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Study of the Dynamic Structure Factor in theb 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 thea-b 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 theb relaxation is observed. Considering localized motions on a length scale of
1.5 Å with the barrier distribution from dielectric spectroscopy the dynamic structure factor in theb

relaxation regime can be described quantitatively.

PACS numbers: 64.70.Pf, 61.12.Ex, 61.41.+e
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The general relaxation map of glass forming liquid
exhibits rather complex features [1]. In addition t
the primary or structurala relaxation which underlies
the flow processes, universally a secondary relaxat
process, theb relaxation, also known as the Johar
Goldstein process [2], always appears at low temperatu
merging with thea process in a temperature range 10%
20% above the glass transition temperatureTg. In the
case of polymers, in particular, such relaxations occ
independently of the existence of side groups and
believed to be responsible for such important mechani
properties such as ductility. Despite numerous effo
to study such motions by relaxational methods such
dielectric spectroscopy, their molecular nature is st
unknown.

In principle, varying the momentum transferQ 
4p sinuyl (l is the neutron wave length and 2u is the
scattering angle) quasielastic neutron scattering is capa
of providing the space time resolution, in order to acce
the relaxations on a molecular level. Being a Fouri
method, i.e., measuring directly the time dependent d
namic structure factorSsQ, td, neutron spin echo (NSE) is
particularly well suited for this task [3]. Up to now mos
of the NSE experiments on glass forming liquids we
performed in a temperature range above the merging oa

andb relaxations in a relatively narrowQ range near the
first peak of the static structure factorSsQd [4,5]. These
measurements have established the validity of the tim
temperature superposition principle and the existence
one universal temperature scale, which are both valid
the viscosity relaxation and density fluctuations [6]. Lat
NSE experiments on 1-4 polybutadiene (PB) undertak
near the first minimum ofSsQd revealed a decoupling
of the microscopic time scale from the scale set by t
viscosity relaxation [7]. Dielectric measurements broug
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evidence that below the decoupling temperature the NS
relaxations appear to correspond to theb process [8].

This paper presents first systematicQ-dependent inves-
tigations of the dynamic structure factor for 1-4 PB in th
a-b relaxation regime. While at the first peak ofSsQd
the characteristic relaxation times evaluated from the NS
spectra follow the Vogel-Fulcher temperature dependen
of thea relaxation, at the second peak ofSsQd these times
exhibit an Arrhenius temperature dependence characte
tic of the b relaxation. We present a simple model fo
the dynamic structure factor which naturally explains th
observation. With the barrier distributiongsEd for the
b relaxation obtained from wide frequency range dielec
tric spectroscopy on the same sample a consistent fit
the NSE spectra in theb regime as a function of momen-
tum transfer and temperature is achieved. The comparis
of time scales reveals the puzzling result that the dens
fluctuations appear to relax about 2 orders of magnitu
faster than the dipoles observed in dielectric relaxation.

The experiments were performed on a predeuterat
PB synthesized by anionic polymerization. The reactio
conditions used led to a statistically uniform, stereo
irregular chain microstructure of ca. 52% 1,4-trans, 41%
1,4-cis, and 7% 1,2 (vinyl) units. Thus, the polymer
consists of a backbone essentially without side grou
s—CD2—CD——CD—CD2—dn. Molecular weight and
polydispersity wereMN  31.6 3 103 and MW yMN ,

1.02 as determined by membrane osmometry and si
exclusion chromatography, respectively. With differentia
scanning calorimetry the glass transition was determin
to occur atTg  178 K.

NSE and broadband dielectric spectroscopy are t
techniques used in this work. NSE experiments were pe
formed by means of the IN11 spectrometer at the Institu
Laue Langevin in Grenoble. As described elsewhere [3
© 1996 The American Physical Society
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NSE measures directly the normalized intermediate s
tering functionSsQ, tdySsQ, 0d, wheret is time. Since in-
coherent scattering contributions are strongly suppres
the signal from our deuterated PB sample is nearly
tirely due to coherent scattering. The experiments w
performed at the highest scattering angle available (12±),
allowing us to reach a maximumQ value of 2.71 Å– 1 for
the minimum incoming wavelengthl available (4.16 Å).
By changing the value ofl we measuredSsQ, tdySsQ, 0d
at 205 K for differentQ values in the range1.40 , Q ,

2.71 Å21, accessing the dynamics around the first a
the second maxima, as well as around the minimum
the static structure factorSsQd [9]. For severalQ val-
ues and, in particular, forQ  2.71 Å21 we also mea-
sured SsQ, tdySsQ, 0d at different temperatures rangin
between 170 and 300 K. The time window varies w
Q from 1.8 ps , t , 1.5 ns sQ  2.71 Å21d to 13 ps ,

t , 6.3 ns sQ  1.40 Å21d.
Figure 1 displays a set of characteristic NSE sp

tra (a) at 205 K for differentQ values and (b) atQ 
2.71 Å21 for different temperatures. In a first approach t
NSE data were fitted with a Kohlrausch-Williams-Wat
(KWW) function, SsQ, tdySsQ, 0d ~ expf2stytKWW dbg,
with b  0.41 as suggested from dielectric spectrosco
(see below) fora relaxation. If an interpretation in
terms of thea relaxation holds, we expect a visco
itylike temperature dependence oftKWW , as reported in

FIG. 1. Neutron spin echo spectra of PB: (a) atT  205 K
and for different Q values: e, 1.40 Å21; r, 1.56 Å21; s,
1.88 Å21; d, 2.55 Å21. (b) At Q  2.71 Å21 and for vari-
ous temperatures:e, 170 K; r, 180 K; s, 190 K; d, 205 K.
The ordinates corresponding to each spectrum are given on
left and right sides, respectively. Solid lines correspond to
fit by Eq. (4).
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Ref. [5] for Q  1.48 Å21. In that work, NSE data were
scaled witht ~ z sT dyT , wherez is the monomeric fric-
tion coefficient obtained from viscosity measuremen
and ab value of 0.45 was found. We reanalyzed tho
data together with the new ones atQ  2.71 Å21 im-
posing b  0.41. The obtainedtKWW are shown in
Fig. 2. As can be seen in this figure, the temperat
behavior of tKWW is essentially different for bothQ
values. ForQ  1.48 Å21 the time scales can be pe
fectly fitted by tKWW ~ z sT dyT , as reported in Ref. [5],
whereas forQ  2.71 Å21 the characteristic times fol-
low an Arrhenius-like temperature dependence: The fitt
curve in Fig. 2 fortKWW sQ  2.71 Å21d corresponds to
tKWW  tNSE

0 expsE0yKT d with tNSE
0  1.9 3 10218 s

and E0  0.40 eV. It follows from this analysis that
around the first maximum ofSsQd, which is governed by
interchain correlations, the dynamics are clearly related
a relaxation, whereas around the second maximum, wh
reflects intrachain correlations, the dynamics are conne
to b relaxation.

In order to arrive at a quantitative comparison with d
electric b relaxation results, we have studied the diele
tric response of the same sample in the frequency ra
10– 2 to 109 Hz in a wide temperature range. Here w
will focus on the results concerning dielectricb relax-
ation, but we want to point out two of the results co
cerning the dielectrica relaxation which are importan
for this work: (i) Its relaxation function in the time do
main can be described by assuming a KWW function a
is compatible with a temperature independentb  0.41
[10]. This result was used above. (ii) It merges wi
the b relaxation at a merging temperatureTM of about
220 K [10], coinciding with the decoupling temperatu
mentioned above.

FIG. 2. Temperature dependence of the characteristic tim
tKWW obtained from the fits ofSsQ, td by stretched expo-
nentials with b  0.41 at Q  1.48 Å21 sdd and Q 
2.71 Å21 ssd. Dash-dotted line corresponds to the Voge
Fulcher– like temperature dependence of the viscosity forQ 
1.48 Å21 and the solid line to the Arrhenius-like temperatu
dependence of the dielectricb relaxation forQ  2.71 Å21.
1873
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For the dielectric b relaxation below Tg, Fig. 3
shows the temperature dependence of its character
time tmax. As observed by Johari and Goldste
[2], tmax varies Arrhenius-like with temperature
tmax  tD

0 expsE0yKTd, with tD
0  3.5 3 10217 s and

E0  0.41 eV. In this temperature range, the measur
dielectric response can be well described by assum
a superposition of Debye processes with a Gauss
distribution of energy barriersgsEd:

Fp
bsvd ~

Z `

0
gsEd

1

1 1 ivt
D
0 expsEyKTd

dE , (1a)

gsEd 
1

p
p s

exp

∑
2

µ
E 2 E0

s

∂2∏
. (1b)

Here s is the width and E0 is the average of the
distribution of activation energies. The widths de-
creases linearly with temperaturefsseVd  0.145 2

2.55 3 1024T sKdg, as shown in Fig. 3. The narrowin
of the relaxation function with increasing temperatu
is another well established feature of theb relaxation
[11]. We note that the activation energy found b
dielectric spectroscopy perfectly agrees with the N
result at high Q, providing strong evidence that th
density fluctuations at short length scales indeed re
from the b relaxation.

In order to become more quantitative we construct
the following a simple dynamic structure factor to be com
pared with the data. We restrict ourselves to the tempe
ture range below the merging temperatureTM , where the
a relaxation is far away from the NSE dynamical win
dow and thus theb relaxation is measured. The cohere
intermediate scattering function corresponding to theb

process can be built starting from the description used
the dielectric study: It will be given by a superpositio
of elemental processes with a Gaussian distribution of
ergy barriers [Eq. (1)].

FIG. 3. Temperature dependence of the characteristic t
tmax sdd and the width of the distribution of barrier height
s ssd of the b relaxation from dielectric spectroscopy. Sol
lines correspond to fits by the Arrhenius and linear law
respectively, given in the text.
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The b relaxation is assumed to be a spatially localize
process [11]. The simplest picture of the elemental motio
involved in this relaxation is a jump of an atom between
two equivalent sites separated by a distanced with a
characteristic timet  tNSE

0 expsEyKTd, i.e., a hopping
process. The jump distanced could also depend on
the barrier heightE. For such hopping processes, the
incoherent intermediate scattering function is given by [12

S
hop
inc sQ, td  1 2

1
2

∑
1 2

sinsQdd
Qd

∏

1
1
2

∑
1 2

sinsQdd
Qd

∏
exp

µ
2

2t
t

∂
 1 2 AhopsQ, dd 1 fhopsQ, d, t, td . (2)

Coherent and incoherent scattering differ with respect t
the presence of interference terms in the coherent scatt
ing. Let us consider the jump motion of a pair of atoms
If such atomic jumps are uncorrelated, dynamic constru
tive interferences are absent, and it follows naturally tha
the coherent quasielastic part assumes the form of the
coherent part. Note that the interference terms from th
average atom distribution remain giving rise toSsQd. If
the motions are correlated, it can be shown that the inte
ference effects are small as long as the jump distances a
smaller than the distance between the atom pairs. Und
this assumption the coherent inelastic part can be appro
imated by the incoherent inelastic part and the normalize
coherent scattering function can be written as

S
hop
coh sQ, td
SsQd

 1 2
AhopsQ, dd

SsQd
1

fhopsQ, d, t, td
SsQd

. (3)

Once the coherent scattering function for the element
motion has been obtained it is straightforward to constru
the corresponding one for theb process, which is given
by the superposition of the coherent scattering function
for the elemental processes weighted by the Gaussi
distribution function of the activation energiesgsEd given
by Eq. (1b):

S
b,hop
coh sQ, td

SsQd
 1 2

1
SsQd

Z `

0
gsEdAhopsQ, dd dE

1
1

SsQd

Z `

0
gsEdfhopsQ, d, t, td dE .

(4)

The free parameters in this model ared and tNSE
0 . For

d we choose the dependence on the activation ener
given by the soft potential model, i.e.,d ~ E1y4 [13],
giving a slight variation ofd in the energy range where
gsEd presents significant values. We also allowed
Q and temperature dependent amplitude factor whic
accounts for fast processes such as phonons. The bes
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FIG. 4. Amplitude FsQd of the relative quasielastic contri-
bution of the b process to the coherent scattering functio
obtained from the hopping model (dashed line) and from t
rotational diffusion model (dash-dotted line) as functions ofQ.
The static structure factorSsQd at 160 K [9] is shown for com-
parison (solid line).

was obtained fordsÅd  1.9EseVd1y4 implying a most
probable jump distance of 1.5 Å andtNSE

0  tD
0 y250.

Figure 1 shows the results of this fit for some of theQ
values investigated at 205 K and for several temperatu
at the highestQ. As can be seen in this figure, the
scattering function proposed describes very well th
experimental data, reproducing not only the temperatu
dependence but also theQ dependence ofSsQ, td.

Figure 4 displays the relative quasielastic contributio
of the b process FsQd to the normalized dynamic
structure factor as calculated on the basis of the parame
obtained through the fitting procedure described abo
As can be seen theQ dependence immediately explain
the qualitatively different behavior ofSsQ, td at the
two first maxima of SsQd: The relative quasielastic
contribution corresponding to theb process is very small
in the neighborhood of the first peak, so there at high
temperatures we are mainly observing the contributi
of the a relaxation. On the other hand,FsQd is quite
high around the minimum and the second peak ofSsQd,
explaining the Arrhenius behavior of the characterist
times of Fig. 2 atQ  2.71 Å21 and the decoupling
observed atQ  1.88 Å21 [7].

In order to test the sensitivity of our model fitting
towards the details of the microscopic mechanism
motion, we also fitted the data with a corresponding mod
assuming rotational diffusion of the moving atom on
sphere of radiusr . As compared to single jumps this
model constitutes the extreme of very high local mobility
Again imposing the distribution function of jump rates a
obtained from dielectric spectroscopy, we also are ab
to achieve a good fit of the experimental data resultin
in a rotational radius ofr  0.75 Å and a basic time
tNSE

0  tD
0 y54. While r  0.75 Å corresponds well to

a jump distance ofd  1.5 Å in the hopping model, the
somewhat larger prefactor originates from the genera
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larger mobility imposed by the rotational diffusion mode
For illustration the predicted relative quasielastic scatter
for this model is also included in Fig. 4.

At the present stage the neutron scattering experime
cannot distinguish the details of the different jump mode
For a small amplitude motion an extension of the expe
ment to significantly higherQ values would be required—
a task which is presently technically not feasible. But t
experiments are able to elucidate the extent of molecu
motion of theb process (1.5 Å). We note that the secon
peak ofSsQd relates to intramolecular correlations, in pa
ticular, to the form factor of rigid —CD——CD— units. If
such a unit moves as a whole in theb process, one would
expect strong visibility at the second peak ofSsQd. Thus
also from this aspect theb relaxation appears to a larg
extent to be related to intrachain motions. Finally, the e
periments also reveal the very astonishing result that
density fluctuations, which are directly seen by neutro
obviously decay about 2 orders of magnitude faster th
the dipole orientations observed by dielectric spectrosco
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