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Dynamics of density fluctuations of a glass-forming epoxy resin revealed by Brillouin light
scattering
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Brillouin light scattering is used for studying the spectrum of density fluctuations of the glass-forming epoxy
resin diglycidyl ether of bisphend\: Spectra at different temperatures ranging from the glassy to the liquid
phase are obtained from a direct subtraction of depolarized from polarized spectra. In addition to the structural
relaxation, evidence is given of a fast secondary relaxation process, which affects Brillouin spectra also at
temperatures lower than that of the glass transilign For the elaboration of isotropic spectra, we exploit the
possibility of using the same relaxation function gained from dielectric spectra taken from the same sample.
The temperature behavior of the relaxation strength shows the existence of an onset for the structural relax-
ation, located at a temperature about 93 K higher than consistent with the results of previous dielectric
spectroscopy and depolarized light scattering investigations. The role of secondary relaxations of intramolecu-
lar nature in the mode-coupling analysis of real glass formers is also disc(iS4063-651X99)12601-1

PACS numbgs): 64.70.Pf, 78.35+c, 83.50.Fc

[. INTRODUCTION 50-100 K higher than the traditionally defined glass transi-
tion temperaturdly. These nonlinearities are claimed to be
Density fluctuations play a central role in the dynamics ofresponsible for the structural arrest, i.e., for a dynamic tran-
glass forming systems. The glass transition itself is associsition located al ;> T, similar to that found in the study of
ated to the blocking of long time density fluctuation, driving spin glasse$16], where the transition from ergodic to non-
the system from the metastable supercooled phase to tiggodic behavior occurs. A quantitative signature of this
nonergodic glassy statfl] transition is expected in the Debye-Waller factgr, which
Inelastic neutron, x ray, and light scattering are the mosshows a square root cusp in its temperature behavidr, at
widely used techniques for studying the dynamics of density1]. In theQ—0 limit of light scattering,f, can be obtained
fluctuations in supercooled systems. Among these techasf0=1—c§/cfc [1] wherecy and ¢, are the relaxed and
niques, Brillouin light scatteringBLS) is a powerful tool for  unrelaxed sound velocities, respectively.
the determination of the spectrum of density fluctuations in In order to test the MCT predictions, a number of experi-
the GHz frequency region and it has been extensively used tments have been performed by depolarized light scattering
investigate glass-forming systems. Materials previously stud(DLS) [1,4,17—19, while a minor role has been ascribed to
ied include fragile systems, such as propylene carbonatpolarized light scattering. It could appear a paradox to use
(PO [2,3], CaKNG; [4], metatricresylphosphatéem-TCP)  depolarized scattering, whose coupling with density fluctua-
[5], o-terphenyl(OTP) [6], LiCl solutions[7], salol [8,9], tions is still debated20], to test the predictions of a theory
polybutadiengPB) [10,11], polyacrylated12], intermediate  which mainly concerns with the dynamics of density fluctua-
systems as GeSBi13], ZnCl, [14] and strong systems, as tions. The main reason can be found in the very wide fre-
B,O; [15]. In the early works, only the frequency shifts and quency window of about 12 decades which can be “easily”
linewidths of Brillouin peaks were analyzed, losing the in- accessed by DLS, to be compared with the 1-2 decades de-
formation contained in the detailed shape of Brillouin peakgected by BLS. As a consequence of the narrow frequency
and in the central partMountain of the spectrum. More range, the condition for getting information from BLS spec-
recent studies have taken advantage of multipass tandem itra is thea priori guess of the most appropriate memory
terferometers which, with respect to more traditional setupsfunction. It has been demostrated that different choices for
are characterized by high contrast and resolution and by tne memory function can lead to very different results for the
considerably enlarged accessible frequency region. Thankslues of the relevant relaxation parametésee, for in-
to this improvement, the full spectrum analysis can be profstance, the case of propylene carbonate of R&S[). A
itably carried out by means of generalized hydrodynamics. Irvery promising route for the interpretation of polarized spec-
the same years, the mode coupling the@4CT) [1] has tra has been recently proposed by Cummins and co-workers
been proposed as the first microscopic model of the glasis the case of CaKN@[4], where an empirical memory
transition, giving a renewed impulse to this research. Actufunction was constructed, obtained by a previous DLS study
ally, MCT predicts nonlinear effects in the dynamics of den-of the same system. The basic idea which underlies this pro-
sity fluctuations of supercooled systems to become evidertedure is the supposed “universal” shape of the memory
just in the spectral region covered by BLS, for temperaturegunctions of an undercooled system. Different theories, in-
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cluding MCT, predict this universality, supported by a num-
ber of convincing experimental evidenfg]. In the present
paper, we further develop this procedure by a careful analy-
sis of the low frequency region of the spectriymountain
and by exploiting the relaxation function obtained by wide-
band dielectric spectroscopy measurements.

The system here studied, the epoxy resin diglycidyl ether
of bisphenolA (DGEBA), is a fragile liquid that is particu- \
larly appropriate for this investigation. In fact, it does not “?I) (Ill”,l (l).
exhibit any appreciable crystallization also at the slowest 1 10 100
cooling rates, it gives a strong depolarized signal suitable for FREQUENCY SHIFT ( GHz )
e e e FIG. 1. Logiog ot | . and, spcra o33 1.

L L o Thel,, spectrum is obtained by subtracting the appropriate aniso-

electric investigation over a wide frequency a'.”d tempe_ratur?ropic scattering contribution from thig spectrum, as discussed in
range[22,25. Knowledge of the memory functions obtained

the text.
by both DLS and DS, makes DGEBA a good candidate for a e tex

detlapesr BLﬁ ir;]vestigati_on. < described her with heUm 1 is the sum between the isotropic spectrijy(«)
n Sec. |l the experiment Is described, together with the, 5" contribution from anisotropic scattering, while the
a's'pectrurri | consists of the latter contribution only. Neglect-

: ! . . ri‘ng thermal fluctuations, the isotropic spectrum is the sum of
Sec. III_the spectrum of density fI_u.ct.uatlons Is analyzed IMVihe density fluctuation spectruim,, and isotropic induced
ing a direct eV'deUCE of the sensitivity of BLS to second""rycontributions [27]. In the case oﬁ‘ negligible contribution
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region of the spectrum that is usually neglected and that i%
shown to give important information on the most appropriate
memory function. The shape of the mountain region is dem- L (@)=l(0)=r " (o). 2.1
onstrated to be consistent with that obtained by DS measure- PP | *

ments performed on the same system. Through use of thgherer is the depolarization ratio and=2mv wherev is
relaxation function obtained from dielectric spectra, the fullype frequency shift of Brillouin spectra. It has to be noticed
fitting of BLS spectra has been successfully performed. Thenat at temperatures close and beldy also transverse
results of the fitting support the idea of a change in the dyxcoystic waves contribute to the depolarized spectrum, as
namics of the glass forming system as recently observed inported in a previous work29]. However, in the back-
different supercooled liquid3,24]. In the same section we scattering configuration here adopted, this latfelependent
also discuss some possible consequences of the reportggnibution vanishes and E€R.1) can be used both in the
findings, with particular attention to the possibility of a MCT liquid and the glassy phase.
analysis of BLS data of “real”’ glass fqrmers, su.ch as  As for the parameter entering Eq.(1), it has to be mea-
DGEBA, OTP, PC, and PB. Our conclusions are given ingyreq at each temperature. This is a nontrivial task when
Sec. IV. using active stabilization interferometers, i.e., in the case of
multipass tandem interferometers. In order to overcome this
Il EXPERIMENT difficulty, we observe that th&(q,w) contribution to the]|
spectrum generally goes to zero for frequencies higher than
The epoxy resin here examined is a commercial sample @0 or 40 GHz, so that above these values|thedL spectra
diglycidyl ether of bisphenok (DGEBA) with an epoxy have the same shape. By taking spectra up to frequencies
equivalent weight of about 190. The sample was filterechigher than 40 GHz and multiplying, by an appropriate
through a 0.22um membrane. Polarizelg and depolarized factor, it is thus possible to overlap the high frequency tails
|, spectra were recorded in the backscatteriftg-80°)  of I, andl;. This procedure is illustrated in Fig. 1 for the
geometry for temperatures between 223 and 343 K, i.egaseT=333 K. The two spectra can then be directly sub-
above and close to the glass transition temperaflye tracted to obtair,,, as shown in the figure, thus avoiding an
=257 K. The temperature fluctuations were kept withinexplicit evaluation of. The figure also shows that the aniso-
+=0.1 K during the spectra recording. An Arlaser was tropic scattering appreciably contributes to the shape of the
used operating at a power 8200 mW on a single mode of spectra, especially at frequencies lower than the Brillouin
the 514.5-nm line. The light scattered by the sample wapeak position, thus emphasizing the necessity of the subtrac-
analyzed by means of a Sandercock typ¢ 3)-pass tandem tion procedure.
Fabry-Perot interferometer characterized by a finesse ap- In order to obtain high resolution spectra sufficiently ex-
proximately 100 and a contrast ratio greater than18'°  tended in frequency, we typically joined, for each polariza-
[26]. A dilute aqueous suspension of standard latex particleson and temperature, four spectra collected with the different
was used to determine the instrumental function. free spectral range$SR) of 7.5, 10, 37.5, and 300 GHz. In
Both || and_L spectra are required to obtain the spectrumthe case of FSR7.5 GHz, spectra have been taken using
of density fluctuations ,,, which is proportional to the dy- different pinhole widths of 100, 200, and 400 microns. By a
namic structure facto85(q,w). In fact, the Brillouin spec- comparison of the low frequency parts of the spectra it was

the equatiori28]:
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where p is the static mass density, is the longitudinal
viscosity,M is the adiabatic compressional modulus ard
linked to the wave number of the incident lightand to the
refractive index of the mediumm by the relationshipq
=2nk; . In supercooled liquids, relaxation processes such as
structural and secondary relaxations, influence the dynamics
of the system. The presence of these relaxations can be taken
into account through a frequency dependent longitudinal
modulusM (w)=M’(w) —iM"(w). The spectrum of density
fluctuations can be thus calculated from E§.1), through

i the fluctuation-dissipation theorem:

INTENSITY (arb. units )

0 10 20 30
FREQUENCY SHIFT (GH
Q (GHz) | (a))—lo M"(w)+ wn_
FIG. 2. 1,, spectra. The solid lines represent the fits to the data pp T w2 Ja2—M’ 2 1\m” + 2
obtained as explained in the text, using E82). [%pld (@) + M (0)+ o] (3.2

possible to identify the contribution of the elastic line and toywhere the termo 7, is frequently included intd1” (). This
determine the low frequency limit of the scattered spectrumypectrum shows a maximum close to the characteristic fre-
which, in the present case, is between 0.2 and 0.3 GHz. quency of longitudinal acoustic(LA) modes oA

The temperature behavior of the relaxed sound velagity — (\g2/p)Y/2 corresponding to the peaks at approximately
has been measured by means of an ultrasonic techf8@ie 10 GHz of Fig. 2. From a careful inspection of E§.2) and
which operates in the range 1-3 MHz, i.e., at frequenciegf Fig. 1, three main regions can be recognized in the spec-
which are four orders of magnitude lower than those ofyym: (1) a high frequency regiom> w,, where the spec-
acoustic modes revealed by BLS. A PZT transducer wagym shows a steep decreag#) an intermediate regiom
placed deep into the sample, at a distahee5 mm from ., ' around the peak of LA modegtll) a low frequency
the bottom of a brass cell parallel to the surface of the transregion around the peak centered at zero frequency, usually
ducer. The system as a whole works as an acoustic Fabryaferred to as the mountain mode. A more detailed analysis
Perot, so that the reflection coefficieR(f) shows a series of - of these regions is reported in the following, since each of
minima corresponding to the conditidn=mA/2, whereA  them gives some peculiar information on the dynamics of the

is the acoustic wavelength amdis an integer number. The system and suggests a possible route for the whole spectrum
reflection coefficient was measured as a function of freqnpglysis of Brillouin spectra.

guency by means of a network analyzer. The frequency dis-
tance Af between two neighboring minima, i.e., the free
spectral range of the acoustic Fabry-Perot interferometer, is
given by the relation\ f =c/2L and the Fourier transform of ~ In this frequency region, the spectrum quickly goes to
R(f) shows a well defined maximum &t 2L/c, wherecis ~ zero. In the case of a simple Debye relaxation, iM(w)

the velocity of the acoustic wave in the sample. From mea=M.—A/(1+iw7) where M., and A are the unrelaxed
surement oft the velocityc of longitudinal acoustic waves modulus and the relaxation strengh, respectively, B

could be thus obtained at different temperatures in the rangghows aw~® behavior foro>w, ,7*. In the more general
303-353 K. case, the value of the exponent can be different but the trend

to zero of the spectrum fov> w5, remains a general fea-
ture. In this region, the dominant contribution to the polar-
ized spectrum is thus given by the anisotropy fluctuations,
The dynamic structure factor obtained by the procedurehus justifying the subtraction procedure previously outlined.
outlined in the previous section is shown in Fig. 2 for differ-
ent temperatures. In all the reported cases we found a line- B. Medium frequency, o~ w5
width of the Brillouin peaks larger than the instrumental
function and a non-negligible quasielastimountair) contri-
bution. These results suggest the presence, in this frequen
region, of some relaxation process different from the struc
tural relaxation which, for temperatures closeTg, is lo-
cated at a frequency approximately ten orders of magnitu

A. High frequency, o> w A

IIl. RESULTS AND DISCUSSION

The region(ll) in the spectrum of Fig. 1 is located around
peak of the LA mode. This is the part of the Brillouin
g%ictrum that is traditionally analyzed since, when using
nontandem interferometers, the frequency position and the
d)g/idth of LA peaks undergo a negligible distorsion by the
lower. overlapping of different orders of the interferometer. Posi-

The relationship for the dynamic structure factor can peion and width of the peaks give velocity and attenuation of

derived from the equation of motion of the density fluctua-N€ longitudinal modes, i.e., reaM(’) and imaginary ¥1")

tions pq(t). Neglecting the thermal diffusion mode and its parts of the longitudinal modulus. In fact, for frequencies

tribution to th Hi de d ing, the I : 0close to the peak, the spectrum of I_ia.Z) can be approxi-
E;grgd;rigrr;ic?eqt?a?g?{g%sllgjm;vg: amping, the finearize mated by that of a damped harmonic oscilla®HO):

2
| NUNCIN

. . M _0
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10 So far, BLS has been used as an ultrasonic technique to
— obtain the viscoelastic characterization of the supercooled
8t {1.0 liquid, i.e., to measure the temperature behavior of the real
E and imaginary part of the longitudinal modulus of the liquid,
g 6r + at the single frequency of the Brillouin peak in the spectra.
G 2 The main difference with respect to more traditional ultra-
=4t 105 2 sonic methods is the frequency region around 10 GHz, dif-
= Q ficult to access by other techniques. The main limit of this
2r . . on | N analysis is that it cannot discriminate the nature and the num-
L ber of relaxation processes which contribute to the acoustic
0 250 300 350 0.0 loss and dispersion. To gain this information, the frequency
dependence of the modulus is required. In the case of Bril-
TEMPERATURE (K ) louin spectroscopy, the estimation of the frequency depen-

. o _dence of the elastic modulus at each temperature can be ob-
FIG. 3. Real and imaginary parts of the longitudinal acoustiCiainad in a frequency region of about two decades by means
modulus obtained from frequency position and linewidth of Bril- of a full spectrum analysis. The fit of the whole spectrum by
louin peaks, using Eq:3.4). Squares represent the separate contri-gq (3 o) require the functional shape of the relaxation func-
bution of longitudinal viscosity to the linewidth. tion of M (w) to be known. In order to get this information,
a careful analysis of the low frequency region of the spec-

where wEA and I' o approximately correspond to the fre- ;..\ an be fruitful.

guency position and to the full width at half maximum
(FWHM) of LA peaks. These parameters are related to the

real and imaginary parts of the longitudinal modulus through C. Low frequency, o< a
the relations The low frequency region of Brillouin spectra gives a
direct access to the shape of the relaxation function. In fact,
M ’(w,_A)=pwa/q2, (3.4a  for w<w_ 5 and for a contribution from viscosity 7, neg-
ligible with respect to that oM”(w), the spectrum of Eq.
M” (0L n)+ o a7 =poLal Lol G2 (3.4b (3.2 can be approximated by
We performed the fits of Eq3.3) convoluted with th o M%w) lo
e performed the fits of Eq3.3) convoluted wi e lp(@)=— 5= ;Im{J(w)}, (3.5

instrumental function to the experimental spectra in a narrow @ M'(0)?>+M"(w)
region around the LA peaks by means of the standard
Levemberg-Marquardt routine. The valueswf, andI' ,  whereJ(w) is the inverse of the longitudinal modulus, i.e., a
obtained by this procedure were used in E34) to calculate  longitudinal compliance. This equation shows that the imagi-
the values of the longitudinal modulus and the results ar@ary part of the longitudinal compliance can be directly ob-
reported in Fig. 3. tained from the low frequency part of the spectrum of den-
Inspection of the figure shows that the temperature behawity fluctuations. This part of the spectrum gives an
ior of M(w_a) changes near the glass transition temperaturémportant piece of information on the dynamics of the
of the resinTy=257 K previously determined by calorimet- sample, i.e., the frequency dependence of the relaxation
ric and dielectric measuremenf82]. BLS can in fact be function of density fluctuations, which can be directly com-
used as a local probe of the glass transition, as recentlyared with both the prediction of theories of supercooled
shown for thin polymeric filmg33]. Moreover, it can be liquids and with the results obtained by different spectro-
seen thaM”(w_ ), which is proportional to the mechanical scopic investigations. The high frequency limit of this spec-
losses in the system, increases with increasing temperatureal region is determined by the position of the LA peak. The
The origin of the mechanical losses in supercooled systemisackscattering configuration here adopted gives the highest
can be attributed to the presence of a structural relaxatiorvalue of the exchanged momentugncorresponding to the
frequently accompanied by one or more secondary relaxatiohighest frequency position of the LA peak at the chosen
processes. The structural relaxation is related to a cooperaavelength of the laser light. The low frequency limit of the
tive diffusion motion of molecules. Its characteristic time analyzed spectral region is mainly given by the resolution of
diverges when approaching the glass transition, so that thiae FP interferometer which, in the present case, is of some
absorption and dispersion regions progressively move tohundred MHz. The width of this spectral region is thus ap-
ward lower frequencies, leaving the BLS frequency regionproximately one decade, enough to give information on the
Different from this, a secondary relaxation is associated to ghape of the relaxation function. In Fig. 4 we report the com-
more localized and faster motion of the molecules, whichpliance deduced frorh,, spectra as a function of frequency
remains activated also at temperatures lower fignin the  for different values of temperature. These spectra are nor-
present case, sinckl”(w, ) is considerably greater than malized to the imaginary part of the dielectric function
zero even at temperatures lower thgj, the absorption can (which is also a compliangeneasured in the same system.
be attributed to a secondary relaxation processes. This givd$e agreement between the frequency behavior of the two
evidence of the sensitivity of BS to the secondary relaxatiomquantities is noticeable in the whole temperature range and
of DGEBA, which will be confirmed in the following by lead us to infer that the shape of the relaxation functions is
both the low frequency and the full spectrum analysis. the same, within the experimental errors, for both dielectric
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Jomdh . it

[1+t(w7)* )" [14+(iwTp)*2]72
(3.6

J(w)=Jr+

whereJy, J; andJ, are related to the relaxea(), inter-
mediate €;), and unrelaxedd,) sound velocities, respec-
tively, through the relatiod=1/pc?, ; andr, are the re-
laxation timesga4, v, andas,, vy, the shape parameters of the
primary and secondary relaxation, respectively. The reasons
of the success of the HN phenomenological law in fitting the
relaxation data of many glass forming systef85,3¢ can

0.0 — — — be summarized as follows. This function interpolates two
10 10 10 10 power law regimes: A low frequency power lad (w)
FREQUENCY (Hz) <™ characterized by the exponemt=« in Eq. (3.6), and

the high frequencyl”(w)=w ™" with n=ay. The existence

of these power law regimes is a well known feature of com-
plex systemg37] and has been also recently predicted by
theories of supercooled liquids, such as the mode coupling
and Brillouin measurements of compliance. This resulttheory[1]. Moreover, the HN function gives a good Fourier
brings a couple of relevant consequences. transform of the time domain KWW relaxation functif3s],

(i) From the direct comparison between Brillouin and di- which has been found to describe the time evolution of cor-
electric data we have the evidence that BS is effective imelation and relaxation functions of glass forming liquids.
revealing the dynamics of secondary relaxations. In fact, di- Inspection of Eq(3.6) shows that the whole set of relax-
electric measurements show the presence of two relaxationgion parameters is rather large and it would be difficult to
in this System: the structural relaxation that is visible in thedetermine their values by a Sing]e experimenta| Spectrum'
low frequency part of the spectra for temperatures highefrhe observed coincidence of the shape of BS and DS com-
than 298 K and rapidly moving toward lower frequencies forpjiances suggests the use of the values of the shape param-
decreasing te_mperat_ure, and a_strong secondary relaxatlo&erSall y1, a,, andy, previously obtained by DS mea-
usually associated with the rotation of the epoxy rings of thesurements for fitting BS spectra. Also the value 7gf has

trinrr?:aeiﬁzlaetsi’slosclg\t/ad Itgrtr:]eeigt%r,\em—clize rzgn'ggﬁtw Iﬁ,g rseéiﬁ]téc;?been taken equal to that obtained by DS, since in the whole
y P P ' Eemperature range here analyzed, it is located at a frequency

relaxation is present in the spectra of both the supercoole . s
and the glassy phases and is the only one to be present in t Qo0 low to be determined by the fitting. In order to further
educe the number of free parameters, the temperature be-

frequency region of Fig. 4 for temperatures lower than 283 €l . )
K. The presence of a relaxation in BS spectra gives cleapavior ofc, has been measured by the previously described

evidence of the sensitivity of BS to secondary processes aridftrasonic techniqué30] in the range 303-353 K. These
is consistent with the previously reported finite value ofdata show a linear behavior fdr>310 K and a dispersion

M”(w_ ) near the glass transition. similar to that observed by BLS at lower temperatures. The
(i) The obtained results suggest an interesting route for #near region gives the temperature behavior of the relaxed
further elaboration of Brillouin spectra, consisting of the usesound velocity co(T) =[2.75-0.003 75 (K) km s™*. The
of the same relaxation functions deduced from DS for thegelaxation parameters that are to be determined by the fitting
full spectrum analysis of BS spectra. This allows to takeof the whole Brillouin spectrum are thereforg , 75, Cq,
properly into account the contributions of both structural andandc,.
secondary relaxations and to achieve a better insight into the The spectra at different temperatures have been fitted by
dynamics of the system. We notice that, in the present casggq. (3.2) where the modulus/ (w) was written in terms of
the use of a relaxation function deduced from depolarizedhe compliancel(w) of Eq. (3.6), asM(w)=1/J(w). The
light scattering 4] would not be suitable for fitting Brillouin  results of the fitting procedure are reported as solid lines in
spectra since it has been sho\2il] that such a function Fig. 2. The goodness of the fit in the whole frequency and
does not show any evidence of the secondary relaxation rgemperature range is a proof of the consistency of the elabo-
vealed by both BLS and DS. As a possible reason for theation procedure. A further proof is provided by the data of
absence of secondary relaxation in DLS spectra, we noticghe real and imaginary parts of the longitudinal modulus pre-
that the part of the molecule that is mainly responsible forsjously obtained from the frequency position and linewidth
DLS is the inner one, where two phenyl rings are locatedof Brillouin peaks, which are reported in Fig. 3 together with
This part does not directly participate in the motion of thethose obtained by the full spectrum analysis. The values of
external epoxy ringS, i.e., the Secondary relaxation. M ,(wLA) and MN(“’LA) have been calculated at each tem-
perature from Eq(3.6) using the relaxation parameters ob-
tained by the fit and the results are reported in Fig. 3 as a full
According to the procedure used for dielectric spectra ofine. In this same figure the contribution of viscosity;_ to
DGEBA, the longitudinal compliance measured by Brillouin M” is also separately shown. The valueswof, obtained by
spectra has been written as the sum of two HN functionghe fit are in the range 7 =0.13+0.03 GPa in the whole
[34]: investigated temperature region. It can be seen that also at

FIG. 4. Comparison between dielectric spedfidl lines) and
longitudinal compliancgopen circle obtained from the low fre-
quency part of ,, spectra by means of E¢3.5).

D. Full spectrum analysis
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FIG. 5. Temperature dependence of relaxation times of
DGEBA. Squares represent the structural relaxation revealed by FIG. 6. Velocity of longitudinal acoustic waves in DGEB#y
dielectric spectroscopy, circles and diamonds the secondary relass the relaxed sound velocity obtained by ultrasonic measurements
ation obtained by dielectric and,, spectra, respectively. in the range 300-350 K; a linear extrapolation is assumed down to
T4 and a constant value at lower temperatugsandc, are the

the lowest investigated temperatures this viscosity Canndptermedlate and unrelaxed sound velocities, respectively, obtained

. A . rom | ,, spectra fitted by E(3.2) and(3.6). c is the sound velocity
74
completely account for the elastic loss, which is con&steréu the frequency of the Brillouin peak, obtained from the values of

with the presence of a high frequency relaxation process M of Fig. 4 by the equation—(M’/p)V2 In the inset, the Debye-

the system. K . !
. N Waller factor is reported as defined in the text.
The values obtained far, are reported in Fig. 5, together P

with those ofr; and 7, of previous dielectric measurements.
The dielectric values of, were fitted by the Arrhenius law,
7o(T) = 79.eXp(E,/RT) (solid line in Fig. 5, whereE, is
the activation energy per molR,is the gas constant, ang,

is the relaxation time in the high temperature limit. The fol-

lowing values of the parameters were obtainegh= (7.0 root increase of the Deb ;

) a ye-Waller factbg for decreasing
£2.7)x10 S a_ndEa— (5.'7i 0.2) Kcal/mol..The values temperatures below the critical temperatlige[1]. To better
of the relaxation time obtained by BS can be interpolated b¥nvestigate this point, the temperature behavior of two pos-

the dashed straight line if‘ the figure, para_IIeI to that_ of di-gjpje definitions of this factor are reported in the inset of Fig.
electric data, corresponding to an Arrhenius law with the

N : ik 6. In particular, we definef§=1—c3/c? and f3*F=1
same activation energy and with a limiting value g re- 22 |t b the N v for the st h
duced by a factor of 3. The coincidence of the values of the Co/C. Tt Can be seen t b acc.oirlg ony for the streng
activation energy confirms that dielectric spectroscopy and@’ the structural relaxation, whilé; ™™ accounts for both
BS reveal the same relaxation process, which was related gfructural and secondary relaxation. The decreasg ap to
the motion of the epoxy ringg39]. The difference between temperatures of approxm_ately 300 K is consistent W|tk_1 the
the value ofry, relative to BLS and that obtained from di- Sauare root behavior predicted by the MC theory. For higher
electric spectra can be attributed to the different quantitie§émperatures MCT predicts a cusp discontinuity, Wigtbe-
measured by the two techniques. This difference is not iff0mMing constant with temperature. In the present case the
contradiction with the results of Fig. 4 and with the hypoth-slope of fg(T) reduces at approximately 300 K, though it
esis of Eq(3.6), i.e., the use of the same relaxation functionnever attains the value zero predicted by the simplified
deduced from DS for the full spectrum analysis of BS specversion of the theory. On the other hand, the valu&Jo is
tra. In fact, as previously discussed, the high frequency pam@lmost constantor slightly increasesin the whole tempera-
of the HN relaxation function is the power la@'(w) ture range. The main message that comes out from this
«w ", which is self-similar for a change of the scald40]. analysis, relevant to MCT, is that in “real(nonidea) glass
In other words, the coincidence of the high frequency part§ormers the intramolecular relaxations play an important role
of susceptibilities of Fig. 4 implies only a coincidence of thethat cannot be ignored in the test of the theory. As a first
shape of the relaxation functions, not of the value of the timeapproximation, we can deduce th&f is the observable
and of the relaxation strendkvhich, in fact, are free param- which better approximates the Debye-Waller factor de-
eters in the fix scribed by the theory. It is important to recognize that these
It has to be noted that the Arrhenius behavior is a ratheintramolecular relaxations are the rule, rather than an excep-
common result for the relaxation time obtained by BLS astion, in supercooled liquids. Also in the case of “prototypi-
found, for instance, in polyacrylategl?], polybutadiene cal” glass formers, such as OTP, clear signatures of such
[10,17 and polyurethane ge[d1]. From these experimental relaxations have been recently repor{é&d. Of interest is
findings one can deduce that BLS is particularly effective inalso the case of polybutadiene, which has given the early
revealing secondary relaxations in supercooled systems. experimental proofs of MCTL1] and, till now, has not shown
The values ofc; andc, are reported if Fig. 6, together any signature of the square root singularity in BLS investi-
with those ofc, obtained by the ultrasonic technique and gations. Both our groufil0] and, more recently, an indepen-

those ofc deduced by the frequency position of the Brillouin
lines. The values of, progressively approach thoseffor
increasing temperatures, i.e., the strength of the structural
relaxation progressively decreases. This result is in qualita-
tive agreement with the prediction of the MCT of a square
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change of the diffusive regime &, is also confirmed by
8 / the temperature derivative of the relaxation time obtained by
6 both dielectric spectroscopy and ion conductivity reported in
ey @ Fig.7(a). Here®=[d(log;yr )/dT]~¥? shows a linear be-
havior when the relaxation time accomplishes to a Vogel-
8 . Fulcher (VF) law 7=710exd DTy/(T—Tgy)]. The marked
6 %, Ae, change aff=T,, means that thd behavior ofr; changes
9 4 N B " . from a VF for T>T,, to another one characterized by dif-
< o ® ferent values of the parameters o T,,, [23]. Depolarized
2 I " *. light scattering measurements recently performed in DGEBA

Lo— o 28 [21] show a transition nedF,,, from the Debye-StokeDS)

0.8 Ac, diffusion law for T>Tg, to a fractional DS diffusion foiT
206 °*°, i@ % t <Ton. The breakdown of the DS law in depolarized light
E 0.4 . " . (©) scattering could be interpreted in terms of the fluctuation
g 02" =™ LY 3 theory of the glass transitio#6], i.e., of an onset of coop-

0.0 , , tiac erative motions close td,, with a cooperative volume that

250T T3(012) 3'5r0 increases with decreasing temperature, diverging when ap-
¢ on proaching the Vogel temperature of the system.

FIG. 7. ® is the temperature derivative of the relaxation time These results, collected by different spectroscopic tech-

®=[d(logyer 1)/dT]~ Y2 obtained by both dielectric spectroscopy niques, indicate that the change in the Qynamictoqa_,ti§, in
(triangles and ion conductivity (open circles measurements. @ Sense, a precursor of the glass transition since it is located

Ae;(Ac;=c;—Co) and Aey(Ac,=c,—c,) are the dielectric at a temperature abovig, and marks the onset of the struc-
(acousti¢ relaxation strengths of structural and secondary relaxiural relaxation which, through the divergence of its charac-
ation, respectively. teristic time, defines the conventional temperature of the
glass transition. Finally, we notice that the phenomenology
dent investigation11] have reported a temperature indepen-here reported for DGEBA is also confirmed by dielectric and
dent value of, similar tof§*# of Fig. 6. Also in the case of light scattering measurements presently in course in our
PB, a well defined secondary relaxation has been evidencd@boratories on different epoxy systems.
by dielectric spectroscopy, which can be responsible for this
behavior. Another interesting system is PC, for which the IV. CONCLUSIONS
MCT analysis of the polarized spectrum was unsuccessful
[3]. Also for PC there are evidences of a thermally activated Spectra of density fluctuations of DGEBA have been ob-
secondary relaxatiof#2] which was not included in the BLS tained by Brillouin light scattering technique at different
memory function. The results here reported for DGEBA sugtemperatures ranging from the glassy to the liquid phase.
gest to reanalyze both PB and PC Brillouin spectra taking=rom the low frequency part of the spectrum, usually re-
explicitly into account the presence of the secondary relaxferred to as the Mountain region, direct evidence is given of
ation, which could recover the square root behavior of thea fast secondary relaxation process, which affects Brillouin
MCT. In any case, a new version of MCT is demandedspectra also at temperatures lower than that of the glass tran-
which also incorporates the intramolecular degrees of freesition T,. For the full spectrum analysis of Brillouin spectra,
dom, which are presently included neither in the idealizedve have exploited the possibility of using the relaxation
nor in the extended version of the theory. function previously obtained by dielectric spectroscopy mea-
The last step of our analysis concerns the onset of theurements, consisting of the sum of structural and secondary
structural relaxation process which can be inferred in theelaxation. The activation energy of the secondary relaxation
region 350—360 K, from the extrapolation ¢f andc, data. and the temperature behavior of the relaxation strength ob-
This evidence is also supported by the temperature behavidained by this elaboration procedure are consistent with those
of the dielectric relaxation strength of the structural relax-obtained by dielectric spectroscopy. In particular, from the
ation[22], which goes to zero af,,~350 K. The consis- decrease with temperature of the strength of the structural
tency of dielectric results with those of light scattering sug-relaxation, the existence of an onset for this process has been
gests that this onset is an intrinsic feature of the dynamics ahferred, located at a temperature about 93 K higher Than
the system rather than an effect induced by the particulaconsistent with dielectric spectroscopy and depolarized light
probe. At this same temperature, the splitting of structurakcattering investigations performed on the same system.
and secondary relaxation times was obser(€ig. 5 to- Concerning the predictions of the mode coupling theory,
gether with a change of the temperature behavior of the maiand in particular the existence of a cusp in the temperature
relaxation[25]. Some of these features are summarized irbehavior of the nonergodicity factdr,, the analysis here
Fig. 7. The onset of the structural relaxation is evidenced byeported opens a route for the interpretation of BLS data,
the progressive increase with decreasing temperature of botkhich can lead to a reconciliation between theory and recent
the dielectric and the acoustic relaxation strengthexperimental findings in both epoxy systems and more stud-
[Figs. 1b) and 7c)]. The existence of a similar onset for the ied glass forming systems, such as polybutadiene, orthoter-
structural relaxation has been recently reported imphenyl, and propylene carbonate, which show intramolecular
poly(n-alkylmethacrylatgs [43], in polybutadiend44], and  relaxations in the supercooled phase. As a first approxima-
in a simulation with a modified Fredrickson moddbk]. The tion, the presence of intramolecular relaxations can be ac-
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counted by the use of phenomenological functions, such astrated to be effectively coupled to density fluctuations in
that of Eq.(3.6) together with some ansatz on the shape ofreal systems.
the function deduced from the low frequency part of the
spectrum(mountain) and the comparison with suceptibilities

obtained by different spectroscopic techniques. In order to

give a full microscopic picture, a new version of MCT is  Itis a pleasure to thank Professor E. W. Fischer, Professor
strongly demanded which also incorporates the intraA. Patkowski, Professor G. Ruocco, Dr. G. Monaco, and Dr.
molecular degrees of freedom which are clearly demonW. Steffen for helpful discussions and suggestions.
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