first the rotation around the
rated into the chain backbone and are connected by one Cl@enter of mass axis, we realize that the coherent inelastic
unit, respectively. In order to model the local dynamics propform factors for thecis unit performing rotational jumps of
erly we would have to treat the local chain structure usingdifferent angles follow qualitatively the result of the incoher-
e.g., the rotational isomeric state approf24i, to couple the ent approximation for 1.5 A jumps. Thereby rotational
chain to the surrounding other chains, to formulate propeengles between 60° and 120° are, in particular, close to Eq.
rate equations and to calcula®Q,t) on this basis. Such a (33) indicating that rotational jump processes of this order
calculation goes far beyond this work and will be followed in are clearly compatible with the observed NSE spectra. The
the future. Here we like to go only one step beyond thepicture is quite different for rotations around the axis through
incoherent approximation and investigate the changes dhe extremal C atoms of theis unit. In this case strong
S(Q,t), if we take into account rigid jumping units as dis- inelastic scattering is predicted to occur around 1*AFor
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0.6 . [ . . | ~ 3 A lindicating that the scattering in thi@ region may
contain interference terms from several building blocks
along the chain. Thus reorientational motions involving co-
operatively more than one building block are likely. Since a
description in terms of simple hoppin&q. (34)] appears to

be a good approximation to this more realistic picture and
since the corresponding equations are much easier to handle,
we shall use these expressions in the following.

Finel( Q)

V. NEUTRON SPIN ECHO STUDY:
EVALUATION IN THE -8 REGIME

At temperatures in the order of the merging temperature
T\, the characteristic relaxation times of the primaryelax-
ation reaches similar orders of magnitude as that of the local
B relaxation. Therefore the description of the dynamic struc-
ture factor will have to be generalized also including the
segmental diffusion process underlying theprocess. We
have considered and successfully describedatipeocess as
a local intrachain relaxation process which takes place within
the fixed environment set by the other chains. When the seg-
mental diffusion reaches the time scale of the local relax-
ation, given atoms and molecular groups will noticeably par-
ticipate, simultaneously, in both motional mechanisms: the
intrachain B relaxation and the interchain relaxation. We

FIG. 7. Inelastic contribution of th@ process to the scattering NOW start with the hypothesis that to first order both mecha-
function obtained from the cis unit rotation model for the rotation Nisms are statistically independent from each other. We shall
axis through the center of mass of the uajtand through the main ~ see that on the basis of this hypothesis@hand temperature
chain(b) for different angles: 30¢< ), 60°(#), 90°(A), and 120°  dependent dynamic structure factors in the merging regime
(A). Solid lines correspond to fitting curves to E§4). and above can be consistently accounted for.

As shown in Sec. Il under the assumption of statistical
rotational angles>70° the consistency condition of E23)  independence o and 8 processes and a Vineyard approxi-
cannot be fulfilled leading to negative elastic intensities.mation for the« process the coherent dynamic structure fac-
Thus, such angles are forbidden. The inelastic contribution ttor S*A(Q,t) can be expressed by E@9). Following com-
the coherent scattering functigiq. (23)] for the rotations mon wisdom we describe the relaxation function for the
considered in Fig. 5 is shown in Fig. 7. Here we have fittedprocess by a KWW function
these functions to the expression

Finel(Q)

t
Teww(Q, T)

with 8=0.41 from the shape of the dielectric spectra.
Tww(Q, T) is the characteristi€) and temperature depen-

.., to the functional form of the incoherent approximation. yent rejaxation time. For th@ process we take the structure
The fits are reasonable for the rotations around the center ?éctor given by Eq(33) leading to

mass[values for the effective distanaky obtained: 0.98 A
(30°); 1.33 A(60°); 1.54 A(90; 1.64 A (1209]. This result S*A(Q,t) p{ ﬁ]
e
f 9(E)F®(Q,d(E))dE
0

B
@“(Q,t)=exp[ - ] (39

1 [1_M}' (34)

FiHEI(Q)OC E Qdeﬁ

t
| mew(Q.T)

also indicates that the earlier results from the incoherent ap-—c 57— =
Lo ) : . : S(Q)

proximation are in best agreement with rotational jumps be-
tween 60° and 90° around this axis. On the other hand, we
observe from Fig. (b) that the agreement with E¢34) is X
not good for rotations of high angles around the main chain,
which would involve much larger distancéd;: 1.84 A 1 o
(30°); 2.85 A (60°; 3.21 A (90°); 3.71 A (1209]. +— J g(E)F"(Q,d(E))e 2V E}

We conclude that the NSE data are compatible with rota- S(Q) Jo
tional processes of the rigid building blocks of PB around an (36)
axis passing through their center of mass. Rotations around
an axis along the main chain atoms at the extremities lead to Note that all the parameters involved in the coherent
intensity at too lowQ and are not likely. Thus, such rota- structure factor of th@ relaxation are known from the evalu-
tional processes around the center of mass axis are likely tation described above. They are extrapolated to the higher
be the motional mechanism behind ti#erelaxation. We temperatures. The only free parameters in fitting the NSE
note, however, that the experimentally obsern@dlepen- data to Eq.(36) are: (i) a Q and temperature dependent
dences lead to more pronounced sharper structures af@undamplitude factor which accounts for fast processes like

1

1
S(Q)
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FIG. 8. (a) NSE spectra for th® values indicated at 220 KA),
240 K (A), 260 K (4), and 280 K(<). (b) at 260 K for theQ

values indicated. Solid lines are fitting curvage text FIG. 9. (a) Temperature dependence of the characteristic times

of the a relaxationiyy for @Q=1.48 A™1 (0), 1.88 A1 (x), and
2.71 A1 (#). Solid lines show the temperature dependence of the
phonons andii) the characteristic time of the relaxation  viscosity. The time scalémaximum of the distributionof the 8
www Which depends on bot and temperature. The tem- relaxation is also shown for comparis@ashed ling (b) Q depen-
perature dependence ofy\ should follow the viscosity dence ofryy at 260 K. The solid line corresponds to the fit to Eq.
relaxation and can be also fixed to the viscosity temperaturés?).

scale, i.e.rkww(Q,t) =B(Q){(T)/T; the Q-dependent pro- )

portionality factorB(Q) is then the free parameter. Figure 8 Which were measured on the same sample at the cold TOF
shows resulting fitting curves for several temperatures at thePectrometer ING25] we extracted thglfast inelastic fra9}|on
first maximum, minimum and second maximum $Q of corresponding spectra &=1.48 A andQ=1.88 A

[Fig. 8a)] and for 260 K at differen® values[Fig. 8b)]. within the 5 mev bandpass of INll. These amplitude factors
The excellent agreement between the scattering funfign ~ could approximately be described by exp{(Q)T], and
(36)] and the experiment strongly supports the hypothesiégreed WeII_Wlth the fltted_ amplltud_es. Using the thus deter-
that the @ and 3 relaxations behave independently of eachmMined amplitudes we refitted varying now both tQeand
other. temperature dependence®f,w(Q,T). The temperature de-

It is noteworthy to remark that in the fitted structure factor P€ndence of the re_slultmg va_llfes ’Qwa(Q’T)l is shown in
shown in Fig. 8 all the parameters are fixed except an amt19- 9@ for 1.48 A, 1.88 A, and 2.71 A", The agree-
plitude factor and theQ dependence ofuwy(Q,T). The ment Wlth the viscosity temperature scale shownlby the solid
small deviations of the curves at 280 K for 1.48 and  lines is generally very good. In the case of 2.71'Avhere

1.88 A2 could be related to a possible small increase of thd N6 data are not available a DWF-like temperature depen-
shape parametes at high temperatures. dence of the amplitudes was assumed. This could be the

The different amplitude factors result from fast relax- réason for the slight deviation at 220 K. As can be seen in
ations and soft phonons which contributeSEQ,t) outside Fig. 8, thls_spectr_um is very yvel_l represented by the_theo_retl-
the observation window but inside the bandpass of IN11. |€&l curve if the time scale is fixed to follow the viscosity
such processes amount to an important fraction of the tot4fMperature dependence and the amplitude is the free param-
scattering within the bandpass, then they are accounted for fit€f- TheQ dependence of thecy is shown by Fig. &)
the normalization process leading to the echo amplitude. Buthere the results for all th@ available at 260 K are dis-
since they are too fast to be observable directly within the?l@yed. The fit to a power law
instrumental time window, they just reduce the apparent -n
NSE amplitude. Time of flight TOF) experiments which Tiww(Q.T)Q S
reach to shorter times may be used, to determine these amives ann value ofn=3.62. In coherent scattering from a
plitudes from measured spectra. Using coherent spectrdiffusive process we would expect to observe “de Gennes
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narrowing” [26] of the quasielastic line, i.e., a modulation of
the characteristic time with the static structure factor. We 0.02 |- *
like to point out that the data onyw(Q) do not evidence
any clear modulation witl$(Q). If anything, in the region of
the first peak ofS(Q) [arrow in Fig.9b)], the 7w (Q) val-
ues are below and not above the solid line dictated by the 0.01
power law. This result supports the consistency of the used :
Vineyard approximation for the process which is based on
the incoherent dynamic structure factor. Here we find prac-
tically the same power law as observed in earlier incoherent 0 Bl sl sl p 3
scattering studie$27,25. Moreover, the “de Gennes nar- 10 10 10 f(HZ)lo 10 10
rowing” has only been established in a straightforward way

for monoatomic liquidg26]. Which modifications would be

necessary in order to describe a complex polymer liquid is180 K (=), 190 K (O), 200 K (+), 210 K (0), 220 K (]), 230 K

not known. . _ . (A), and 240 K(X). Solid lines through the points are the corre-
In conclusion within the experimental accuracy the coher-

. . sponding fitting curvegsee te
ent Q-dependent dynamic structure factor in the3 relax- P g g s X
ation regime of 1,4 PB can be consistently described und
the assumption that both processes are statistically indep

FIG. 10. Dielectric loss curves obtained for PB at 175(K),

Slre range investigated was 125K/ <260 K. Between 125

ep- C
) . and 170 K the spectra were measured each 2.5 K; in the
dent. This observation based on tQeand temperature de- temperature region 170 KT<182 K, each 1 K, and for

a3 _
pendence o8™(Q,t) opens also an approach for an under T>182 K, each 2 K. Due to the low value of the dipole

?ﬁgd\;\zﬁ' g:; rggg:;tsv\rirt%rri]ndtlﬁ:ae?]téft Sé%i(t:;(;?]zcopy on pOIymerSmoment of the_samp_le, with the HP 4191 A i; was possible to
' resolve the dielectric response only at high temperature,
where the maximum of the loss occurs at frequencies close to
VI. DIELECTRIC STUDY: EXPERIMENT AND RESULTS its frequency window.

A. Dielectric experiments ) .
B. Dielectric results

Dielectric measurements were carried out betweer? 10
to 10° Hz by combining three different measurement sys- .
tems: (i) the range 102 to 1 Hz was covered with a monly observed behavior on amorphous polymers: at tem-

frequency response analyzer Schlumberger 1260 equippdfratures below ; only one relaxation process, tierelax-

with a Chelsey dielectric interface with high impedance Iore_atlon, is active in the dielectric frequency window, whereas

amplifier; (ii) a Hewlett-Packard impedance analyzer 4192 AaboveTg the contribution. of t_hea relaxation is also mea-
ured. As can be seen in Fig. 10, two loss processes ap-

allowed us to measure the dielectric response in the audid . L ) .
proaching each other with increasing temperature can be dis-

tinguished in a narrow temperature range abdye the «
elaxation taking place at lower frequencies thanghelax-

impedance analyzer 4191 A, which is based on the principléS. . .
|0f|:l reflectometgrz which 1S bas princip ation. At high temperaturgs=T,+30 K) « andg relaxations

The sample holder used in the case of systémnandi(ii) merge :_:md _onIy one peak can be resolved in the experimental
consisted of a parallel-plate capacitdiameter 20 mrn By dielectric window. . . . .
the measurements wittiii) the sample was kept between . From a phenomenqlogmal point of view, a characteristic
two gold-plated stainless steel electrodd@meter 6 mm time scale can be defined as the inverse of the frequency at
The distance between the plates and electrg8@s.) could
be kept constant by insertion of small Teflon spacers. Be- 0
cause the distance could not be determined to higher accu- -
racy than 10%, this is also the minimum error of the absolute
value of the dielectric constant and loss.

The measurements were performed on the same sample as
NSE experiments. From the three different monomeric units
present in the sampl@.,4<is, 1,44rans and 1,2-viny), unit

The dielectric loss curves obtained for PB show the com-

logf1 /(1)max )]

1,44ranshas no dipole momergtrans-2-butené whereas the 8L

others have a dipole moment of the same order of magni- 3

tude: 0.33 Debyécis-2-buteng and 0.5 Deby&Methylpro- '1035 4 35 5 55 6 65 7 75

pene [28]. Therefore, taking into account that the number of ' T000/TE) '

vinyl groups in our sample is much lower than the number of

cis units, the dielectric response is mainly due to the cis4- FIG. 11. Temperature dependence of the logaritiug, o) of the

groups. On the other hand, the sample was so clean that R@aracteristic time scales defined as the inverse of the frequencies

additional dc-conductivity contribution at the low frequency of the dielectric loss maxima for the main relaxation process

side had to be taken into account. and the g relaxation (O). The solid line shows the temperature
All measurements were done under isothermal conditionsehavior of the viscosity and the dashed-dotted line the Arrhenius-

with a temperature stability better than 0.1 K. The temperatike dependence of thg relaxation.
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which the dielectric loss presents a maximum. Figure lldielectric spectroscopy. Such an approach was in fact pro-
shows the temperature dependence of such determined chaesed by Williams a long time add 3] but has never been
acteristic times of thex and 8 relaxations in PB. In the quantitatively tested. As for the density fluctuations which
region well below the merging these time scales can bére seen by the neutrons it is assumed that the polarization is
univocally determined, but further away froy, only a  partially relaxed via local motions, which conform tjgere-
change in the slope of the high frequency tail of the dielectridaxation. While the dipoles are participating in these mo-
loss evidences the presence of fheclaxation(see Fig. 1p  tions, they are surrounded by temporary local environments.
Therefore, in this temperature range only the evolution of/ N€ collapse of these local environments is what we eall
one maximum, which should be in principle assigned to thé:)roce.ss,_and causes the subsequently total rela>§at|on of the
main () relaxation, can be followed. Concerning tBere- polarization. Note that as the atoms in the density fluctua-

laxation, an Arrhenius-like temperature dependef@leof tions all dipoles participate at the same time in both relax-

. . oo ation processes. Similar to the dynamic structure factor
the time scale is observeq,,,= 75 exp(E/kT) like in many B . :
other glass-forming polymeric systems]. We can see in S"™(Q.t) [Eq.(36)] the relaxation function(t) correspond-

X ) ) . i h i
Fig. 11 that the extrapolation of this law to high temperatureIng to these two independent procesags, can be expressed

crosses the points corresponding to the experimentally ob-

se.rve.d maxima. The temperature at which both time sce}les (1) =To0,(1) (1= )@ () ep(t), (38)
coincide, around 210 K, can be referred to as the merging

temperatureT,,. At higher temperatures, the extrapolatedwheref , is the relative strength factor for theprocess, and
values for the time scales corresponding to the maxima of,(t),¢s(t) are the relaxation functions corresponding to
the B relaxation are higher than the values found for thethe & and B processes. These are normalized functions, i.e.,
experimental maxima. No signature of such a contribution tap.(t=0)=1, @, (t=2)=0. Note that Eq.(38) has the
the dielectric loss in the low frequency range is obserges  same form a$*#(Q,t). However, while the neutron experi-
Fig. 10. This would lead us to think that the process dies ment occurs on the length scale of theelaxation leading to
out above the merging. On the other hand, the temperatur@ dispersiveQ-dependent characteristic time, dielectric spec-
dependence of the characteristic time scale of the main prdroscopy observes the effect of the different relaxation modes
cess clearly differs from the temperature behavior of the timen a local probe—the dipole. Therefore also the prefactors in
scale associated with the viscosity, as can also be seen in Figd. (38), which in the case of neutrons relate to particular

11. Fourier transformed density-density correlations observed on
their natural scale, have a different meanifg,being the
VII. DIELECTRIC STUDY: relative fraction of the polarization relaxed only by the
THEORETICAL CONSIDERATIONS relaxation.

. _ ~ For analyzing the experimental data, which are obtained
Dielectric data are usuaIIy analyzed under the assumptiofh the frequency domain, we have to make use of the con-
that the total dielectric response can be obtained from th@ection between dielectric permitivity and relaxation func-

addition of the contributions ofr and B relaxations. This tjon in the time domain, which is via the Laplace transfor-
seems to give a good description of the experimental datgation

when both processes are well separated, i.e., below the merg-

ing. However, if one tries to fit the data close or above the e*(w)—e&g .
merging region by simple addition, it turns out that at least 83_—8&:‘1) (@)=L
the temperature dependence of the shape parameters changes

drastically in this region compared to its behavior at lowerHere ®* (w) is the response function ard ande,, the zero
temperatures. Depending on the assumptions made in thgd infinitive frequency limits of the real part of the dielec-
fitting procedure, changes also in the temperature depenric function.

dence of the characteristic time scales and the strengths can n order to apply the above described approach to the
be observed. In other words, it is not possible to consistentlgxperimental data, first we have to determine the functional
describe the total process as the addition of the two processésrms of ¢,(t) ande,(t) [equivalently, of the response func-
as extrapolated from the low temperature region. This COU|(ﬂions(I)’;(w) and(IJ;(w)]. Note that, if the time scales of the
also be extracted as a conclusion from the recent work pefelaxation processes are well separatedt) does not begin
formed by Garweet al.[11], where a nice study of the pos- to decay untilp,(t) has completely vanisheg(t) decays in

sible scenarios for th&'ﬁ Spllttlng region is made. In our two Stages and Eq38) can bhe approximated by
case, a just phenomenological scrutiny of the data discards

the simple addition as a description of the experimental be- e(D)=f,0,(1)+(1—Tf,)pat), (40

havior: the strength of th@ relaxation as measured below

T4, where it can be well determined without influence of thei.e., under this condition we recover the usual description in

a relaxation, increases with temperature, whereas, from thterms of the addition of both contributions. Therefore, the

above discussion, it should vanish above the merging. Therdunctional forms ofg,(t) and ¢g(t) [®*(w) and d)’é(w)]

fore, another description of the merging process is clearlyan be obtained from the usual analysis of the low tempera-

needed. ture region spectra, where the time scale of éhprocess is
Taking into account the success of the evaluation of thenuch slower than the one of th@process.

NSE data as considering and 3 relaxations as statistically Once one knows how to describe both relaxations in its

independent processes, we are led to the same assumption fgure” form, the difficulty of applying this formulation in

de(t)
dt |’

(39
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the merging region to the experimental data is that it in- ‘

volves a product in the time domain, which via EG9) 014+
implies some kind of convolution in the frequency domain.

. . . 012 - o -
In order to avoid Laplace transformations, either from the _ S o
time derivative of the product of the theoretical functions 2 01l o° o o3 Bm ]
into the frequency domain, or inversely from the experimen- o 8 © o,
tal data in the time domain, we used the following procedure. 0.08 |- o %o,
It is useful to rewrite Eq(38) as oo

= — | ! | t

@(t)_fa(pa(t)+(l fa)goﬁ eff(t)- (41) 120 140 160 180 200
Here, we are introducing the concept of the relaxation func- T &)
tion of the “effective S relaxation,” ¢4.«(t), given by the 06 ' ' '
producte,(t) ¢4(t). The formulation shown in Eq41) has ®
the advantage that the total relaxation function is still given 05 .
by the addition of two contributions, the one corresponding o o o
to the « relaxation, and the other by this “effectiv@relax- o 04 g e 7505 s
ation.” This last includes the modifications of thgrelax-
ation by the presence of therelaxation. The total response 03 L N
function in the frequency domain will be given in terms of
the response functions of theand the effective3 relaxation 02 , \ ,
@7 () and P «(w): so that we can write 170 180 190 200 210
T (K)

e*(w)—eg . .
f=fad)a(w)+(l—fa)<bﬂeﬁ(w). (42 ) o
€57 € FIG. 12. Temperature dependence of the width of the distribu-

= lculatinad* il K f the f h tion of barrier heightsr of the 8 relaxation(a) and the KWW shape
or calculating®}; .(w) we will make use of the fact that parameter of ther relaxation(b) obtained from dielectric spectros-

the relaxation functiong,(t) and g4(t) can always be ex- ooy solid lines show the fit of in the low temperature range to
pressed in terms of superpositions of Debye processes Witlijinear law in(a) and the mean value @ in (b).

distributions of relaxation timeg,(In7) andg4(In7), respec-

tively VIIl. DIELECTRIC STUDY: EVALUATION

As we have explained in the preceding section, the first
step of the analysis consists of obtaining a description of the
relaxation functions of the pure relaxatiopg(t) and @4(t)
[equivalently, of the response function®*(w) and
<I>2§(w)] from the temperature region wheaeand 8 relax-
ations are well separated in frequency and &) can be
considered a good approximation of E§8). The results of
this analysis are the following: as we have already men-
tioned, for describing th@ relaxation we can use a superpo-
sition of Debye processes with a log-normal distribution of
energy barrier heights, which in the frequency domain reads

t)d(lm—). (43)

T

+ oo
Cap(t)= fﬁm ga(,e)(lnT)eXF<

The relaxation functiorpg.«(t) can be written as

d(In7)

oo t

oper= 60100~ [ .nmiexd -
oo t

X f_ gﬁ(lnr’)ex% — 7>d(lnr’)

+oo +oo
= J»ioo ga(lnr)[ J',oo gﬁ(lnTr)
. E
1+|w70ex4k—_l_)

X ex;{ -t
where the distribution functiog(E) is given by Eq.(32b).

and, ta_lklng Lnto acc_:our_n the properties of the Laplace trans'i'he temperature dependence of the width of this distribution
formation, ¢ () is given by is shown in Fig. 123).

Concerning thea relaxation, a KWW functional form
[17] was used for describing the relaxation function in the

1

5= 0E) dE, (46

1
—+
T!

d(lm-’)]d(lnr) (44

T

h )= | g,0007)

time domain,
—+ oo
X gg(In7’) — d(In7") t \A
—w 1 1 = -
1+iow| =+~ Po(t)=ex oo | 47
xd(In7). (45) where 8 is the shape parameter amgy,, the characteristic

time. This function does not have an analytical Laplace

In this way, <I>§ «#(w) can be calculated by integration, transform. However, it has been shoj29] that the Laplace
avoiding any kind of Laplace transformation.

transform of KWW functions can be well described by
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Havriliak-Negami(HN) [30] functions if its shape param-

eters fulfill certain relationships. Therefore, for expressing 2 :
the response function of the relaxation in the frequency ol
domain we made use of HN functions C
— 2
N 1 Ol
Pl T G T 9 £ 4
<
wherea and y are the shape parameters amg is the char- & S
acteristic time, and we restricted ourselves to the HN-family Iy
functions which describe well the Laplace transform of
KWW functions[29]. In these cases, the relationships be- 0 b v v
tween HN- and KWW-shape parameters and their character- 3.6 4 44 48 52 56 6
istic times arg 31] 1000 / T(K)
ay=pB"%, (499 : . -
FIG. 13. Temperature dependence of the dielectric characteristic
N times obtained by the fitting procedure explained in the text
log —2.6(1— 8)%%exp —38). (49h) (D), Hax (0), and B (#). The Arrhenius law shows the ex-
TKWW. trapolation of the temperature behavior of tBerelaxation. The

. solid line throughryy points shows the temperature behavior of the
The values of the shape parameferbtained for PB are {ime scale associated to the viscosity. The dotted line corresponds

shown in Fig. 12). They_ lie around a mean value of {5 the temperature dependence of the characteristic time scales for
B=0.41. The corresponding HN shape parameters arghe main relaxation process.

a=0.72,v=0.50. As can be realized in this figure, the spec-
tra were analyzed in this way in the temperature range b
tweenTy and T,+22 K, where we could consider that the
time scales ofr and 8 relaxations are separated enolgee

Sme scale associated with the viscogisge Fig. 13 This is

a nontrivial result which emerges naturally from the descrip-

) . tion made and supports the consistency of the analysis of the
Fig. 11). However, we can see that in the case of the Shap8ata, if we take into account that the same temperature de-

parameter of thes relgxatlon already at=T,+5 K devia- endence has been found for the characteristic time scale of
tions from the behavior deduced from lower temperature{hea relaxation as observed by NSE

can be observed. These deviations will be understandable
later. Although the temperature dependence of the other freﬁa

ggrri‘gggtgr 2: {?(?ggﬁlléNul(ciwg)lelgx’ I‘F}g""gc‘;ﬂ%‘i b?ndti-e decreases with increasing temperature, being small at tem-
determina{ion of the VE parameter’s is very low yThis i peratures close to the merging. Unfortunately, the quality of
consequence of the narrow temperature range ih which t(;th.e high frequency dz_;1ta does not aIIov_v us to precisely deter_-
o T . fine the values of this parameter at high temperatures, but it
characteristic timescale of therelaxation is determined by can be supposed to be very small or 0 above the merging. As

th'i??:gsfét res close and above the merding we aoplie bove mentioned, this lack of accuracy is due to the low
peratures clos M ging We appli€da e of the dipole moment of our sample.

the formalism described in Sec. VII: the experimental data We would like to remark that the result obtained tfiat

We({ﬁ ];'tt\?vgstooi?gnzégwéh hj;?nOf Er?.(aArIS)c')r-iEE?ndlsrtgnggg b vanishes or takes low values at high temperatures does not
Igrﬁan?shi Adachi. and KyotakESQZ]' the grocedurg ch)Ilowed Ymean that the dipoles do not participate anymore indhe
’ ’ ' P relaxation. In our approach all the dipoles are involved si-

Ea?@??ik?tii?é%laflz)erg 53]%3;%'33;2)%;%%0%?”%2?3 ngrriermultaneously in bothe and B processes. What this result
heightsg(E) [Eq. (32)] implies is that at high temperatures all or almost all the po-

Figure 14 shows the behavior obtained for the relative
ction relaxed only by the relaxationf ,. This magnitude

T 2

(In )= - (50 ’
gg(ln 1)=——exg - | ——m@@ . 08 L ]
B \/; o o r ]
06 [ .

. DL % ]
Note that, except foryy (equivalently, 7)) and the re- fo T ©0°°%, ]
laxed fraction in thex relaxationf ,, which were left as free 04 | 8o op .
parameters in the fitting procedure, all the parameters were i 2% o ]
extrapolated from the low to the high temperature regime. 02 1 ol P ]
We found a very good description of the data by this proce- N ?eol o
dure, as can be seen in Fig. 10, for the whole range of tem- 180 200 220 240 260
peratures investigated. Moreover, a very interesting result T(K)

concerning the time scale of the relaxation, 7y, arises
from this analysis: its temperature behavior at high tempera- FIG. 14. Fraction of the polarization relaxed through thee-
tures follows very nicely the temperature behavior of thelaxation as a function of temperature.
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ation of the polarization; this means that the dipoles whose
local environment relaxes before the local dynamics takes
place, relax through the relaxation. The higher the tem-
perature, the more similar becomes the shape of the distribu-
tion function of relaxation times of the effectiy&relaxation

to the shape of the distribution function of relaxation times
of the « relaxation, but shifted in the In axis.

The imaginary part of the response function and the dis-
tribution of relaxation times of the total process at 178 K and
210 K are shown in Figs. 16), 15(d), 15g), and 1%h),
respectively. Here we can see the relative contributions of
the @ and effectiveg relaxations to these functions: close to
Ty, the a relaxation alone plays the most important role,
whereas in the merging region almost all the relaxation of
the polarization is due to the other mechanidotal pro-
cesses together with the relaxation). It is noteworthy to
remark that the description found for the elemental process
beyond the secondary relaxation from the NSE evaluation is
compatible with the dielectric results. Rotations of ttie
unit of about 60°-120° would allow the polarization to relax
to a large extent, leaving a small fraction to be relaxed only
via the purea segmental process.

The behavior obtained for the effectiy@relaxation ex-
plains why theo parametefshape parameter of th@relax-
ation) resulting from the analysis of the data as simple addi-
tion deviates close tdy from the extrapolated behavior
towards smaller values: the effect of the asymmetrization
of the response function of th@ relaxation becomes non-
negligible in this temperature range. On the other hand, we
can understand in the light of this description why the tem-
perature behavior of the total process does not follow at high
temperatures the behavior of the characteristic time scale as-
sociated to the viscosity, which is in fact the behavior found
for the pure a relaxation. As we have mentioned, the

g(lnt)
g(int)

5 20 115 -0 5 0
it

35 00 50
In[T(s)]

FIG. 15. Imaginary part of the response functian (b), dielec-
tric loss(c), (d), and distribution of relaxation timeg), (f), (g), (h)
corresponding to the relaxation(dashed-dotted lingsthe g relax-
ation (dashed lines the effective relaxation(dotted line$, and
the total relaxatior(solid lineg at the two temperatures indicated. maxima qu)geﬁ(w) do not coincide with the maxima of

In (c), (d), (g), and(h) the dashed-dotted and the dotted lines rep- - , : ;
resent the contributions of the relaxation and the effectivg re- q)ﬁ(w)’ but they occur at higher frequency. In Fig. 13 we

laxation, respectively, to the total corresponding function. have pIOItEd for sevgral terr),peratures the inverse of the fre-
quencies of the maxima b (w). We know now that the
o dominating role in the relaxation of the polarization at high
larization decays through what we have called effecie temperatures is played by the local dynamics together with
relaxation, which accounts for both, primary and secondaryng 4 relaxation and not by only the relaxation alone, and
relaxations. In order to clarify the meaning of this “fictive” herefore the temperature dependence of the total process
relaxation, Fig. 15 shows how the andg, and the effective o) jows the temperature dependence of the effecvelax-
B relaxations behave with temperature. As can be seen igiion, as is shown in Fig. 13. In this way, we have a simple
Fig. 15a), atT,, where the time scales af and 3 process  explanation of this up to now not clarified behavior.
are separated by four or five orders of magmtu@x%,(w)
and ®7.«(w) are almost indistinguishable. Also the corre-
sponding distribution functions of relaxation times are al-

most identical Fig. 15e)]. However, as the temperature in-  \ve have investigated the local dynamics of 1,4 PB in the
creases and the time scales@faind B relaxations become temperature region below and above the merging of the
closer, we can find significant changes not only in the shapgtrycturale and secondang relaxations using NSE and di-
but also in the frequency of the maximum ®f;.(w) With  electric spectroscopy. Thereby, we have consequently ex-
respect tob(w) [see an example in Fig. U9, just in the  ploited the complementary strengths of both methods. While
merging regioth The effect of the proximity of ther process  dielectric spectroscopy yields very precise information on
on ®.«(w) consists of an asymmetrization of this function the temporal evolution of the relaxations, NSE provides
and a shift of its characteristic time scale towards highespace and time resolution on the length and time scales in
frequencies. The reason of this resulting effect is evidencedquestion. The combined results of both techniques yielded a
in Fig. 15f), where the distribution functions of relaxation deeper understanding of the motional processes behind the
times are shown. We can see that ke processes with relaxations.

characteristic times slower than the average relaxation time Exploiting the Q dependence of the coherent dynamic
of the « relaxation do not contribute anymore to the relax-structure factor as measured by NSE it became posSjldé

IX. CONCLUSIONS
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temperatures below the merging temperatiife to obtain
spatial information on the chain motions behind fheslax-

MERGING OF THEa AND B8 RELAXATIONS IN . ..
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dence of the viscosity and the inverse of the frequency of the
dielectric maxima, which is observed at high temperatures

ation. The results suggest rotational motion of the chairabove the merging regiorvi) Last but not least we would

building blocks likecis and trans units within one chain,

like to point out that we have developed a mathematical

stressing the intramolecular nature of this process. In order tBrocedure for analyzing the frequency domain dielectric data
facilitate the analysis it was of crucial importance to use thgn the framework of the above mentioned ideas. These con-
distribution function of the elemental relaxation processeg|usions, so far, are specific for 1,4 PB, and it will be of great

provided by the dielectric resultsi) At temperatures around interest to investigate whether or not they can be generalized
Ty and above the NSE experiments qualified theelax-  for other glass-forming polymer systems.

ation as being mainly related to interchain motions. Its de-
tailed time dependence, thereby, does perfectly agree with

the dielectric line shapes of theprocess(iii) The dynamic
structure factor abové),, can consistently be described as-
suming thate and B relaxations in 1,4 PB are statistically
independent processes.
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