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Cusp-like temperature behavior of the nonergodicity factor in polybutadiene revealed
by a joint light and x-ray Brillouin scattering investigation
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The dynamic structure factor of supercooled and glassy polybutadiene has been studied by Brillouin light
and inelastic x-ray scattering in the momentum~q! region between 0.04 and 4 nm21. The joint analysis of the
spectra allows one to access a very large frequency range ('0.2–2000 GHz), and poses severe constraints on
the value of the parameters, thus overcoming the arbitrariness encountered in modeling a single-q spectrum.
The nonergodicity factor—derived from the amplitude of thea relaxation—shows the square-root cusp pre-
dicted by the mode-coupling theory.
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I. INTRODUCTION

The study of density fluctuations in supercooled syste
is of primary importance for the understanding of the d
namic anomalies related to the glass transition phenome
In recent years considerable advances have been made
comprehension of the early stage of the supercooling of
uids, thanks to the development of mode coupling the
~MCT!,1 whose predictions have been favorably tested i
number of real and simulated systems . MCT describes
slowing down of the structural dynamics of a liquid in term
of a nonlinear coupling between density fluctuations whi
eventually, causes a structural arrest at a critical tempera
Tc . A number of peculiar behaviors are predicted by MCT
its idealized version, such as a power-law divergence of
structural relaxation time and the square-root singularity
the normalized amplitude of this relaxation. Though t
MCT has been developed to model the behavior of sim
liquids, these singularities are robust enough also to be
tectable in complex systems, such as polymers, showing
universalcharacter of the MCT.1

Polybutadiene~PB! is one of the first polymers for which
a positive test of MCT was performed by neutron scatter
in the high-q limit.2–4 Neutron spin echo also allowed th
study of the merging of structural and secondary relaxati
of PB.5 On the other hand, in the low-q region characteristic
of Brillouin light scattering~BLS!, only indirect indications
were found of the MCT critical temperature. In particular,
signature could be revealed of the square-root singularit
the temperature behavior of the nonergodicity factor.6,7

A possible reason for the discrepancy between the res
of these high-q and low-q investigations could be found in
the existence of intramolecular relaxation channels, t
could be strongly coupled to the low-q density fluctuations.
Previous analyses of the BLS spectra of PB, similarly
many other glass formers, were performed using a sin
relaxation function. This approximation is obviously to
crude in case of coexistence of structural and thermally
0163-1829/2002/65~22!/224205~5!/$20.00 65 2242
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tivated secondary relaxations, and it can profoundly aff
the results of the analysis. It must be noted that the prese
of a secondary relaxation of intramolecular nature is qu
common in molecular glass-forming systems, even in l
molecular weight ones, like o-terphenyl~oTP!.8 On the other
hand, the introduction of a second relaxation in the analy
of BLS spectra considerably increases the number of
parameters in fitting procedure, and the meaning of the
itself quickly fades out.

In this work—taking advantage of the recently develop
inelastic x-ray scattering~IXS! technique—we overcome th
previous difficulties in the description of the rich pattern
relaxation processes of PB. Indeed, the joint analysis of
IXS and BLS spectra considerably enlarge the accessible
quency window, and gives the opportunity of using mo
realistic models for the dynamic structure factor. In t
present work we use a simple two-step memory function
the density fluctuation variable, and show that it adequa
represents the dynamics of supercooled PB in the whole
changed momentum~q! region 0.04 nm21,q,4 nm21

covered by BLS and IXS. As a result of this analysis w
verify the existence of a cusplike behavior in the temperat
dependence of the nonergodicity factorf q in theq→0 limit.
This result complements the similar results obtained at h
q,2–4 thus supporting the universality of the MCT.

II. EXPERIMENTAL RESULTS

The utilized sample was deuterated 1,4-polybutadie
~PB! (CD2-CDvCD-CD2-) n , characterized by a molecula
weight 25.000, prepared by anionic polymerization. It is t
same sample used for a previous x-ray9 and neutron-
scattering investigation.10

The Brillouin spectra were collected in the temperatu
range 30–328 K, that is from the liquid down to the glas
phase (Tg5178 K) using a Sandercock type (313)-pass
©2002 The American Physical Society05-1
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tandem Fabry-Perot interferometer. PolarizedI i spectra and
depolarizedI' spectra were recorded in the backscatter
(q'0.04 nm21) geometry and the isotropic spectra, prop
tional to the dynamic structure factorS(q,v), were obtained
as I rr5I uu2r 21I' . The depolarization ratior has been de-

FIG. 1. Isotropic Brillouin light spectra of supercooled deute
ated polybutadiene obtained at the indicated temperatures. The
quency region around the elastic peak and around the ghosts o
Fabry-Perot response function have been blanked, and were
used in the fitting procedure.
22420
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termined using the procedure reported in Ref. 11. Selec
I rr spectra obtained at different temperatures are reporte
Fig. 1. The overall instrumental resolution was'100 MHz.
The use of a narrow band filter and the negligible da
counts of the detector allows us to obtain a reliable signa
to twice the frequency of the Brillouin peak resonance
well as in the more important Mountain peak region, situa
below the Brillouin peak.

The inelastic x-ray experiment was carried out at the v
high energy resolution IXS beamline~ID16!12 at the Euro-
pean Synchrotron Radiation Facility using the Si~11 11 11!
reflection for the monocromator and for the analyzers. In t
configuration the energy resolution is'1.5 meV. In IXS
experiments the collected spectra are directly proportiona
the atomic number density fluctuationS(q,v). The IXS
spectraI rr have been collected in the 50–335-K temperat
range and, for each temperature, theq values spanned a
range between 1 and 12 nm21. The totalq resolution was
set to 0.2 (0.4) nm21 for q<(.)2 nm21. The collected
data were normalized to the intensity of the incident be
and the empty cell contribution as well as the electro
background were subtracted from the spectra. As an
ample, IXS spectra obtained atT5249 K are shown in Fig.
2 at the indicatedq values together with the BLS spectrum
the same temperature.

III. DATA ANALYSIS

On a qualitative ground all the BLS spectra show a lin
width (Gapp) of the Brillouin peaks~located atvapp) larger

re-
the
ot
r-
by
FIG. 2. Density fluctuation spectra of supe
cooled deuterated polybutadiene obtained
light (q50.036 nm21) and x-ray (q51, 2, and
4 nm21) scattering atT5249 K.
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CUSP-LIKE TEMPERATURE BEHAVIOR OF THE . . . PHYSICAL REVIEW B 65 224205
than the instrumental function and a non-negligible qua
elastic ~Mountain! contribution ~see Fig. 1!, a clear indica-
tion of the presence of a relaxation process. This featur
present also around and belowTg , where thea process char-
acteristic timeta obeystavapp@1 and cannot affect neithe
the Brillouin linewidth nor the Mountain region; we thu
conclude that some secondary relaxation process is activ
the system.

In order to extract quantitative information from the BL
and IXS spectra, we model the shape of the dynamic st
ture factor according to thegeneralized hydrodynamic
formalism:13,14

I rr~q,v!5
MTI 0

pv

M 9~v!

@v2rM /q22M 8~v!#21@M 9~v!#2
.

~1!

Here rM is the mass density,I 0 is a proportionality factor,
MT is the isothermal modulus, andM (v)5M 8(v)
2 iM 9(v) is the generalized longitudinal acoustic modulu
To model the latter quantity we follow the same guess
cently proposed by some of us to represent the genera
longitudinal modulus in both epoxy systems and oTP, wh
are examples of molecular glass formers where a secon
relaxation process was also clearly revealed.8,11 The function
M (v) is written as15

M ~v!5M`1
D f

~11 ivt f !
b f

1
Da

~11 ivta!ba
1 ivh` ,

~2!

where ta , ba , and t f , b f are the relaxation times an
stretching parameters of the structural and secondary re
ations, respectively,D f5(M`a2M`), Da5(M02M`a),
M`5rMc`

2 , M`a5rMc`a
2 , and M05rMc0

2 are the high-,
intermediate-, and low-frequency values of the longitudi
modulus, respectively, corresponding to the high- (c`),
intermediate- (c`a) and low- (c0) frequency values of the
longitudinal acoustic velocity. The relaxation processes ch
acterized by a time so short to be out of the experime
frequency window are considered asinstantaneousand their
effects are described by the unrelaxed viscosityh` .

In summary, our phenomenological model includes
instantaneousprocess, one fast secondary relaxation,
structural relaxation, and the thermal diffusion mode.
these processes are, in principle, characterized
q-dependent parameters. Although Brillouin light spectra
taken in aq region well inside the hydrodynamic regim
IXS spectra are just at the border where theq dependence
starts to play a role. Our choice of considering thisq depen-
dence as negligible is motivated by two main reasons,
that the IXS spectra included in the analysis are charac
ized by a linear dispersion of the frequency of LA peaksq
independence of the velocity of sound! and that, where a
direct comparison was possible, the values ofh` were also
22420
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shown to beq independent within the experimental erro
Also in this favorable condition, the number of paramete
needed for describing the spectrum is considerably high.
a whole, we have nine relevant parameters, i.e.,M` , M`a ,
M0 , MT , ta , t f , ba , b f , andh` , which is too much for a
single Brillouin spectrum. This is the main reason which h
discouraged, up to now, an analysis of BLS spectra w
more than a single stretched relaxation. Here, to overco
this difficulty, we simultaneously fit, at each temperatu
BLS and IXS spectra up to exchangedq values of 4 nm21.
In this way, we extend the experimental frequency wind
to the range 0.2–2000 GHz, large enough to discrimin
the different relaxation processes. Moreover, to reduce
number of free parameters, we adopt the following pro
dure:~i! The full spectrum analysis is performed at tempe
tures higher thanTg only, i.e., in the equilibrium phase of th
system. At lower temperatures the possible presence o
sidual elastic stress in the sample, and the lack of thermo
namic data presently discourage such a detailed analysis~ii !
The values ofc0 have been fixed to those estimated by
trasonic measurements in the hydrogenated sample, res
by the constant factor 0.96, which corresponds to the sca
factor obtained from the values of sound velocity measu
by BLS in the deuterated and hydrogenated samples.16 We
thus usedc05@152523.09T(°C)#m/s.~iii ! The values of the
isothermal sound velocitycT are obtained by the adiabati
onesc0 through the usual relationshipc0

2/cT
25g, where the

value ofg has been taken from the correspondent state r
tionship betweeng andT/Tg for amorphous polymers.18 In
this way forg we obtain a value of 1.3 atT5321 K, which
decreases with decreasing temperature and reaches a va
1.06 at the glass transition of PB.~iv! The values of the
stretching parametersba and b f are fixed to the average
valueb50.3 that is the mean value of these parameters
tained after a first round of full spectrum fits and consist
with the value obtained by an independent analysis of
temperature dependence of frequency position and linew
of Brillouin peaks reported in Ref. 16~v! The value ofta has
been considered as a free parameter forT>249 K only. At
lower temperatures the contribution of the structural rel
ation to the spectrum has been considered as ad function
centered at zero frequency with amplitudeI 0(12M0 /M`a).
We note that, even in this unfavorable condition, the spe
provide enough information to give uncorrelated values
the whole set of fitting parameters, apart fromta . In fact,
M` is mainly determined by the position of Brillouin peak
in IXS spectra,h` , from their linewidtht f , andb from the
shape of Brillouin light spectra,M0, from ultrasonic mea-
surements andM`a ~i.e., 12M0 /M`a) from the elastic to
inelastic integrated intensity ratio of IXS spectra togeth
with the shape of the BLS spectrum.

The full lines in Figs. 1 and 2 show the results of the jo
fit of Eq. ~1! on BLS and IXS spectra atT5249 K, and on
BLS spectra at different temperatures. The corresponding
rameters are reported in Table I. The quality of the fits is v
high, and gives further confidence to the generalized hyd
dynamic model here adopted.
5-3
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IV. DISCUSSION

Here we concentrate on the main result of the pres
analysis, i.e., the temperature dependence of the nonerg
ity parameterf (q) ~see Fig. 3!. The nonergodicity paramete
in the low-q limit has been evaluated from relaxed and u
relaxed values of the longitudinal modulusrelative to the
structural relaxation f(0)512M0 /M`a . In Fig. 3 it is evi-
dent the presence of a discontinuous behavior not far f
the critical temperatureTc5216 K estimated by previou
neutron scattering investigations of PB.2–4 Mode-coupling
theory predicts that the low-temperature partT,Tc is de-
scribed by the square-root behaviorf (q,T)5 f (q)
1h(q)A(12T/Tc), and the high-temperature region to b
temperature independentf (q,T)5 f (q). The fit of this theo-
retical expectation to the data of Fig. 3 givesTc5224
65 K, f (0)50.3760.01, and h(0)50.2360.03. This
cusplike behavior was previously observed in PB by neut
scattering but never before by light scattering to our kno
edge. In fact, the temperature dependence off (0), obtained
in previous works on hydrogenated samples,6,7 shows a flat
behavior with no signature of square-root singularities.
can now attribute those results to the poor choice of
relaxation function, based on a single relaxation ansatz.
similar to otherreal glass-forming systems, is affected by
strong secondary relaxation process of intramolecular nat
which is not included in MCT. Indeed, we have recen
given evidence of the existence of a fast secondary relaxa
in PB by a careful analysis of frequency position and lin
width of Brillouin light spectra at temperatures lower th
Tg .16 The value of the activation energy we found,Ea
57.260.6 kJ/mol, is not far from 8 kJ/mol reported by Ge
and Boyd17 for the rotation around both –CH2–CHv bonds
(a bonds! of PB backbone. It is now clear that trying to fi
the spectra by a single relaxation function aboveTg , where
both a and fast processes coexist, one obtains somew
average parameters which are not able to put into evide
the peculiarities of the structural relaxation alone. The pr
ence of two relaxations in Eq.~2!, although still a crude
approximation of the spectral components at high frequ
cies, is good enough to grasp the main peculiarities of
structural dynamics of the system. In fact, the rather sm

TABLE I. Parameters of thejoint line shape fitting analysis o
the BLS and IXS spectra of polybutadiene.

T c`a c` ta t f h` /r
~K! ~km/s! ~km/s! (1029 s) (1029 s) (1023 cm2 s21)

187 2.47 2.67 – 0.24 6.9
200 2.35 2.35 – 0.16 6.5
217 2.23 2.56 – 0.14 6.3
230 2.11 2.47 – 0.12 6.8
249 2.00 2.41 8.3 0.088 6.7
270 1.95 2.27 0.47 0.035 6.5
297 1.84 2.19 0.20 0.026 6.9
308 1.80 2.17 0.24 0.019 5.1
321 1.73 2.11 0.10 0.018 5.6
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difference of 3 –8 K in the value ofTc with respect to that
obtained by neutron scattering could be attributed to the
proximation introduced by the phenomenological model
Eq. ~2!.

A further consistence with the predictions of MCT com
from theq dependence of the nonergodicity factor shown
the inset of Fig. 3. In fact, it can be seen that it oscillates
phase with the static structure factor, consistent with
MCT predictions for simple liquids. The fact that MCT su
ceeds in describing the center-of-mass dynamics of polym
and more generally of complicated molecular systems,
recently confirmed by simulations of liquid water,20 strongly
supports the existence of a universality underlying the
namics of supercooled liquids.

V. CONCLUSIONS

In conclusion, we have here reported on a joint analysis
BLS and IXS spectra, allowing us to study the dynamics
density fluctuation of a supercooled system in t
108–1012-Hz frequency range. Thanks to this very wide a
cessed frequency region, evidence is given of the existe
of at least two relaxation processes responsible for acou
loss: the usuala process and a secondary relaxation proc
whose characteristic time lies in the picosecond region. T
structural relaxation shows the fingerprint of the mod
coupling dynamics and, in particular, the square-root sin
larity of the nonergodicity factor. The evidence of th
square-root cusp from the spectrum of density fluctuation
the hydrodynamic regime indicates the universal behavio
supercooled systems, and supports their description in te
of the mode-coupling theory.

FIG. 3. Temperature dependence of the nonergodicity param
of PB obtained by the joint analysis of BLS and IXS spectra. T
inset shows theq behavior of f (q) obtained in the hydrodynamic
limit ~circle! and by neutron spin echo measurements~Ref. 2! in the
high-q region ~squares!. The full line is proportional to the static
structure factor measured by neutron scattering atT5270 K
~Ref. 19!.
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