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Abstract. Light-scattering measurements on 1-4 polybutadiene of two molecular weights have
been carried out using two different tandem Fabry–Pérot interferometers in the back-scattering
and 90◦ scattering geometries. The Rayleigh–Brillouin spectrum has been measured at different
temperatures through the glass transition. Relaxation times and sound velocities have been fitted
to a hydrodynamic formula, with as few independent parameters as possible. Comparison with
previous measurements shows that the Brillouin relaxation times do not follow the structural or
α relaxation. Forcing the fit either with the times of theα process or with a high-frequency
relaxation channel does not yield satisfactory results. The only processes arising on a similar
timescale and with comparable activation energies are intra-chain conformational changes rates as
computed by molecular dynamics. A possible mechanism linking these conformational changes
to the damping of the Brillouin lines is suggested.

1. Introduction

Most of the recent experimental work on the liquid–glass transition in fragile liquids has been
designed in order to test some of the predictions from recent theoretical developments of the
physics of the liquid–glass transition [1]. These tests have, in fact, been focused primarily
on the mode-coupling theory [2] which assumes that an (avoided) ergodic-to-non-ergodic
transition takes place in the liquid phase, at a temperatureTc above the calorimetric glass
transition, and predicts specific general dynamical features in the high-frequency domain.
This theory, designed for spherical, interacting particles, has been tested by molecular
dynamics simulations on model glass formers compatible with that pre-requisite [3] and it
was found to reproduce correctly many of the numerical results. One of the theoretical
predictions is that the viscosity has a strongly non-Arrhénius dependence [4], reminiscent
of that which is found for real fragile liquids. Consequently, even though the latter are
never formed of spherical molecules or ions, it is on such liquids that the comparison
between theory and experiments has been performed. Such comparisons appear to have
been successful in some specific cases. Yet, experimental proofs are still scarce and
have often been spoiled by instrumental limitations or by spurious effects coming from
the sample.

Some polymers are fragile glass-formers and can be cooled slowly from the melt or
‘rubbery state’ into the glassy state. Because of the technological importance of these
polymers, their dynamical behaviour has been studied by several techniques and tested
against glass transition theories, in spite of the intrinsic complexity of their structure. A
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peculiarity of many of these materials is the existence of secondary relaxations which still
obscure the understanding of the glass transition [5]. Because side groups might be a very
important origin of these extra relaxation mechanisms, the latter may be largely suppressed
by selecting a side-group-free polymer, which explains the use of 1-4 polybutadiene
as a prototype for these studies. The experiments also require that one eliminate any
crystallization. This is achieved by selecting a polybutadiene formed of chains with an
almost equal proportion ofcis and trans monomers. Such a polymer has thus been studied
by many techniques, among which are neutron diffraction and scattering experiments [6–
14], dielectric absorption [15], NMR [16, 17], light-scattering experiments [18, 19] and
simulation methods [20–22], each technique emphasizing some aspect of a relaxation process
that is possibly related to the liquid–glass transition mechanism.

The present paper reports a Rayleigh–Brillouin scattering study performed in back-
scattering and 90◦ scattering geometries on 1-4 polybutadiene of two different molecular
weights. A short section describes the sample preparation and the experimental set-ups
used in the present study. The experimental results are analysed in section 3 in terms of a
relaxation mechanism which is compared with results obtained by some of the techniques
mentioned in the previous paragraph. Our analysis does not confirm the items of evidence
previously proposed [7–10] to support a mode-coupling theory (MCT) description of the
liquid–glass transition in polybutadiene (PB). Furthermore, our experimental data obtained
form depolarized light scattering (DLS), which are also reported and discussed in section 3,
cannot be described in terms of relaxation times obtained on a large temperature scale by
other techniques. In section 4 we propose that this apparent discrepancy is due to the fact
that Brillouin scattering mainly couples to a relaxation mechanism which has been revealed
by molecular dynamics techniques [21] but which might not be detected by other techniques.

2. Materials and methods

2.1. Materials

Two 1-4 poly-butadiene samples were synthesized by anionic polymerization as described
in [23]. The molecular weights of our samples were determined to beMw = 7675 and
Mw = 20 000, both of which were below the entanglement molecular weight with a
polydispersityMw/Mn = 1.05 (measured by gel permeation chromatography (GPC)). Their
glass-transition temperatures were measured by 10 K min−1 differential scanning calorimetry
(DSC) to be 176 and 175 K, respectively. No sign of crystallization was found in the DSC
curves, as expected for such a random co-polymer consisting ofcis, transandvinyl repeat
units in the ratio 46:47:7, as deduced from1H NMR (300 MHz). In order to eliminate
any light-scattering channel not related to polybutadiene, the samples were kept free from
any stabilizer. To prevent cross linking of the polymer, our samples were stored in the
dark at−20◦C between experiments and no experiments were performed above 50◦C. The
absence of such cross linking was checked through various GPC measurements performed
at different stages of the sample preparation and after the light-scattering measurements.

All impurities such as dust and water were removed by dissolving the polybutadiene in
benzene, drying the solution for several days over a molecular sieve and filtering it, through
a 0.22 µm Millipore filter, directly into the dust-free light-scattering cells which were in
the form of Pyrex cylindrical tubes of 10 mm inner diameter. A final freeze drying of the
sample removed the solvent before the cell was flame sealed under vacuum. The content
of benzene in the sample was controlled by monitoring the intensity of the very strong
991 cm−1 ring-breathing A1g vibration of the benzene ring by Raman scattering [24]. The
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absence of any detectable peak at that frequency was a good indicator of the absence of
benzene as solvent.

2.2. Light-scattering measurements

Two independent experiments were performed: (i) in Paris the PB ofMw = 7675 was
measured in the range 150–325 K in a near-back-scattering geometry (175◦) with an eight-
pass (four plus four) tandem Fabry–Pérot interferometer (TFPI) [25] and an Ar+ ion laser
(Coherent) emitting at 514.5 nm; and (ii) in Mainz the PB ofMw = 20 000 was measured in
the temperature range 210–295 K at a scattering angle of 90◦ using a six-pass tandem Fabry–
Pérot interferometer (JRS, Affoltern, Switzerland) and an Ar+-ion laser (Spectra Physica)
(λ = 514.5 nm) [26]. The scattering cell was mounted in a cryostat with temperature
stability within 0.25 K and, for reasons explained above, no experiment was performed
above 325 K. An example of the spectra obtained in v–(v+h), v–v and v–h back-scattering
geometries is shown in figure 1. Even at the highest temperature used, the shapes and
intensities of v–(v+ h) and v–v spectra were quite similar, the v–h intensityIVH , which
is equal to the so-called anisotropic intensity [27], being about one order of magnitude
less intense. Consequently, the contribution of the anisotropic intensity to the v–v spectra
could be and was always neglected in the analysis of the Brillouin profiles. Additionally,
the depolarized light-scattering spectra were recorded with the TFPI for five different free
spectral ranges [25] and, at higher frequencies, with a double-grating Raman spectrometer
[26] (SPEX 1403, 1800 lines/mm, focus 850 mm) so that composite spectra [28] were
obtained between 1 GHz and 4 THz for five temperatures.

Figure 1. A comparison of v–v plus v–h (——), v–v (�) and v–h(•) spectra (respectively
Ivv+vh, Ivv andIvh) measured in the back-scattering geometry at 293 K.

The temperature variation of the shift in the Brillouin line frequencyωB and of its width
(HWHM), 1ωB , are shown in figures 2(a) and (b) for the scattering angles of 175◦ and 90◦,
respectively. Also shown in figures 2(a) and (b) is the frequencyω0 = C0q, whereq is the
scattering wavevector of the Brillouin experiment andC0 is the velocity of sound at low
frequency, which was obtained from ultrasonic measurements performed by a transmission
method at 5 MHz.C0 was found to vary linearly in the range 235–300 K and may be
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Figure 2. The frequenciesωB (�) and widths1ωB (◦) of Brillouin lines obtained from the
measurements at scattering angles of (a) 175◦, and (b) 90◦ with frequencyω0 = C0q/(2π)
(——) from acoustic measurements.

expressed as

C0(T ) = (1537− 3.28T (◦C)) m s−1 (1)

This formula is in very good agreement with a previous measurement [18] by Fiorettoet al
on a film of polybutadiene of high relative molecular weight.

Two aspects of our results, seen respectively in the v–v spectrum in figures 1 and 2 must
be pointed out: (i) Even at the highest temperature at which we performed measurements,
ω0 andωB had quite different values. This is in line with the fact that the Brillouin line
width 1ωB increases over the whole temperature range investigated, contrary to the usual
behaviour in viscoelastic fluids, namely that at sufficiently high temperatures, the width
begins to decrease. Indeed, this continuous increase implies that, assuming that a mean
relaxation time〈τ 〉 characterizes the relaxation processes to which the longitudinal phonons
couple, the temperature at which the condition〈τ 〉ωB = 1 is fulfilled has not yet been
reached at 325 K. (ii) As central peak is clearly visible in figure 1 and we checked that this
low-frequency increase in the intensity was not related to the wings of the elastic Rayleigh
line. The depolarization ratio was found to be equal to 0.74 far above the Brillouin line.
Within the frequency range near and below the Brillouin line the experimentally measured
anisotropic contribution to the v–v spectra was negligible. This low-frequency contribution
is thus a part of the whole relaxation process, so these two aspects will have to be taken
into account in the analysis of the v–v spectra.

3. Results and discussion

The analysis of the Brillouin triplet was performed using the following expression for the
intensity [29]:

I (ω) = I0

ω
Im[ω2

0 − ω2− iωγ0− ωm(ω)]−1+ IBG (2)
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where I0 is a normalization constant,IBG is the background intensity,ω0 = C0q, the
frequency of acoustic waves at zero frequency,C0, the velocity of sound andq, the
wavevector of the experiment. The entire physics is thus represented by the constantγ0 and
the relaxation functionm(ω).

3.1. The hydrodynamic analysis

3.1.1. Parameters. In this first analysis of the low-frequency isotropic spectra,γ0 was
taken as a temperature-independent linewidth which was expected to represent all the
anharmonic processes still present at low temperature, whilem(ω) was supposed to describe
the relaxational processes to which the longitudinal phonons couple. In such an analysis,
m(ω) is usually taken as an empirical function, several forms for which have been given
in the literature [30–32]. In the following analysis, which has already been performed on
several glass-forming liquids [18, 29, 33, 34], we took a Cole–Davidson function for the
relaxation functionm(ω):

m(ω) = 12

ω
[(1− iωτCD)

−βCD − 1]. (3)

The analysis of the whole spectrum involves seven parameters. Allowing all of them to
vary would result in large ambiguities in their values. Therefore, the fit was performed
under the following constraints.

(i) According to a previous analysis [29],γ0 was assumed to be the sole contribution
to the line width below the glass temperature (Tg = 176 K) at 165 K and was measured
directly at that temperature asγ0 = 0.2 GHz. We assume that the relative contribution of the
very high-frequency parts of the spectrum taken care of byγ0 can be taken to be constant
with temperature to keep the fit as simple as possible and in order not to introduce another
fitting parameter. For reasons indicated in section 3.1.2, a second analysis was performed
keepingγ0 = 0.

(ii) ω0 was computed from equation (1) usingω0 = C0q and we assumed that this
equation, which had been checked to be valid down to 235 K, could be extrapolated
throughout the range 235–150 K.

(iii) The parameterβCD was taken from neutron spin echo (NSE) experiment [9] at
wavevectorq0 = 1.48 Å−1, corresponding to the maximum of the static structure factor,
and is thought to describe theα relaxation process. In [9], the relaxation function was taken
as a Kohlrausch function (τKWW = α exp[−(t/τ )βKWW ]) and the parameterβKWW = 0.45
was found to be constant throughout the temperature range. OurβCD parameter was obtained
by making use of the correspondence between the parameters of the Kohlrausch and of the
Cole–Davidson laws given in [31], which yieldedβCD = 0.31.

(iv) The parameter1 is connected toω∞ by the usual equationω2
∞ = (C∞(T )q)2 =

12+ ω2
0.

The fits for the experimental data measured in the back-scattering mode are shown for
different temperatures in figures 3(a)–(c). Values of the parameters not fixed above are given
in table 1, together with the confidence parameterχ2 of the fit. The agreement throughout
the frequency range and the low value ofχ2 for all temperatures show that the hydrodynamic
formulation proposed above describes the experimental data quite satisfactorily, in particular
concerning the spectral features mentioned above. This fitting procedure will be referred to
as fit 1 henceforth. Corresponding fits to the experimental data measured at the scattering
angle of 90◦ are shown in figure 3(d). In these fits parameters from table 1, corrected for
the scattering angle, were used and are given in table 2.
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d

Figure 3. The thermal variation of the Brillouin spectra shown together with fits using
equation (2) for back scattering, at temperatures of 278 K (�), 263 K (•), 253 K (M), 243 K
(O), 228 K (�) and 233 K (+). (a) In fit 1 β andγ0 are fixed,τ is free. (b) In fit 2τ is fixed
from NSE relaxation times [10] atq = 1.88 andβ is fixed, γ0 is free. (c) In fit 3τ is as in
fit 2 andγ0 is fixed,β is free. In (d) 90◦ scattering at temperatures of 210, 230, 260, 280 and
295 K is shown.
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Table 1. Fitting parameters and variables for back-scattering geometry:ωB measured directly
from the spectra,ω0 obtained from ultrasonic measurements andγ0 obtained from the width of
the Brillouin lines measured at low temperature.1 and τK were obtained from the fit. The
Kohlrausch time was obtained using the correspondence [31] betweenτCD and τK , namely
τK = τCD(1.184βCD − 0.184). f0 is the non-ergodicity parameter;χ2 gives the confidence in
the fit.

T ωB/(2π) ω0/(2π) 1/(2π) ω∞/(2π) τK
(K) (GHz) (GHz) (GHz) (GHz) (ns) f0 χ2

325 9.17 8.02 8.60 11.76 0.007 0.53 1.92
314 9.60 8.23 8.95 12.16 0.010 0.54 1.08
298 10.66 8.54 9.23 12.58 0.012 0.54 1.84
294 10.71 8.61 9.32 12.69 0.014 0.54 1.39
288 11.16 8.73 9.71 13.06 0.018 0.55 1.25
278 11.60 8.92 10.08 13.47 0.023 0.56 1.33
273 11.92 9.02 10.19 13.61 0.029 0.56 1.49
263 12.53 9.21 10.62 13.92 0.048 0.57 1.06
253 13.00 9.40 10.94 14.42 0.063 0.57 1.99
243 13.60 9.59 11.31 14.83 0.097 0.58 1.80
233 14.15 9.78 11.60 15.17 0.169 0.58 1.81
228 14.43 9.88 11.77 15.37 0.224 0.58 1.63
223 14.87 9.98 11.92 15.54 0.450 0.59 1.57
218 15.09 10.07 12.11 15.75 0.501 0.59 1.74
213 15.41 10.17 12.31 15.96 0.630 0.59 1.48
208 15.72 10.26 12.67 16.31 0.645 0.60 0.98
200 16.15 10.42 13.02 16.68 1.749 0.60 1.18
190 16.73 10.61 13.56 17.22 3.019 0.62 1.91
180 17.05 10.80 13.72 17.46 5.495 0.62 1.65
170 17.27 10.99 13.70 17.57 13.803 0.61 3.71
160 17.46 11.18 13.73 17.70 15.135 0.60 1.85
150 17.78 11.38 13.97 18.01 32.359 0.60 1.85

Table 2. Fitting parameters and variables for 90◦ scattering geometry. See table 1 for explanation
of symbols.

T ωB/(2π) ω0/(2π) 1/(2π) τK
(K) (GHz) (GHz) (GHz) (ns) χ2

294 6.53 6.14 6.08 0.01 3.19
280 7.06 6.28 6.29 0.014 3.06
260 7.83 6.56 6.92 0.036 2.15
230 9.08 6.95 7.57 0.21 3.57
200 10.36 7.37 8.47 0.66 2.32

3.1.2. Discussion of the results.Figure 4 shows the variation of the velocity of sound at
infinite frequencyC∞ and of the non-ergodicity parameter [35]:

f (T ) = 1− C2
0(T )/C

2
∞(T ). (4)

C∞ varies smoothly with decreasing temperature and seems to approachCB = ωB/q only
in the vicinity of the glass-transition temperature. This is quite different from other systems,
such as salol [33] for example, for which the curves of the two velocities depart one from
the other only well above the glass-transition temperature: in such cases, the relaxation time
associated with the relaxation processes becomes much longer than the Brillouin period well
aboveTg, whereas the situation is certainly different in polybutadiene.
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Figure 4. The temperature behaviour of the velocities of sound of:CB (•), the velocity
of sound computed from the maximum of the Brillouin lines;C0 (——), that from acoustic
measurements and extrapolation at lower temperature; andC∞ (�), that from the fit using
equation (2); the points (�) are from the fit takingγ0 = 0. The temperature dependence of the
non-ergodicity parameterf0(T ) = 1− (C0(T )/C∞(T ))2 is shown in the inset (◦).

We also find that, aroundTg, C∞(T ) has a marked change of slope, which effect is
found for all glasses [36] and has a purely thermodynamic origin, namely the freezing in
of the structure atTg, which is of no interest here for further discussion. Contrary to the
NSE results [9] and as in a previous Brillouin study [18], we do not find a cusp in the
non-ergodicity parameterf0(T ). The absence of this cusp, both inC∞(T ) and in f (T ),
aboveTg, does not in itself exclude the possibility that MCT applies to polybutadiene,
becauseC∞(T ) of equation (4) must be understood as the velocity of sound at a frequency
much above the structural relaxation frequency and, simultaneously, in a frequency domain
in which no other relaxation phenomenon has any appreciable spectral weight. We shall see
below that this is certainly not the case here, so that our experimentally determinedC∞(T )
is not the quantity to which MCT refers [35]. The most that we can say is that our results
do not exhibit the cusp predicted by idealized MCT.

Another and quite different problem arises when one compares the relaxation times in
table 1 with those obtained by different authors and/or techniques. Figure 5 reports

(i) the Kohlrausch relaxation times obtained from the back-scattering experiments the
error bars corresponding to different values forγ0 (see below);

(ii) the corresponding times obtained for the 90◦ scattering Brillouin experiment; and
(iii) the relaxation times from the Brillouin experiment of Fiorettoet al [18], performed

on acis–transPB film.

Although these three Brillouin results were obtained on polybutadienes having different
molecular weights and sample preparations (film or bulk) and even though the methods for
treating the experimental data show some differences, the corresponding relaxation times
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Figure 5. An activation plot showing Kohlrausch relaxation times versus the inverse of the
temperature: (�) and (�), Brillouin light scattering (back-scattering geometry) forγ0 = 0 and
0.2 respectively, (I) joins the Kohlrausch relaxation times obtained through the two fits and is
taken to be experimental error;(•), Brillouin light scattering (90◦ geometry); (O), Brillouin
light scattering from a PB film [18], (M), NSE data [10] forq = 1.88 Å−1; and (– – –), the
Rouse model [7, 10] forq = 1.88 Å−1.

are similar, except at the highest temperatures. On decreasing temperature, all depart very
rapidly from the relaxation time which scales with viscosity [9, 10, 15]. This departure is
far beyond our experimental margin of error: indeed, we obtainτKWW through a fit of
the entire v–v spectrum which has a low-frequency cut-off at approximatelyνc = 1 GHz
(while the Brillouin frequency is approximately at 10 GHz).τKWW will suffer from large
uncertainties only when〈τKWW 〉−1 < νc (where〈τKWW 〉 = (1/βKWW)0(1/βKWW)τKWW).
Assuming thatτKWW will be properly determined for shorter relaxation times, namely for
τKWW < 10−9 s, the quasi-linear aspect of log(τKWW) as a function ofT −1 shown in figure 5
indicates that, even for longer relaxation times, our estimate ofτKWW , even though it is
less precise, nevertheless shows the correct trend. These times do depart more and more
from the values obtained in the Rouse model [9], whenT −1 increases. Our measurements
seem thus to reveal a relaxation time different from theα relaxation time, defined here as
the Rouse model time. The same result of fits to Brillouin data with Cole–Davidson or
Kohlrausch functions producing relaxation times far below those form other measurements
has been found previously in other materials [37].

The model (equations (2) and (3)) used in the above analysis is nevertheless not fully
consistent because, even though we tookγ0 as the intrinsic Brillouin linewidth atTg, it
appears that this linewidth still decreases noticeably belowTg. To check that this extra
thermal variation inγ0(T ) was not the reason of the strong departure of the BrillouinτKWW
from theα process, we performed another fit of our entire data set takingγ0 = 0. The error
bars shown in figure 5 represent the differences between the values obtained forτKWW in
those two fits. They show that, at least above 220 K, the value ofγ0 has little influence on
the order of magnitude of the BrillouinτKWW .
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3.1.3. A comparison with other relaxation times.Several other experimental techniques
have been used to determine these relaxation times for different polybutadienes or related
substances. These techniques were dielectric relaxation [15], fluorescence anisotropy
decay [38], 13C NMR [16], photon correlation spectroscopy (PCS) [24] and spin-echo
2H NMR [17]. Most of the dielectric, spin-echo2H NMR and PCS experiments were
performed on polybutadienes of similar chemical structure though different molecular
weights. Conversely, the13C NMR data were obtained for an almost purecis-polybutadiene
(MW = 320 000,Tg = 161 K), a structural change which can affect the comparison to some
extent.

In these different sets of data, shown in figure 6, the relaxation times clearly scale with
a relaxation time [10] derived from the viscosity of polymer blends via the Rouse model
[9], so that all these techniques measure theα relaxation. Yet, the dielectric measurements
reveal the existence of another relaxation time, aβ relaxation [15], which separates from
theα relaxation process at around 200 K, 20 K aboveTg, showing an Arrh́enius temperature
dependence characterized by an activation energy of 9.5 kcal mol−1. Interestingly enough,
the NSE relaxation times measured by Richteret al [10], who performed their experiment
at q = 1.88 Å−1 at the first minimum of the static structure factor, revealed the same type
of phenomenon but displaced on frequency and temperature scales: belowT = 220 K, the
NSE relaxation times show an Arrhénius behaviour with approximately the same activation
energy as that of dielectric ones but they are more than two orders of magnitude shorter at
the same temperature [14]. The NSE relaxation times become equal to theα relaxation time
at around 220 K and, above that temperature, they follow the Rouse curve (see figure 6).
Richter et al pointed out that the change in regime at around 220 K coincides with the
critical temperatureTc proposed in a MCT analysis of the non-ergodicity factor in [9].

Figure 6. An activation plot showing Kohlrausch relaxation times versus the inverse of the
temperature as in figure 5 but with(◦) and (�), dielectric measurements [15] forα and β
relaxations respectively; (♦), photon correlation spectroscopy [24], and (�), the spin–lattice
relaxation time of1H from NMR spectroscopy [17].

Actually, theτKWW values obtained in our analysis still follow the Arrhénius behaviour,
but they are again one to two orders of magnitude shorter than the NSE ones. They then
join theα relaxation times at aroundT = 285 K and the temperature domain within which
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those times are comparable is too small to decide whether the BrillouinτKWW values and
the α relaxation times really differ from one another above that temperature. Within the
constraints of the fitting procedure, however, the activation energy is smaller. In fact, this
activation energy is not a well-defined quantity because its value depends on the choice we
made for the value of the coefficientβKWW (the higherβKWW the lower the corresponding
activation energy). By choosingβKWW = 0.45, namely the value found in the analysis
of the q = 1.48 Å−1 NSE experiment and associated with theα relaxation, one deduces
an activation energy of 5 kcal mol−1, half the activation energy of the relaxation process
which couples to this short-wavelength, local dynamics. TakingβKWW = 0.37, a value
found in the analysis of theq = 1.88 Å−1 NSE experiment [10] and associated with theβ
relaxation, yields a similar discrepancy in relaxation times and an activation energy equal
to 6.3 kcal mol−1. In other words, the comparison of the Brillouin, NSE and dielectric data
suggests that there could exist a general relaxation phenomenon characterized by a broad
distribution of relaxation times, each particular technique coupling strongly to some specific
part of the distribution, whence yielding specific relaxation times. Such a description is
not contradictory to our low-temperature data, because we already pointed out that our
Brillouin linewidth still decreases smoothly belowTg (this was our motivation for a second
fit with γ0 = 0, keeping form(ω) the expression by equation (3)). The comparison with
the NSE and dielectric data suggests that the hypothesis made for choosingγ0 andm(ω)
may have been inappropriate and that we should first consider whether we can find some
other indication of a broad relaxation phenomenon.

3.2. Depolarized light-scattering measurements and comparison with NSE data

The depolarized light-scattering (DLS) spectra, measured as described in section 3.2
in a near-back-scattering geometry, were superimposed one upon the other, following
a procedure described elsewhere [25], in order to obtain composite spectra extending
from 1 GHz to 5 THz. They are represented in figure 7(a) as susceptibility spectra,
χ ′′(ω) = I (ω)/(n(ω) + 1), where n(ω) is the Bose–Einstein factor. Such spectra are
quite different from the DLS spectra recently obtained from several fragile glass-forming
materials in two aspects. First, there is no sharp maximum on the low-frequency side, the
frequency of this maximum having been identified in the other cases by its position and
its temperature variation as the signature of theα process. Second, the minimum between
the low-frequency side and the high-frequency spectrum (the latter being usually attributed
to microscopic motions and also to the boson peak) is very shallow; its position becomes
poorly defined as the temperature decreases. It has been pointed out in another case [41] that
these spectra and their thermal evolution are very similar to what is measured in coherent
inelastic neutron-scattering experiments. We tested this point by comparing our spectra with
time-of-flight (TOF) spectra measured by Fricket al [8]. On fixing the relative intensity
scale by imposing a common value between 0.1 meV< E < 1 meV for DLS spectra at
233 K and TOF spectra at 240 K, figure 7(a) shows that, again, these spectra are very similar
in the region where they overlap. The absence of the microscopic peak in the TOF spectra
is only due to the subtraction procedure for this peak introduced in the data treatment of
Frick et al. The DLS data, together with two different neutron-scattering data sets for which
the subtraction procedure was not used, are shown in figure 7(b). It can be seen that, as
already noticed by Sokolovet al [19], the relaxational part is the dominant part of these
spectra below 1.5 meV.

The MCT analysis of the susceptibility spectra in the vicinity of the minimum is
practically impossible because the minimum is very shallow and a much broader frequency
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Figure 7. A comparison between composite and neutron susceptibility spectra. (a) Depolarized
light scattering ((�), 213 K; (◦), 233 K; (O), 253 K and (♦), 273 K) and coherent neutron
scattering [8] ((�), 220 K; (•), 240 K; (M), 260 K; and (�), 280 K. The data from depolarized
light scattering are multiplied by the same scaling factor, namely 3× 10−2. (b) Depolarized
light scattering ((�), 213 K); coherent and incoherent neutron scattering [8, 19] ((�) and (•),
220 K; (M), 211 K).

range would be required, in contrast to those used in other studies, to characterize the
limiting slopesa and b, if any, and to determine whether they would verify the relations
predicted by the asymptotic expansions of MCT. Thus the power-law behaviour of the
position of the minimum cannot be checked, because this position cannot be determined
with any reasonable accuracy from the experimental data. The only test which can be
reasonably carried out concerns the predicted power-law behaviour of the amplitude of the
susceptibility in the frequency range of the expected minimum. Several sets of data for
the amplitude of the susceptibility minimum obtained by coherent and incoherent neutron
scattering [8, 19] are shown in figure 8, together with our own results. One can see that our
results are in reasonable agreement with the previous data. Concerning our data, one can
see in the inset of figure 8 that the amplitude of the susceptibility minimum is rather better
represented by a law linear in temperature than it is by a(T−Tc)1/2 law with Tc = 216 K [9].
Our DLS susceptibility data thus cannot be easily compared with the MCT susceptibilities.
On the other hand, in the 3–300 GHz region, they reveal, as do the TOF results, a rather
flat spectrum, the intensity of which increases linearly fromT = 200 K toT = 300 K. The
process contributing to this flat spectrum, being within the frequency range of the Brillouin
line, clearly could interact with the longitudinal phonons and we must examine whether it
was the large intensity of this relaxation channel which made it difficult to reconcile the
Brillouin measurements with the NSE results.
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Figure 8. The temperature dependence of the minimum of the neutron scattering [8, 19]
((�), (•) and (M)) and DLS (�) susceptibilities. The inset shows the DLS minimum of the
susceptibility (�), the linear approximation (——) and the (T − Tc)1/2 law with Tc = 216 K
[9] (– – –).

3.3. A further comparison of NSE and Brillouin relaxation times

The NSE measurements were interpreted by assuming that the density fluctuations they
probe relax with a stretched exponential dynamics and equation (3) postulates that the long-
wavelength phonons relax mostly through their coupling to these density fluctuations. This
was the rationale for taking at first, in them(ω) term, the sameβ as measured by NSE
[9], adding a weakγ0 effect for the high-frequency dynamics. Because we have just seen
in the DLS spectra the existence of a flat feature, the intensity of which increases with
temperature, one can wonder whether some proper description of that part of the spectrum
would not be sufficient to reconcile the NSE and Brillouin results.

One possibility is that this flat spectrum is the sum of theα process and of the low-
frequency tail of a fast relaxation process related, for instance, to the boson peak, which
could be part of the high-frequency spectrum seen in figures 7(a) and (b). Such an idea
has been proposed, for instance, by Loheideret al [42], to explain the Brillouin spectrum
of the glass former GeSBr2. Because our experiment would only be sensitive to the low-
frequency tail of such a relaxation process, the latter can be simply represented by an iωγ0

term, the corresponding real part, proportional to (ωτ)2 giving a negligible contribution to
the spectrum.

We thus tried a fit (fit 2) in whichβ andτ were taken at each temperature as the values
measured in the NSE experiment, allowingγ0 to vary freely. One sees in figure 3(b) that
such a model gives quite acceptable fits in the vicinity of room temperature, where the NSE
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τKWW values and the values of our initial fit are close. Conversely, at low temperature, the
model cannot reproduce the 2–5 GHz part of the spectrum: the NSEτKWW values are too
long to be able to reproduce the secondary rise in our spectra at low frequencies and the
corresponding coefficients of the fitχ2 are much higher than those in our initial analysis
for the same number of free parameters.

This negative result suggests another possibility: as already mentioned, our DLS spectra
did not detect the maximum of theα relaxation process, which could mean that the light-
scattering probe detects this process only at lower frequencies; it should then just be sensitive
to its high-frequency tail, the consequence of which could be both the high level of the
DLS spectrum and the low-frequency increase in the Brillouin spectrum. Because fit 2 gave
results as good as those of fit 1 at room temperature, we tried a third fit (fit 3) by fixing
τKWW again to the neutron values at each temperature andγ0 to the same as in fit 1 but
letting β vary freely, to mimic this high-frequency tail. The results, shown in figure 3(c),
though better than those in fit 2, follow the same trend: they cease to describe the low-
frequency rise at low temperature while giving very low values forβ (βCD < 0.2). Those
values are totally unreasonable for theα relaxation and still smaller than theβ seen in the
neutron experiment.

Nevertheless, let us notice that, although fits 2 and 3 yield a good description of the
broadening of the Brillouin lines, neither of them can describe the low-frequency behaviour
of the spectra at low temperature. Since the coupling parameter1 was also a free fitting
parameter in our three fits, variation in the coupling can result in a good fit of the phonon
lines although this variation cannot take into account the behaviour of the central line. None
of those two attempts was thus able to give a coherent description of the low-frequency
part of our Brillouin spectra.

Combining the features of fits 2 and 3 could perhaps result in a satisfactory fit but in
this case we would have to free one more parameter without any control. Insofar as the
obvious implication of such a fit would be that there exists some supplementary contribution
to the relaxation in the Brillouin region, different from theα relaxation, and because that is
exactly our conclusion, we feel that this fit would not add much new insight into the problem.
We are therefore led to conclude that the relaxation times seen by Brillouin scattering are
different by one to two orders of magnitudes from those seen in theq = 1.88 Å−1 NSE
experiment at low temperature.

4. The origin of the Brillouin relaxation mechanism

The preceding discussion has made it clear that the acoustic phonons couple to a relaxation
mechanism which takes place on the nanosecond time scale (from 10−2 ns at 300 K to
1 ns at 200 K) and which apparently follows an Arrhénius law throughout the temperature
range. A possible clue for the origin of the fast process which dominates our Brillouin
spectra might be found in the recent work of Boydet al [21]. Those authors followed the
chain dynamics ofcis and trans 1-4 polybutadiene samples through a molecular dynamics
simulation method and analysed their results in terms of conformational changes of series
of four successive atoms, focusing on the series which have a single bond as the middle
bond. The conformation of the chain portion is defined as the angle between the two
planes each of which contain the middle bond and a third carbon atom. This conformation
is discretized by letting this angle have only three values, differing one from another by
120◦. They further definedα bonds, for which one of the non-central bonds is a double
bond, andβ bonds, which haveα bonds as non-central bonds, and they noted their non-
symmetrical geometry, the former having acis configuration when the four carbon atoms
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are coplanar, whereas the latter have atrans configuration in the same case. Finally, they
assumed potential barriers of approximately 2 and 3 kcal mol−1, respectively. They found
that linking the bonds together in acis (or a trans) 1-4 chain and letting them interact
with the neighbouring chains hardly affected this dynamics in the sense that the torsional
dynamics of theα (respectivelyβ) bonds interacting in the polymer, discretized as explained
above, kept its individual activation energy, the number of torsional changes per bond being
in the range of 1011 s−1 at 300 K.

From a general point of view, longitudinal phonons may be damped by any process
whose frequency is in the same frequency range and which furthermore involves a length
scale shorter than the phonon wavelength and a deformation which couples with these
phonons. We suggest that theα bond torsional dynamics is the main motion which couples
to the acoustic phonons and that this dynamics is responsible for their attenuation, through
the following mechanism. Let us imagine that two successive double bonds are aligned
along some directionx and that the three bonds which link those double bonds belong to the
plane formed by the double bonds, as shown in figure 9(a), the twoα bonds being in thecis
configuration and theβ bond in atrans configuration. The distance between the two double
bonds along thex direction will be shorter than that when theβ bond leaves this plane, the
two α bonds being now in agaucheconfiguration (figure 9(b)). Such a change in length
will probably be favoured by an acoustic phonon which locally increases that mean length
between the atoms in the direction of the wavevector. This mechanism thus creates some
coupling between the acoustic mode propagation and the conformational changes, clearly
making available a damping channel for the phonon energy which will be transferred to the
bond in order to allow the system to pass over the potential barrier. Moreover, because
this change in length scale increases the local density, it is thus detected in the isotropic
spectrum. The coupling of this torsional dynamics with the acoustic phonons will decrease
with increasing value of the wavevector because this dynamics involves the relative position
of six or more successive carbon atoms in the chain. Therefore, the coupling between the
two dynamics will become inefficient when the phonon wavelength will be typically of
the order of 3–3.5̊A. Experiments probing the carbon motions on such a short range will
necessarily be sensitive to one of the many other aspects of the chain dynamics.

The preceding torsional dynamics results in density fluctuations which can be seen in the
isotropic spectrum. Let us also remark that, although such dynamics could in principle be
detected in the anisotropic spectrum also, it turns out that their coupling to the anisotropic
part of the polarizability tensor is too weak to give rise to a significant signal. Indeed,
the α bond torsional dynamics ends up changing the position of a CH2 group belonging
to a β bond; it thus modifies slightly the dielectric tensors both of this CH2 group and
of the nearby CH2 and CH groups belonging to neighbour chains. Such local changes in
the dielectric tensors modify their direction but this effect is small. It is likely that the
torsional dynamics is at the origin of part of the low-frequency anisotropic spectrum, but
the persistence, seen in figure 7, of a broad feature in the 5 GHz region down to 1 GHz
indicates that the torsional dynamics is not the only source of the v–h spectra.

One weak point of the proposed mechanism for the acoustic wave attenuation is the
value of the activation energy. From a calculation based on quantum chemistry, Boydet al
proposed, as already mentioned, a value of 2 kcal mol−1 for theα bond torsional dynamics.
Our Brillouin measurements rather suggest a 4.8 kcal mol−1 value. However, figure 9(c)
shows that the change of theβ bond from configuration 1 (figure 9(a)) to configuration 2
(figure 9(b)) or 3 (not represented) modifies the length between the two neighbouring double
bonds, whereas the change from configuration 2 to configuration 3 does not create such a
modification. This means that the discrepancy in activation energies, besides the uncertainty
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Figure 9. Configurations of four atoms: the distance between the two double bonds is shorter
in the planar configuration (a) than it is in thegaucheconfiguration (b). In (c) the change from
configuration 1 to configurations 2 and 3 corresponds to a change in the length between these
double bonds, whereas the change from configuration 2 to configuration 3 does not.

from the fitting procedure, could also arise as already noticed from the selection of specific
conformation changes by the light-scattering technique used here.

5. Conclusion

We have measured the polarized and depolarized light-scattering spectra of 1-4
polybutadiene samples of molecular weights 7675 and 20 000 in the back-scattering
geometry and at a scattering angle of 90◦ using two different tandem Fabry–Pérot
interferometers. We found that the damping of the longitudinal phonons cannot be attributed
to the well-documentedα relaxation in PB.

We conclude that this damping is due to aβ process, the temperature dependence of
which is found to follow an Arrh́enius behaviour with an activation energy of 4.8 kcal mol−1.
The β relaxation process contributes predominantly to the isotropic spectra and is due to
isotropic density fluctuations. This process cannot be identified in the depolarized spectra
which therefore cannot be used to explain the phonon damping. To identify thisβ process
with the β process found in neutron scattering results in very lowβCD. In this case using
this neutron-scatteringβ process does not result in a satisfactory fit of the central peak
observed in our Brillouin spectra.
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We suggest that the isotropic density fluctuations contributing to this process can be
related to torsional dynamics. That these mechanisms are not clearly distinguished in the
anisotropic spectrum could arise either because they do not contribute or because they are
merged with other processes.
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