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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

D. Fioretto! M. Mattarelli* C. Masciovecchid,G. Monaco® G. Ruoccd® and F. Setté
lDipartimento di Fisica and INFM, Universitdi Perugia, 1-06100, Perugia, Italy
2Sincrotrone Trieste, Area Science Park, 1-34012, Trieste, Italy
SEuropean Synchrotron Radiation Facility, B.P. 220, F-38043 Grenoble Cedex, France
“Dipartimento di Fisica and INFM, Universitdi Roma “La Sapienza,” 1-00185, Roma, ltaly
(Received 28 March 2002; published 29 May 2p02

The dynamic structure factor of supercooled and glassy polybutadiene has been studied by Brillouin light
and inelastic x-ray scattering in the moment(gnregion between 0.04 and 4 nrh The joint analysis of the
spectra allows one to access a very large frequency ran@e2(-2000 GHz), and poses severe constraints on
the value of the parameters, thus overcoming the arbitrariness encountered in modeling q spegeum.

The nonergodicity factor—derived from the amplitude of theelaxation—shows the square-root cusp pre-
dicted by the mode-coupling theory.
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[. INTRODUCTION tivated secondary relaxations, and it can profoundly affect
the results of the analysis. It must be noted that the presence
The study of density fluctuations in supercooled system®f a secondary relaxation of intramolecular nature is quite
is of primary importance for the understanding of the dy-common in molecular glass-forming systems, even in low
namic anomalies related to the glass transition phenomenomolecular weight ones, like o-terpher@TP).2 On the other
In recent years considerable advances have been made in thand, the introduction of a second relaxation in the analysis
comprehension of the early stage of the supercooling of ligof BLS spectra considerably increases the number of free
uids, thanks to the development of mode coupling theoryparameters in fitting procedure, and the meaning of the fit
(MCT),! whose predictions have been favorably tested in atself quickly fades out.
number of real and simulated systems . MCT describes the In this work—taking advantage of the recently developed
slowing down of the structural dynamics of a liquid in termsinelastic x-ray scattering XS) technique—we overcome the
of a nonlinear coupling between density fluctuations which previous difficulties in the description of the rich pattern of
eventually, causes a structural arrest at a critical temperatur@laxation processes of PB. Indeed, the joint analysis of the
T¢. Anumber of peculiar behaviors are predicted by MCT in|XS and BLS spectra considerably enlarge the accessible fre-
its idealized version, such as a power-law divergence of thguency window, and gives the opportunity of using more
structural relaxation time and the square-root singularity ineglistic models for the dynamic structure factor. In the
the normalized amplitude of this relaxation. Though_ thepresent work we use a simple two-step memory function for
MCT has been developed to model the behavior of simplgne density fluctuation variable, and show that it adequately
liquids, these singularities are robust enough also to _be derépresents the dynamics of supercooled PB in the whole ex-
teqtable in complex systems, such as polymers, showing th&ﬁanged momentunig) region 0.04 nml<q<4 nm !
universalcharacter of the MCT. it of thi vsi
PolybutadiendPB) is one of the first polymers for which cov_ered by .BLS and IXS. A$ a resu t_o IS analysis we
a positive test of MCT was performed by neutron scatteringverlfy the existence of & CUSp!'k.e behav!or in the tempgrature
dependence of the nonergodicity factgrin theq—0 limit.

in the highg limit.2~* Neutron spin echo also allowed the hi I | he simil its obtained at hiah
study of the merging of structural and secondary relaxationd 1'S, "esult complements the similar results obtained at hig
g,“~ " thus supporting the universality of the MCT.

of PB2 On the other hand, in the log-region characteristic
of Brillouin light scattering(BLS), only indirect indications
were found of the MCT critical temperature. In particular, no
signature could be revealed of the square-root singularity in Il EXPERIMENTAL RESULTS

the temperature behavior of the nonergodicity faétor.

A possible reason for the discrepancy between the results The utilized sample was deuterated 1,4-polybutadiene
of these highg and lowq investigations could be found in (PB) (CD,-CD=CD-CD,-) ,,, characterized by a molecular
the existence of intramolecular relaxation channels, thaweight 25.000, prepared by anionic polymerization. It is the
could be strongly coupled to the log-density fluctuations. same sample used for a previous x%ragnd neutron-
Previous analyses of the BLS spectra of PB, similarly toscattering investigatiotf.
many other glass formers, were performed using a single The Brillouin spectra were collected in the temperature
relaxation function. This approximation is obviously too range 30—-328 K, that is from the liquid down to the glassy
crude in case of coexistence of structural and thermally acphase T3=178 K) using a Sandercock type {3)-pass
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termined using the procedure reported in Ref. 11. Selected
I, Spectra obtained at different temperatures are reported in
Fig. 1. The overall instrumental resolution wad.00 MHz.

The use of a narrow band filter and the negligible dark

counts of the detector allows us to obtain a reliable signal up
to twice the frequency of the Brillouin peak resonance as

well as in the more important Mountain peak region, situated

below the Brillouin peak.

The inelastic x-ray experiment was carried out at the very
high energy resolution IXS beamlingD16)'? at the Euro-
pean Synchrotron Radiation Facility using thé¢1%i11 11
reflection for the monocromator and for the analyzers. In this
configuration the energy resolution i€1.5 meV. In IXS
experiments the collected spectra are directly proportional to
the atomic number density fluctuatio®(q,w). The IXS
. spectrd ,, have been collected in the 50—-335-K temperature
s ’_2-0 0 5 o S s o s range and, for each temperature, thevalues sp_anned a

range between 1 and 12 narh The totalq resolution was

Frequency (GHz) set to 0.2 (0.4) nm! for g=<(>)2 nm % The collected
FIG. 1. Isotropic Brillouin light spectra of supercooled deuter- data were normalized to t_he intensity of the incident bea_m
ﬁgd the empty cell contribution as well as the electronic

Intensity (arb. units)

ated polybutadiene obtained at the indicated temperatures. The fr
quency region around the elastic peak and around the ghosts of t ckground were subtracted from the spectra. As an ex-

Fabry-Perot response function have been blanked, and were nflPI€, IXS spectra obtained &t=249 K are shown in Fig.
used in the fitting procedure. 2 at the indicated values together with the BLS spectrum at

the same temperature.

tandem Fabry-Perot interferometer. Polarizgdpectra and

depolarlzedll_lspectra were recorded in _the backscattering Il DATA ANALYSIS

(g=~0.04 nm ) geometry and the isotropic spectra, propor-

tional to the dynamic structure fact8(q,w), were obtained On a qualitative ground all the BLS spectra show a line-
aslpp=l||fr‘1|L . The depolarization ratio has been de- width (I',,p) of the Brillouin peakg(located atw,p,) larger

4000 FIG. 2. Density fluctuation spectra of super-
cooled deuterated polybutadiene obtained by
light (9=0.036 nm'') and x-ray =1, 2, and

4 nm 1) scattering alf =249 K.
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than the instrumental function and a non-negligible quasishown to beq independent within the experimental error.
elastic (Mountain contribution(see Fig. 1, a clear indica- Also in this favorable condition, the number of parameters
tion of the presence of a relaxation process. This feature ifeeded for describing the spectrum is considerably high. As
present also around and beldyy, where thew process char-  a whole, we have nine relevant parameters, Me.,, M..,,,
acteristic timer,, obeysr,w,,,>1 and cannot affect neither Mg, M1, 7o, 7¢, Bas Bi,» andz.,, which is too much for a
the Brillouin linewidth nor the Mountain region; we thus single Brillouin spectrum. This is the main reason which has
conclude that some secondary relaxation process is active flscouraged, up to now, an analysis of BLS spectra with
the system. more than a single stretched relaxation. Here, to overcome

In order to extract quantitative information from thg BLS this difficulty, we simultaneously fit, at each temperature,
and IXS spectra, we model the shape of the dynamic StruGs| s and IXS spectra up to exchanggdalues of 4 nm'.

ture factolr&le‘l‘ccordmg to thegeneralized hydrodynamics In this way, we extend the experimental frequency window

formalism: to the range 0.2-2000 GHz, large enough to discriminate
the different relaxation processes. Moreover, to reduce the

" number of free parameters, we adopt the following proce-
MT 0 M ((1)) . I
,,(0,0)= 5 5 5 5 dure: (i) The full spectrum analysis is performed at tempera-
7O [0py/q°=M'(0)]"+[M"(0)] tures higher thaif, only, i.e., in the equilibrium phase of the

@ system. At lower temperatures the possible presence of re-
sidual elastic stress in the sample, and the lack of thermody-
Here py, is the mass density, is a proportionality factor, namic data presently discourage such a detailed ana(jigis.
M; is the isothermal modulus, aniM(w)=M’(w) The values ofcy, have been fixed to those estimated by ul-
—iM"(w) is the generalized longitudinal acoustic modulus.trasonic measurements in the hydrogenated sample, rescaled
To model the latter quantity we follow the same guess reby the constant factor 0.96, which corresponds to the scaling
cently proposed by some of us to represent the generalizdédctor obtained from the values of sound velocity measured
longitudinal modulus in both epoxy systems and oTP, whictby BLS in the deuterated and hydrogenated samilgge
are examples of molecular glass formers where a secondathius useda,=[1525-3.09T(°C)]m/s.(iii ) The values of the
relaxation process was also clearly revedietThe function  isothermal sound velocitg; are obtained by the adiabatic
M(w) is written as® onesc, through the usual relationshigg/c2= vy, where the
value of y has been taken from the correspondent state rela-
tionship betweeny and T/T for amorphous polymer€ In
As i Aq +iwn this way fory we obtain a value of 1.3 =321 K, which
(I+iom)Pt  (I+iwT,)Pe o decreases with decreasing temperature and reaches a value of
2 1.06 at the glass transition of PBiv) The values of the
stretching parameterg, and B; are fixed to the average
where 7,, B., and =, B; are the relaxation times and vqlueﬁ=0.3 thgt is the mean value of these paramete'rs ob-
stretching parameters of the structural and secondary rela>t<"5‘_Ined after a first rc_Jund of full s_pectrum fits and cqn5|stent
ations, respectivelyA;=(M.,—M.), A,=(Mo—M..,), with the value obtained by an |ndepender_1t_ anaIyS|_s of _the
M..=pyC2, Mwa:pMCial and |V|o=pMC§ are the high-, temp-erat-ure dependence qf frequency position and linewidth
intermediate-, and low-frequency values of the longitudinal®f Brillouin peaks reported in Ref. 1&) The value ofr, has
modulus, respectively, corresponding to the higle..)( been considered as a free pa_rameter'l‘far249 K only. At
intermediate- €..,) and low- (o) frequency values of the |OYV9I’ temperatures the contribution of the structura! relax-
longitudinal acoustic velocity. The relaxation processes char@tion to the spectrum has been considered @sfanction
acterized by a time so short to be out of the experimenta¢entered at zero frequency with amplitug¢l —Mo/M..,).
frequency window are considered iastantaneousind their ~ We note that, even in this unfavorable condition, the spectra
effects are described by the unrelaxed viscosity. provide enough information to give uncorrelated values for
In summary, our phenomenological model includes thethe whole set of fitting parameters, apart frafp. In fact,
instantaneousprocess, one fast secondary relaxation, theM,, is mainly determined by the position of Brillouin peaks
structural relaxation, and the thermal diffusion mode. Allin IXS spectra,n.,, from their linewidthr;, andg from the
these processes are, in principle, characterized bghape of Brillouin light spectray,, from ultrasonic mea-
g-dependent parameters. Although Brillouin light spectra aresurements andi..,, (i.e., 1-My/M,,,) from the elastic to
taken in aq region well inside the hydrodynamic regime, inelastic integrated intensity ratio of IXS spectra together
IXS spectra are just at the border where théependence with the shape of the BLS spectrum.
starts to play a role. Our choice of considering thidepen- The full lines in Figs. 1 and 2 show the results of the joint
dence as negligible is motivated by two main reasons, i.efjt of Eq. (1) on BLS and IXS spectra &=249 K, and on
that the IXS spectra included in the analysis are characteBLS spectra at different temperatures. The corresponding pa-
ized by a linear dispersion of the frequency of LA peas ( rameters are reported in Table |. The quality of the fits is very
independence of the velocity of soyndnd that, where a high, and gives further confidence to the generalized hydro-
direct comparison was possible, the valuesyofwere also  dynamic model here adopted.

M(w)=M,+
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TABLE |. Parameters of th@int line shape fitting analysis of 0.50
the BLS and IXS spectra of polybutadiene.

T Coog C., Ty T Nl p =
(K) (km/s (km/9 (109 s) (10°s) (103 cnes?h 0.45. =

=
187 2.47 2.67 - 0.24 6.9 =)
200 2.35 2.35 - 0.16 6.5 A 0 o2
217 223 256 - 0.14 6.3 0.40- a@n
230 2.11 2.47 - 0.12 6.8 ;
249 2.00 241 8.3 0.088 6.7 ] 1 % ; ;
270 195 227 047 0.035 6.5 . +
297 1.84 2.19 0.20 0.026 6.9 0.354
308 1.80 217 024 0.019 5.1 e
321 1.73 2.11 0.10 0.018 5.6 200 250 300
T (K)
IV. DISCUSSION FIG. 3. Temperature dependence of the nonergodicity parameter

ncef PB obtained by the joint analysis of BLS and IXS spectra. The

Herg vye concentrate on the main result of the prese Inset shows the behavior off(q) obtained in the hydrodynamic
analysis, i.e., the temperature dependence of the nonergodic-

. . . Iimit (circle) and by neutron spin echo measureméRtsf. 2) in the

!ty parameterf(q) (see Fig. 3 The nonergodicity parameter highf] regii)n (squ);\reS The fBII line is proportionéal to ?he static

in the lowq limit has been eva_luated from rel"?‘xed and UN-structure factor measured by neutron scatteringTat270 K
relaxed values of the longitudinal moduluslative to the (Ref. 19.

structural relaxation {0)=1—My/M.,, . In Fig. 3 it is evi-

dent the presence of a discontinuous behavior not far from

the critical temperaturd =216 K estimated by previous difference of 3-8 K in the value of; with respect to that
neutron scattering investigations of BB Mode-coupling obtained by neutron scattering could be attributed to the ap-
theory predicts that the low-temperature parc T, is de-  proximation introduced by the phenomenological model of
scribed by the square-root behaviof(q,T)=17(q) Eq. (2).

+h(q) V(1-T/T,), and the high-temperature region to be A further consistence with the predictions of MCT comes
temperature independeftq,T) =f(q). The fit of this theo- from theq dependence of the nonergodicity factor shown in
retical expectation to the data of Fig. 3 givds=224 the inset of Fig. 3. In fact, it can be seen that it oscillates in
+5 K, f(0)=0.37£0.01, and h(0)=0.23+-0.03. This phase with the static structure factor, consistent with the
cusplike behavior was previously observed in PB by neutrotMCT predictions for simple liquids. The fact that MCT suc-
scattering but never before by light scattering to our knowl-ceeds in describing the center-of-mass dynamics of polymers
edge. In fact, the temperature dependencé(0), obtained and more generally of complicated molecular systems, as
in previous works on hydrogenated samptéshows a flat  recently confirmed by simulations of liquid waférstrongly

behavior W|th no Signature of Square-l’oot Singula_l’ities. W%upports the existence of a universa"ty under|ying the dy_
can now attribute those results to the poor choice of theyamics of supercooled liquids.

relaxation function, based on a single relaxation ansatz. PB,

similar to otherreal glass-forming systems, is affected by a

strong secondary relaxation process of intramolecular nature,

which is not included in MCT. Indeed, we have recently V- CONCLUSIONS

given evidence of the existence of a fast secondary relaxation In conclusion, we have here reported on a joint analysis of
in PB by a careful analysis of frequency position and line-BLS and IXS spectra, allowing us to study the dynamics of
width of Brillouin light spectra at temperatures lower thandensity fluctuation of a supercooled system in the
T,.'® The value of the activation energy we found,  10°-10'*Hz frequency range. Thanks to this very wide ac-
=7.2=0.6 kJ/mol, is not far from 8 kJ/mol reported by Gee cessed frequency region, evidence is given of the existence
and Boyd’ for the rotation around both —-GHCH= bonds  of at least two relaxation processes responsible for acoustic
(a bondg of PB backbone. It is now clear that trying to fit loss: the usuak process and a secondary relaxation process
the spectra by a single relaxation function abdye where  whose characteristic time lies in the picosecond region. The
both o and fast processes coexist, one obtains somewhatructural relaxation shows the fingerprint of the mode-
average parameters which are not able to put into evidenogoupling dynamics and, in particular, the square-root singu-
the peculiarities of the structural relaxation alone. The presharity of the nonergodicity factor. The evidence of this
ence of two relaxations in Eq2), although still a crude square-root cusp from the spectrum of density fluctuations in
approximation of the spectral components at high frequenthe hydrodynamic regime indicates the universal behavior of
cies, is good enough to grasp the main peculiarities of theupercooled systems, and supports their description in terms
structural dynamics of the system. In fact, the rather smalbf the mode-coupling theory.
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