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Study of the Dynamic Structure Factor in the 8 Relaxation Regime of Polybutadiene
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Using neutron spin echo and dielectric spectroscopy we have studied the molecular motions of
1-4 polybutadiene in thex-B8 relaxation regime. At the first peak of the static structure factor the
relaxation times follow the temperature dependence of the viscosity, while near the second peak the
Arrhenius law of theg relaxation is observed. Considering localized motions on a length scale of
1.5 A with the barrier distribution from dielectric spectroscopy the dynamic structure factor iB the
relaxation regime can be described quantitatively.

PACS numbers: 64.70.Pf, 61.12.Ex, 61.41.+e

The general relaxation map of glass forming liquidsevidence that below the decoupling temperature the NSE
exhibits rather complex features [1]. In addition to relaxations appear to correspond to ;grocess [8].
the primary or structurake relaxation which underlies This paper presents first systemafledependent inves-
the flow processes, universally a secondary relaxatiotigations of the dynamic structure factor for 1-4 PB in the
process, theB relaxation, also known as the Johari- -8 relaxation regime. While at the first peak 8€Q)
Goldstein process [2], always appears at low temperaturdee characteristic relaxation times evaluated from the NSE
merging with thex process in a temperature range 10%-spectra follow the Vogel-Fulcher temperature dependence
20% above the glass transition temperatiite In the of thea relaxation, at the second peak$ifQ) these times
case of polymers, in particular, such relaxations occuexhibit an Arrhenius temperature dependence characteris-
independently of the existence of side groups and aréc of the B relaxation. We present a simple model for
believed to be responsible for such important mechanicahe dynamic structure factor which naturally explains this
properties such as ductility. Despite numerous effortobservation. With the barrier distributiog(E) for the
to study such motions by relaxational methods such ag relaxation obtained from wide frequency range dielec-
dielectric spectroscopy, their molecular nature is stilltric spectroscopy on the same sample a consistent fit of
unknown. the NSE spectra in thg regime as a function of momen-

In principle, varying the momentum transf@dp =  tum transfer and temperature is achieved. The comparison
477 sind/A (A is the neutron wave length and) 2s the  of time scales reveals the puzzling result that the density
scattering angle) quasielastic neutron scattering is capabfiictuations appear to relax about 2 orders of magnitude
of providing the space time resolution, in order to acces$aster than the dipoles observed in dielectric relaxation.
the relaxations on a molecular level. Being a Fourier The experiments were performed on a predeuterated
method, i.e., measuring directly the time dependent dyPB synthesized by anionic polymerization. The reaction
namic structure facta$(Q, r), neutron spin echo (NSE) is conditions used led to a statistically uniform, stereo-
particularly well suited for this task [3]. Up to now most irregular chain microstructure of ca. 52% ZXrdns, 41%
of the NSE experiments on glass forming liquids werel,4<is, and 7% 1,2 (vinyl) units. Thus, the polymer
performed in a temperature range above the merging of consists of a backbone essentially without side groups
and 8 relaxations in a relatively narro® range near the (—CD,—CD=CD—CD,—)n. Molecular weight and
first peak of the static structure fact§¢Q) [4,5]. These polydispersity wereMy = 31.6 X 10° and My /My <
measurements have established the validity of the timet.02 as determined by membrane osmometry and size
temperature superposition principle and the existence axclusion chromatography, respectively. With differential
one universal temperature scale, which are both valid foscanning calorimetry the glass transition was determined
the viscosity relaxation and density fluctuations [6]. Laterto occur atl, = 178 K.

NSE experiments on 1-4 polybutadiene (PB) undertaken NSE and broadband dielectric spectroscopy are the
near the first minimum ofS(Q) revealed a decoupling techniques used in this work. NSE experiments were per-
of the microscopic time scale from the scale set by thdormed by means of the IN11 spectrometer at the Institute
viscosity relaxation [7]. Dielectric measurements brought.aue Langevin in Grenoble. As described elsewhere [3],
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NSE measures directly the normalized intermediate scaRef. [5] for Q = 1.48 A~!. In that work, NSE data were
tering functionS(Q, r)/S(Q, 0), wherer is time. Since in- scaled withr « ¢(T)/T, where/ is the monomeric fric-
coherent scattering contributions are strongly suppressetipn coefficient obtained from viscosity measurements,
the signal from our deuterated PB sample is nearly enand agB value of 0.45 was found. We reanalyzed those
tirely due to coherent scattering. The experiments wereata together with the new ones @t = 2.71 A~! im-
performed at the highest scattering angle available 128 posing 8 = 0.41. The obtainedrxww are shown in
allowing us to reach a maximum@ value of 2.71 A'for  Fig. 2. As can be seen in this figure, the temperature
the minimum incoming wavelength available (4.16 A). behavior of rxww is essentially different for both

By changing the value of we measured(Q,)/S(Q,0) values. ForQ = 1.48 A~! the time scales can be per-
at 205 K for differentQ values in the rangé.40 < Q <  fectly fitted by rxww * £(T')/T, as reported in Ref. [5],
2.71 A=1, accessing the dynamics around the first andvhereas forQ = 2.71 A~! the characteristic times fol-
the second maxima, as well as around the minimum ofow an Arrhenius-like temperature dependence: The fitting
the static structure factas(Q) [9]. For severalQ val-  curve in Fig. 2 forrgww(Q = 2.71 A~") corresponds to
ues and, in particular, fo@ = 2.71 A~! we also mea- 7xww = 7°E exp(Eo/KT) with 7)5E = 1.9 X 10718 s
sured S(Q,1)/S(Q,0) at different temperatures ranging and E; = 0.40 eV. It follows from this analysis that
between 170 and 300 K. The time window varies witharound the first maximum of(Q), which is governed by
Qfrom1.8ps<r<15ns(Q =271 A"to13 ps< interchain correlations, the dynamics are clearly related to

r<63ns(Q=140A". « relaxation, whereas around the second maximum, which
Figure 1 displays a set of characteristic NSE specreflects intrachain correlations, the dynamics are connected
tra (a) at 205 K for differentD values and (b) ap =  to B relaxation.

2.71 A~ for different temperatures. In afirstapproachthe In order to arrive at a quantitative comparison with di-
NSE data were fitted with a Kohlrausch-Williams-Watts electric 8 relaxation results, we have studied the dielec-
(KWW) function, S(Q,1)/S(Q,0) « exd—(t/7xww)?],  tric response of the same sample in the frequency range
with 8 = 0.41 as suggested from dielectric spectroscopyl0=2 to 10° Hz in a wide temperature range. Here we
(see below) fora relaxation. If an interpretation in will focus on the results concerning dielectrg relax-
terms of thea relaxation holds, we expect a viscos- ation, but we want to point out two of the results con-
itylike temperature dependence ofww, as reported in cerning the dielectricx relaxation which are important
for this work: (i) Its relaxation function in the time do-
main can be described by assuming a KWW function and

1 rvS———— s o o, ) is compatible with a temperature independgnt= 0.41
T > . ue .

Lo ool ° °_~g'g [10]. This result was used above. (ii) It merges with
a “““““T‘r’vﬁv’—,—u.—:’oﬁ the 3 relaxation at a merging temperatufg, of about
gl """""""""""" J0.9 220 K [10], coinciding with the decoupling temperature
% 1W 0.7 mentioned above.
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FIG. 1. Neutron spin echo spectra of PB: (a)7at= 205 K FIG. 2. Temperature dependence of the characteristic times
and for differentQ values: &, 1.40 A~™'; @, 1.56 A~'; O, Tkww Obtained from the fits ofS(Q,r) by stretched expo-
188 A" @ 255 A", (b) At Q =271 A" and for vari- nentials with 3 =041 at Q = 148 A~ (@) and Q =

ous temperatures®, 170 K; ¢, 180 K; O, 190 K; @, 205 K.  2.71 A=' (O). Dash-dotted line corresponds to the Vogel-
The ordinates corresponding to each spectrum are given on thHeulcher—like temperature dependence of the viscosityJfee

left and right sides, respectively. Solid lines correspond to thel.48 A~! and the solid line to the Arrhenius-like temperature
fit by Eq. (4). dependence of the dielectri@ relaxation forQ = 2.71 A~

1873



VOLUME 76, NUMBER 11 PHYSICAL REVIEW LETTERS 11 MRcH 1996

For the dielectric 8 relaxation below T,, Fig. 3 The B relaxation is assumed to be a spatially localized
shows the temperature dependence of its characteristprocess [11]. The simplest picture of the elemental motion
time 7m.. As observed by Johari and Goldsteininvolved in this relaxation is a jump of an atom between
[2], Tmax Vvaries Arrhenius-like with temperature, two equivalent sites separated by a distamcavith a
Tmax = 75 eXp(Eo/KT), with 78 =3.5 X 1077 s and characteristic timer = 7)€ exgE/KT), i.e., a hopping
Ey = 0.41 eV. In this temperature range, the measurecprocess. The jump distancé could also depend on
dielectric response can be well described by assuminthe barrier heightE. For such hopping processes, the
a superposition of Debye processes with a Gaussiaimcoherentintermediate scattering function is given by [12]
distribution of energy barrierg(E):

hop 1 _ 17 sin(Qd)
Pple) = fomg(E) 1+ iwTg 1ex|0(E/KT) dE, (1a) Sae (@0 =173 [1 Qd }
0 2 +l|:1_8in(Qd)i|eX[<—2>
s(E) = \/710' ex _<E ;-E()) i| (1b) 2 Qd T

=1—A"P(Q,d) + f*(Q.d,7,1). (2)
Here o is the width andE, is the average of the i ) ) .

distribution of activation energies. The widthr de- Coherent and incoherent scattering differ with respect to
creases linearly with temperaturbr(eV) = 0.145 — the presence of interference terms in the coherent scatter-

255 X 10~*T(K)], as shown in Fig. 3. The narrowing ing. Let us consider the jump motion of a pair of atoms.
of the relaxation function with increasing temperature!f SUch atomic jumps are uncorrelated, dynamic construc-
is another well established feature of tige relaxation tive interferences are absent, and it follows naturally that
[11]. We note that the activation energy found b the coherent quasielastic part assumes the form of the in-
dielectric spectroscopy perfectly agrees with the NSgEeherent part. Note that the interference terms from the
result at high @, providing strong evidence that the average atom distribution remain giving rises0Q). If'
density fluctuations at short length scales indeed resulf!€ motions are correlated, it can be shown that the inter-
from the B relaxation. ference effects are small as long as the jump distances are

In order to become more quantitative we construct ismaller than the distance between the atom pairs. Under
the following a simple dynamic structure factor to be com-thiS assumption the coherent inelastic part can be approx-
pared with the data. We restrict ourselves to the temperdMated by the incoherent inelastic part and the normalized
ture range below the merging temperatdig, where the coherent scattering function can be written as

a relaxation is far away from the NSE dynamical win- ¢hop Abop (0 4 oD (). d. 7. ¢
dow and thus the8 relaxation is measured. The coherent% =1- S(Q’ ) + ! (éz’ T ). 3)
intermediate scattering function corresponding to fhe Q) Q) (@)

process can be built starting from the description used iDnce the coherent scattering function for the elemental
the dielectric study: It will be given by a superposition motion has been obtained it is straightforward to construct
of elemental processes with a Gaussian distribution of erthe corresponding one for the process, which is given
ergy barriers [Eq. (1)]. by the superposition of the coherent scattering functions
for the elemental processes weighted by the Gaussian
distribution function of the activation energig§E) given

! 015 by Eq. (1b):
2 ? Sten™ (Q.1) [
z 01 L= = - —— (E)A™P(Q, d) dE

g = 50 5@) J, #EATCD
e -3 L
= 0.05b + RN (E)f™P(Q,d, r,t)dE
g4 s Jo ¢ G
(4)
Ss ¢ o1 s 72 ° The free parameters in this model ateand 7)E. For
1000 / T(K) d we choose the dependence on the activation energy

fG. 3 T . g q ¢ the characteristic given by the soft potential model, i.ed « E'/* [13],
. 3. Temperature dependence of the characteristic timg:, ; ot ;
Tmax (@) and the width of the distribution of barrier heights alvmg a slight variation ofd in the energy range where

o (O) of the B relaxation from dielectric spectroscopy. Solid g(E) presents significant values. W_e also aIIowed_ a
lines correspond to fits by the Arrhenius and linear laws,@ and temperature dependent amplitude factor which
respectively, given in the text. accounts for fast processes such as phonons. The best fit
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1 —— T 3 larger mobility imposed by the rotational diffusion model.
- For illustration the predicted relative quasielastic scattering
; for this model is also included in Fig. 4.

At the present stage the neutron scattering experiments
cannot distinguish the details of the different jump models.
For a small amplitude motion an extension of the experi-
ment to significantly highe@ values would be required—

a task which is presently technically not feasible. But the
experiments are able to elucidate the extent of molecular
motion of theg process (1.5 A). We note that the second

2 3 4 peak ofS(Q) relates to intramolecular correlations, in par-
Q@AM ticular, to the form factor of rigid —CB=CD— units. If

FIG. 4. Amplitude F(Q) of the relative quasielastic contri- such a unit moves as a whole in teprocess, one would
bution of the B8 process to the coherent scattering functioneXpeCt strong visibility at the second peaksdD). Thus

obtained from the hopping model (dashed line) and from thealSO from this aspect thg relaxation appears to a large
rotational diffusion model (dash-dotted line) as functiongiof  extent to be related to intrachain motions. Finally, the ex-

The static structure facta(Q) at 160 K [9] is shown for com-  periments also reveal the very astonishing result that the
parison (solid line). density fluctuations, which are directly seen by neutrons,
obviously decay about 2 orders of magnitude faster than
the dipole orientations observed by dielectric spectroscopy.
was obtained ford(A) = 1.9E(eV)!/* implying a most We acknowledge partial support by the HCM-EC
probable jump distance of 1.5 A ang>E = 72/250.  project (Contract ERBCHRXCT 920009) and the Ac-
Figure 1 shows the results of this fit for some of f3e ciones Integradas Spain-Germany (Contract Al 95-09).
values investigated at 205 K and for several temperatures. A. also acknowledges the EC grant (Contract ERBCH-
at the highestQ. As can be seen in this figure, the BGCT940603).
scattering function proposed describes very well the
experimental data, reproducing not only the temperature

dependence but also tie dependence of(Q. 1). [1] See, e.g.Pynamics on Disordered Materials ledited by

Figure 4 displays the relative quaS|eIa_st|c contrlbu.tlon A.J. Dianoux, W. Petry, and D. Richter (North-Holland,
of the B process F(Q) to the normalized dynamic Amsterdam, 1993).

structure factor as calculated on the basis of the parametef] . p. Johari and M. Goldstein, J. Chem. Phgs, 2372
obtained through the fitting procedure described above. ~ (1970).

As can be seen th@ dependence immediately explains [3] See, e.g.Neutron Spin Echoedited by F. Mezei, Lecture
the qualitatively different behavior of(Q,r) at the Notes in Physics Vol. 128 (Springer-Verlag, Heidelberg,
two first maxima of S(Q): The relative quasielastic 1980).

contribution corresponding to the process is very small  [4] F. Mezei, W. Knaak, and B. Farago, Phys. Rev. L8,

in the neighborhood of the first peak, so there at higher 571 (1987).

temperatures we are mainly observing the contribution[®] D- Richter, B. Frick, and B. Farago, Phys. Rev. Lét,

of the a relaxation. On the other hand;(Q) is quite 2465 (1988). ) ) .

high around the minimum and the second peal§@), [6] Note, however, that for dipole relaxation with the very

.. . . . large frequency range of dielectric spectroscopy deviations
explaining the Arrhenius behavior of the characteristic from the time temperature superposition principle have

times of Fig. 2 atQ = 2.71 A™! and the decoupling been reported [see, e.g., P.K. Dixet al., Phys. Rev.
observed ap = 1.88 A~! [7]. Lett. 65, 1108 (1990)].
In order to test the sensitivity of our model fitting [7] D. Richteret al., Phys. Rev. Lett68, 71 (1992).

towards the details of the microscopic mechanism of [8] R. Zorn (unpublished).
motion, we also fitted the data with a corresponding model[9] B. Frick, D. Richter, and ClI. Ritter, Europhys. Le®. 557
assuming rotational diffusion of the moving atom on a  (1989).
sphere of radius-. As compared to single jumps this [10] A. Arbe et al. (to be published). The quoteg value
model constitutes the extreme of very high local mobility. ~ 29rees well also with a recent analysis yieldigy=
Again imposing the distribution function of jump rates as ~ 2:42 = 0.01 [A. Hofmannet al., Macromolecule9, 129

! - > (1996)].
obtained from dielectric spectroscopy, we also are abl

- . . . 1] See, e.g., G. Williams, Adv. Polym. S@3, 60 (1979),
to achieve a good fit of the experimental data resultin and references therein.

in a rotational radius of = 0.75 A and a basic time [12] See, e.g., M. Bée, iQuasielastic Neutron Scattering
NSE — 7D /54 While r = 0.75 A corresponds well to i i

To. 7o . r . P (Adam Hilger, Bristol, 1988), p. 189.

a jump distance off = 1.5 A in the hopping model, the [13] V.G. Karpov, M. 1. Klinger, and F. N. Ignat'ev, Sov. Phys.

somewhat larger prefactor originates from the generally  JETP57, 439 (1983).
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