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Light-scattering study of a supercooled epoxy resin
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The dynamics of the fragile glass-forming liquid diglycidyl ether of bisphenol-A was studied by depolarized
Rayleigh-Brillouin light-scattering and photon correlation spectroscopy above the glass transition, in the tem-
perature range from 261 to 473 K and in the frequency range from 1 Hz to 300 GHz. The structural~a2!
relaxation process was revealed and no signature of the secondary relaxation previously evidenced by dielectric
spectroscopy at about 0.1 GHz was observed. The characteristic time of thea process differs from that
determined by dielectric spectroscopy of an amount, which increases with increasing temperature. The relax-
ation times were compared with viscosity data to test the predictions of the classic Stokes-Einstein-Debye
model. Thet}h behavior was verified for dielectric data, while a fractional power law of viscosityt}h0.89

was obtained for light-scattering relaxation times, extending over more than seven decades in viscosity and
time. This deviation of light scattering from viscosity data could be interpreted in terms of cooperative motion
in the supercooled liquid with a characteristic lengthja}(T2T0)2v whereT05229 K is the Vogel tempera-
ture andv is close to2

3 which is consistent with the prediction of the fluctuation theory of glass transition.
@S1063-651X~99!04009-X#

PACS number~s!: 64.70.Pf, 78.35.1c, 61.20.Lc, 83.50.Fc
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I. INTRODUCTION

The supercooled state of matter has been the subject o
extensive experimental and theoretical work aimed at the
derstanding of the microscopic origin of the glass transiti
One of the primary features of the supercooled state is
marked increase of the shear viscosityh with decreasing
temperature in a narrow temperature range@1#. The gradual
cessation of the viscous flow of a liquid is associated w
the development of shear elasticity. In this regime, the M
well model of viscoelasticity provides the relationshipts
5h/G` between the relaxation timets of shear stress an
shear viscosityh, whereG` is the unrelaxed shear modulu
This relaxation of stress in the liquid corresponds to the
arrangement of molecules and is usually referred to as st
tural ~or a! relaxation. By cooling the liquid, when the stru
tural relaxation time becomes longer than the time of
experiment, the molecules cannot rearrange completely
ing the experiment and the system appears to be frozen
disordered state, becoming a glass. The glass transition
peratureTg is conventionally identified byts5100 s or by a
viscosity attaining 1013P. In the transition from the liquid to
the glassy phase, the dynamics of the structural relaxa
covers an exceptionally large time window ranging fro
about 10212s in the liquid phase up to 100 s at the gla
transition.

For a long time the study of the glass transition has b

*Also at Institute of Physics, A. Mickiewicz University, Pozna
Poland.
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focused on a narrow temperature range close toTg , looking
for some singularity typical of a phase transition. On a
proaching the glass transition, the increase of the struct
relaxation time with decreasing temperature is well rep
sented by the phenomenological Vogel-Fulcher-Tamm
~VFT! law @2#,

t~T!5t0eB/~T2T0!, ~1!

which was interpreted in terms of the reduction of free v
ume for the diffusion@3# and, more recently, of enhanceme
of cooperative motions@4,5#, or of a percolation phase tran
sition between liquid and solidlike clusters@6#.

The experimental verification of Eq.~1! and the predic-
tions of the theories become more and more difficult
temperatures lower thanTg . In fact, after a small change o
temperature, the sample must be equilibrated, without c
tallization, for a time longer thants . In a very careful di-
electric measurement performed recently on a polyme
glass former@7#, the structural relaxation up to 107 s was
measured and a smootht(T) behavior well described by a
single VFT law was reported. The absence of any singula
seems to exclude the presence of a phase transition atTg .

In recent years, the development of the mode-coupl
theory ~MCT! ~for a review, see Ref.@8#! caused a renewed
interest in the theoretical and experimental study of gla
forming liquids. The crucial point of the theory is the exi
tence of a dynamical phase transition located at a crit
temperatureTc between the melting and the glass-transiti
temperature. Close to this temperature, nonlinearities in
dynamics of the system are responsible for the structura
3086 © 1999 The American Physical Society
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PRE 60 3087LIGHT-SCATTERING STUDY OF A SUPERCOOLED . . .
rest, i.e., for a power-law divergence of the viscosity,
square root singularity of the Debye-Waller factor, and ma
other features that have been extensively tested on sim
glass-forming systems@8–10#. One of the major merits o
the MCT in the study of supercooled systems has bee
move the attention fromTg to 50–100 K aboveTg , looking
for the dynamical onset of the glass transition.

At temperatures higher thanTg the rotational diffusion
correlation timet can be related to the macroscopic viscos
h and temperature by the Stokes-Einstein-Debye~SED!
equation@11#

t5
Vhh

kT
. ~2!

This equation was written for the diffusion of a single ma
roscopic particle in a viscous liquid but it was found to ho
also for the diffusion at the molecular level in ordinary li
uids at high temperature, with the eventual addition o
small constant valuet0 , which accounts for the nonzero co
relation time whenh goes to zero, and by considering th
volumeVh as an effective volume, which accounts for inte
action effects. A marked change of both rotational and tra
lational diffusion mechanisms was observed in organic
uids, corresponding to a breakdown of the SED diffusion l
~see, for instance, Refs.@12–20#, and references therein!.
This phenomenon was localized in a relatively narrow te
perature range corresponding toT/Tg51.20– 1.28, where
also the critical temperatureTc was located. Moreover, fo
those systems having also a secondary relaxation, the s
ting of the primary~a2! and secondary~b2! relaxation oc-
curs in the same temperature range@12#. It can be thought
that this dynamic transition is the physically significant fe
ture of the supercooled liquid, while the glass transition
mainly related to the way the state is prepared~cooling rate!
rather than to a fundamental change in the state of matt

Convincing experimental evidence of the existence of
namic transition in supercooled liquids has also been
tained by a careful investigation of the dielectric response
glass-forming liquids@21–24#. Also in this case the chang
in the temperature behavior of thea-relaxation time was ob-
served to coincide with the bifurcation ofa andb relaxations
@23,24#.

The analysis of this complex scenario characterizing
dynamics of a supercooled system requires the use of s
troscopic techniques covering wide frequency and temp
ture ranges. Moreover, there is a great interest in compa
the results obtained by different spectroscopic technique
establish the extent to which the same relaxation proces
probed by different observables, i.e., to check the poss
existence of some ‘‘universal’’ behavior in the dynamics
supercooled systems. Light-scattering and dielectric te
niques are particularly suitable for this purpose since t
can cover the whole dynamics of the structural relaxat
from the liquid phase down to the glass transition, being a
sensitive to subglass relaxation processes. In recent y
depolarized light scattering has been extensively used to
the predictions of the mode-coupling theory@9,10,25#,
mainly in the high-temperature (T.Tc), high-frequency (f
.108 Hz) regime. For temperatures approachingTg this
technique was also employed to test the predictions of
y
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fluctuation theory of glass transition@5,26# giving evidence
of a correlation length whose value diverges when approa
ing the Vogel temperatureT0 of the system.

The aim of the present paper is to investigate the temp
ture behavior of the structural relaxation of a glass-form
system revealed by depolarized light scattering DLS in co
parison with the results of viscosity and dielectric spectr
copy ~DS! measurements performed on the same syst
The epoxy resin diglycidyl ether of bisphenol-A ~DGEBA!
here employed is particularly appropriate for such investi
tion since it is a fragile@27# glass former, which does no
exhibit any appreciable crystallization; also, at the slow
cooling rates, it gives a strong depolarized light signal app
priate for depolarized light-scattering studies and it ha
sufficiently large dipole moment associated with each of
two epoxy rings of each molecule, which allowed a detai
dielectric investigation in a wide frequency and temperat
range@28,29#. Dielectric investigation revealed a seconda
relaxation whose temperature behavior is strongly affec
by the glass transition. Moreover, dielectric spectra showe
well defined onset of thea relaxation at a temperature 93
higher thanTg , a signature of some dynamic transitio
@30,5# occurring in the system. In the present paper we rep
the results of depolarized light-scattering and viscosity
periments performed on DGEBA in the frequency range o
Hz–300 GHz and for temperatures between 261 and 473
To access this wide frequency range we combined the s
tra obtained from a tandem Fabry-Perot interferometer~T-
FPI! of different free spectral ranges, a confocal Fabry-Pe
interferometer~C-FPI!, and results from a photon correlatio
spectroscopy~PCS! experiment. The temperature evolutio
of the structural relaxation time obtained by these techniq
is compared with the viscosity to test the validity of the SE
law, and both the relaxation time and the shape paramete
the spectra are compared with the dielectric ones, in orde
test how these two different techniques account for the sa
structural relaxation.

II. EXPERIMENT

The epoxy resin was a commercial sample~EPON828 by
Shell Co.! of liquid DGEBA with an epoxy equivalen
weight of about 190, corresponding ton50.1 in the chemi-
cal formula reported in Fig. 1~a!. The calorimetrically deter-
mined glass-transition temperature of the system isTg
5257 K, also confirmed by dielectric measurements@28#.
The sample was filtered through a 0.22-mm Millipore filter at
a temperature of 70 °C and distilled into dust-free ligh
scattering round cells, 10-mm inner diameter, which w
flame-sealed afterwards. These samples kept at room
perature for several months showed no trace of crystall
tion.

To obtain wide frequency range spectra, the horizonta
polarized~VH configuration! light was analyzed by means o
three different spectrometers. A Sandercock-ty
(313)-pass tandem Fabry-Perot interferometer@31#, charac-
terized by a finesse of about 100 and a contrast ratio gre
than 531010 was used to collectI VH spectra in the 0.3–300
GHz region. The light sources were an Ar1 laser operating in
a single mode of the 514.5-nm line and a 532-nm Nd:YA
laser ~coherent!. The back-scattering geometry was em
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3088 PRE 60L. COMEZ et al.
ployed to avoid intense contributions to the spectra com
from transverse acoustic modes. The occurrence and the
perature evolution of these modes for temperatures lo
than 313 K was revealed for a different scattering geome
and reported in a previous paper@32#. Four different mirror
separations corresponding to different free spectral ran
~FSR! of 7.5, 10, 37.5, and 300 GHz were used to obt
spectra in the whole frequency range. In the case of F
57.5 and 10, in order to avoid distortions of the spect
narrow interference filters can be used that suppress the
coming from the higher orders of the response function
the tandem interferometer. The use of these filters has b
demonstrated to be crucial in glass-forming systems at
temperature, i.e., between 1.2Tg andTg @33#. In the present
experiment the filter was not necessary since the investig
temperatures are higher than 1.2Tg . At these temperatures,
great part of thea relaxation is within the frequency window
of the experiment and the spectrum fastly decreases
frequency, thus substantially reducing the overlap effe
The sample was cooled by nitrogen vapor evaporated f
liquid nitrogen and heated by a heater controlled by a T
Cryogenics 3010 II temperature controller. The temperat

FIG. 1. ~a! Depolarized Rayleigh-Brillouin spectra measured
means of the tandem Fabry-Perot interferometer. Temperat
from top to bottom are 473, 453, 433, 413, 393, 373, 353, 343, 3
323, 313, 298, 283, 273, 263, and 253 K.~b! Susceptibility spec-
tra corresponding to the data of Fig. 1~a!, calculated by Eq.~3!.
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was measured by a copper-constantane thermocouple p
close to the sample and the temperature fluctuations w
kept within 60.1 °C.

A Burleigh confocal interferometer, FSR 750 MHz, wa
used to obtain depolarized spectra at a scattering angl
90°, in the frequency range between 10 and 350 MHz. T
incident light ~single mode,l5532 nm) was supplied by a
Nd:YAG laser~ADLAS!.

A Brookhaven BI-9000AT correlator was used for PC
measurements to study the low-frequency~long-time! dy-
namics of the system. PCS measurements were carried o
the range 1026– 1 s and for temperatures from 261 to 281
The backscattering configuration was exploited, using
same geometry and the same experimental setup adopte
the tandem Fabry-Perot experiments. In this case, the l
scattered from the sample was directly sent to the photom
tiplier, without passing through the Fabry-Perot interfero
eter.

Dynamic mechanical measurements were performed
means of the Rheometrics RMS 800 mechanical spectr
eter. Shear deformation was applied under condition o
controlled deformation amplitude, always remaining in t
range of the linear viscoelastic response of studied samp
Frequency dependencies of the storage (G8) and loss (G9)
shear modulus were measured at various temperature
geometry of parallel plates was used below 25 °C, with pl
diameters of 6 nm, whereas at higher temperatures the m
surements were performed with the cone-plate geometry
50-mm diameter. In the case of the plate-plate geometry
gap between plates~sample thickness! was about 1 mm. Ex-
periments have been performed under dry nitrogen at
sphere.

III. RESULTS

A. Tandem-FPI measurements

In the case of tandem measurements, spectra of diffe
frequency ranges at the same temperature were joined
multiplying their intensities by an appropriate constant fac
and matching the overlap ranges@34#. The composite T-FPI
spectraI VH(v) are reported in Fig. 1 where it is possible
see that the high-temperature spectra exhibit a broad ce
peak, which extends up to the highest measured frequen
With decreasing temperature the spectra become narro
and the characteristic frequency of the structural relaxa
moves out of the frequency window. At lower temperatur
it will be measured by the confocal and photon correlat
spectroscopies.

In the same figure the susceptibility spectrax9(v) are
also shown, obtained from the spectra through the relat
ship

x9~v!5
I VH~v!

@n~v!11#
, ~3!

where the Bose factor can be approximated by@n(v)11#
5kBT/\v in the frequency and temperature ranges of int
est. The relaxation behavior of the system is clearer sho
by the susceptibility spectra rather than by the intensity sp
tra.

es
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For temperatures higher than 373 K, the maximum of
peak related to the structural relaxation is visible in the t
dem susceptibility spectra and the characteristic time and
shape parameters of the relaxation can be directly calcul
from these spectra, as described below. For lower temp
tures, the maximum is located at lower frequencies and c
focal spectra were required to enlarge the frequency res
tion. In the tandem spectra, two distinct regions can
recognized. The region where susceptibility decreases
increasing frequency is dominated by the high-freque
part of the structural relaxation. The almost linear behav
in the log-log plot suggests a power-law behavior ofx9(v)
of the typex9(v)}v2b to hold in this region. The high-
frequency region, where susceptibility increases with f
quency, is located at frequencies lower than that of the bo
peak of disordered systems, and can also be described
power law, i.e., ax9(v)5Ava. According to the mode-
coupling theory@8#, the region of the minimum of suscept
bility can be interpolated by the equation

x9~v!5
xmin9

a1b FbS v

vmin
D a

1aS v

vmin
D 2bG . ~4!

MCT makes nontrivial predictions for the values of the min
mum of susceptibilityxmin9 , of the frequency of the minimum
vmin , and of the shape parametersa andb. In particular, the
values of the parametersa andb must be temperature inde
pendent for T.Tc and fulfill the relationshipl5G2(1
2a)/G(122a)5G2(11b)/G(112b), where 0,a
,0.395, 0,b,1, G is the gamma function, andl is the
‘‘exponent parameter’’ that fixes the values of all expone
of the theory. The values of the parameters obtained by
ting Eq. ~4! to the spectra are reported in Table I. It can
noticed that forT.300 K the shape parameters are alm
temperature independent, as predicted by the MCT. On
other hand, the pair of values ofa andb does not satisfy the
above relationship. Similar deviations from the predictio
of the idealized version of MCT were previously revealed
light-scattering measurements of both fragile and nonfra
systems and attributed to the influence of low-frequency
brations~boson peak! on the MCTb-relaxation region@25#.
Moreover in the dynamics of DGEBA some internal degre
of freedom play a non-negligible role@28#, so that this sys-
tem is not the best candidate for a quantitative test of M
predictions. In addition, the spectra of Fig. 2 are not e
tended enough in the high-frequency region to cover both
MCT b region and the boson peak. On the other hand,
low-frequency part of the spectra is sufficiently well defin

TABLE I. Parameters obtained by fitting Eq.~4! to spectra of
Fig. 2.

T (K) a b xmin/1000 f min ~GHz!

298 0.79 0.23 11.3 33.3
313 0.40 0.39 17.1 36.5
323 0.40 0.42 22.1 46.5
333 0.48 0.39 27.0 64.3
343 0.40 0.43 31.5 83.4
353 0.43 0.40 36.5 110
e
-

he
ed
a-
n-
lu-
e
th
y
r

-
on
y a

s
t-

t
e

s

le
i-

s

T
-
e
e

to give confidence to the values of the shape parameteb.
This value is needed both for a comparison with dielec
data and to guide the analysis of light-scattering spectr
lower frequencies. In fact, the coincidence of the shape of
C-FPI and T-FPI spectra in the overlapping region gives
important constraint in fitting the confocal spectra.

B. Confocal-FPI measurements

The confocal interferometer is not in a tandem configu
tion so that overlap effects must be taken into account. In
case of scattering from dilute solutions, the experimen
spectra can be fitted by a single Lorentzian convoluted w
the periodic instrumental function. In the case of DGEBA
single Lorentzian fit gives considerable deviations from m
sured data, indicating that the single relaxation time appro
mation is not suitable to describe the dynamics of the ep
system. A sum of Lorentzians with different relaxation tim
@10# has been demonstrated to be more appropriate to
into account the stretching of the structural relaxation. In
present case, in order to be consistent with the elabora
procedure of dielectric and photon correlation data, we p
ferred a single-stretched Lorentzian to describe both the c
focal and the tandem FPI data. The stretched Lorentz
I VH(v) was obtained by the Havriliak-Negami~HN! @35#
relaxation function,

I VH~v!5
I 0

v
Im$@11~ ivtHN!a#2g%, ~5!

where tHN is the relaxation time, anda and g are shape
parameters. In the low- and high-frequency limits the H
function leads to two power laws characterized by the ex
nentsm5a and2n52a•g, respectively. The coincidenc
of the shape of confocal and tandem spectra was obtaine
fixing the values ofn to those determined by fitting Eq. 4 t
the tandem spectra.

A baselineI B was added to Eq.~5! to account for high-
frequency contributions to the spectra and the obtained
pression, convoluted with the instrumental function, was
ted to the confocal spectra by means of the Levenbe
Marquardt algorithm.

FIG. 2. Susceptibility spectra~thin line! fitted by Eq.~4! ~thick
solid line!.
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3090 PRE 60L. COMEZ et al.
Figure 3 shows the result of fitting Eq.~5! to a spectrum
taken at 343 K where, in the convolution procedure, t
neighboring orders were taken into account on each sid
the spectrum to remove the overlap effect. The goodnes
the fit is also confirmed by the residuals, which show
appreciable systematic deviations. A further test of the qu
ity of the fit was obtained by repeating the procedure a
having increased the number of neighboring orders in
convolution. The behavior of one parameter, i.e., of the
laxation timet, is shown in the inset of Fig. 3 as a functio
of the number of orders. It can be seen that for a num
higher than five~two orders for each side of the central pea!
the value of the parameters of Eq.~5! does not change ap
preciably. Fitting with more than five orders changes o
the value of the baselineI B . The value ofI B goes to zero
~becomes lower than the data error! using more than 24
neighboring orders in the convolution, which corresponds
taking into account the contribution of light scattered up
18 GHz apart from the central line. The presence of a c
siderable amount of light scattered at this frequency is c
firmed by the T-FPI spectra of Fig. 1.

In Fig. 4~a! the confocal spectra obtained by this fittin
procedure are reported together with the T-FPI ones.
sake of comparison, some of the dielectric spectra previo
obtained@28# are reported in Fig. 4~b!. The maximum of the
susceptibility in light-scattering spectra is now apparent a
for temperatures lower than 370 K, and its evolution w
temperature gives the behavior of the structural relaxa
time. The relaxation parameters obtained by fitting the sp
tra with Eq.~5! are reported in Table II and the correspon
ing spectra are shown as thicker lines in the figure. It can
seen that the low frequency of the confocal spectrum m
sured atT5313 K is missing due to experimental limitation
Therefore, in the fitting procedure we fixed the value to 0

FIG. 3. Depolarized Rayleigh-Brillouin spectrum measured
343 K by means of the confocal Fabry-Perot interferometer, fit
by Eq. ~5! ~solid line! and corresponding deviation plot dev5(Iexp

2Ifit)I exp
21/2. In the inset, the value of the relaxation timet obtained

by the fit as a function of the total number of orders used in
convolution procedure with the instrumental function.
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obtained by the interpolation of the data at higher and low
temperatures. Similarly, for the two spectra at 373 and 3
K, where the low frequency part of the susceptibility peak
out of the experimental window, the value of the parametea
of Eq. ~5! was kept constant, equal to its limiting valuea
51, corresponding to a Cole-Davidson relaxation functio
In fact, a51 is the high temperature-limiting value obtaine
by fitting the confocal spectra up to 353 K. Moreover, th
same value was obtained by the HN fit of the four hig
temperature spectra in the range 413–473 K, within a s
dard deviation of about 3%. On this basis, in order to
more reliable values of the other fitting parameters, the va
of a was kept equal to 1 also in this high-temperature regi

C. PCS measurements

It is not possible to extend the dynamical window of t
light-scattering studies using interferometric techniques
lower frequencies, because of the finite linewidth of the la
line and the limited resolution of the FPI. For frequenci
lower than a few MHz a time-domain technique, i.e., t
photon correlation spectroscopy, has to be used.

In the photon correlation spectroscopy, when the hom
dyne technique is used, the time correlation function of
scattered intensityG(2)(t)5^I (t)I (0)& is measured. In the
present experiment we used the back-scattering VH ge
etry, which is the same as the one adopted in the T-
experiment. In this configuration a considerable amount
stray light comes from imperfections of the lenses and of
cell, which is partially stopped by the crossed polarizer in
scattered beam. The question could arise if the heterod

t
d

e

FIG. 4. ~a! Composed confocal and tandem Fabry-Perot susc
tibilities. Temperatures are 313, 323, 333, 343, 353, 373, 393, 4
433, 453, and 473 K. ~b! Dielectric spectra from Ref.@28#, taken
at 283, 293, 303, 313, 323, 333, 343, and 353 K.
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TABLE II. Parameters of thea relaxation obtained from the analysis depolarized light spectra.

T (K) tHN ~s! m n tKWW ~s! b

261 (2.3560.2)31021 0.8260.04 0.4160.02 (9.1560.16)31022 0.5160.01
263 (5.160.5)31022 0.8560.04 0.4560.02 (2.1560.02)31022 0.5560.01
265 (1.6560.2)31022 0.8360.03 0.4760.02 (7.1760.05)31023 0.5760.01
267 (7.360.7)31023 0.8460.03 0.4360.02 (2.6460.03)31023 0.5560.01
269 (2.860.2)31023 0.8360.02 0.4160.02 (9.6360.1)31024 0.5760.01
271 (9.160.8)31024 0.8360.02 0.4360.02 (3.5060.03)31024 0.5460.01
273 (3.260.3)31024 0.8660.02 0.4260.03 (1.2060.08)31024 0.5460.02
275 (1.3960.15)31024 0.8660.02 0.4260.03 (5.260.1)31025 0.5560.01
277 (6.160.6)31025 0.8660.03 0.4760.03 (2.760.4)31025 0.5860.05
279 (4.060.4)31025 0.8860.03 0.4360.04 (1.560.2)31025 0.5760.06
281 (2.160.2)31025 0.8360.04 0.4260.04 (7.361.1)31026 0.5260.06
313 (1.060.1)31027 0.92 0.3960.01 (3.360.4)31028 0.5160.01
323 (4.560.4)31028 0.9860.06 0.4260.01 (1.460.2)31028 0.5360.02
333 (1.860.1)31028 0.9660.04 0.3960.02 (5.560.6)31029 0.5360.01
343 (7.860.5)31029 0.9360.03 0.4360.01 (2.660.3)31029 0.5360.01
353 (4.260.4)31029 0.9860.01 0.4060.02 (1.360.3)31029 0.5360.01
373 (2.060.3)31029 1 0.4360.02 (6.160.8)310210 0.5460.02
393 (1.060.1)31029 1 0.4360.02 (3.660.5)310210 0.5460.02
413 (5.760.5)310210 1 0.4760.01 (2.360.3)310210 0.5960.02
433 (3.560.4)310210 1 0.4860.01 (1.460.2)310210 0.6060.02
453 (2.360.2)310210 1 0.5060.01 (9.961.5)310211 0.6260.02
473 (1.760.2)310210 1 0.5060.01 (7.461.2)310211 0.6260.02
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condition is fulfilled, i.e., the correlation of the scatter
electric field rather than intensity is detected, due to the p
ence of stray light, which can act as a local oscillator. It h
to be noticed that the scattered light is H polarized while
stray light is mainly V polarized and these two fields cann
interfere. Nevertheless, a small quantity of H-polarized st
light cannot be excluded due to, for instance, a small b
fringence in the glass cell, in the sample, and in the opt
setup. As a consequence, a small quantity of the heterod
signal can be present in the spectra, mainly affecting the v
long-time behavior. An independent measurement perform
at a 90° scattering angle, where the homodyne conditio
most likely achieved, verified that the heterodyne contrib
tion is negligible in the central part of the relaxation, and
did not affect the data analysis reported in the following.

For a Gaussian process in the homodyne case the
tensity autocorrelation functionG(2)(t) is related to the au-
tocorrelation function of the scattered fieldg(1)

5^E(t)E(0)&/^uE(0)u2& through the equation@36#

G~2!~ t !5^I &2~11 f ug~1!~ t !u2!, ~6!

where f is a constant. The spectral width of the intens
autocorrelation function of a glass-forming system is usua
larger than that of a single exponential function. So far,
phenomenological function, which better fits the measu
data with the lowest number of free parameters is
Kohlrausch-Williams-Watts~KWW! @37# function,

g~1!~ t !5a exp@2~ t/tKWW!b#, ~7!

where 0,b<1 is the shape~stretching! parameter. Equa
tions ~6! and~7! were used to fit our PCS data and the valu
of tKWW andb obtained from this procedure are reported
s-
s
e
t
y
-
l

ne
ry
d
is
-
t

in-

y
e
d
e

s

Table II. In Fig. 5 the set of measured correlation functions
shown together with the KWW fitting functions represent
by full lines. The values of the relaxation time and of th
stretching parameter obtained by the fitting procedure w
used to calculate the average relaxation time

FIG. 5. VH correlation functions measured in back-scatter
geometry at 261, 263, 265, 267, 269, 271, 273, 275, 277, 279,
281 K ~from right to left!. Solid lines represent the fits to the da
using the KWW function of Eq.~7!.
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^t&5
tKWW

b
GS 1

b D , ~8!

whereG is the Gamma function. The values of^t&, reported
in Table II, are discussed in the following in comparis
with the ones obtained from viscosity measurements.

For a direct comparison with dielectric and Fabry-Pe
relaxation parameters, the PCS spectra should be also
by a HN relaxation function. The fit cannot be as direct as
the case of the KWW function, since the HN is defined in t
frequency domain and has no simple analytical form in
time domain. Recently Alvarez, Alegrı´a, and Colmenero@38#
have shown that a fitting of KWW functions by HN func
tions is possible by means of the histogram method in
duced by Imanishi, Adachi, and Kodata@39#. Using that it-
erative procedure, the autocorrelation functiong(1)(t) can be
calculated by the discrete Laplace transform of a distribut
function of retardation timesL(tk),

g~1!~ t !5 (
k50

n

L~tk!e
2t/tkD, ~9!

whereD510d/22102d/2 is the step of the chosen histogram
We used a valued50.25, corresponding to 1/d54 points
~relaxation times! per decade. The updated values of the d
tribution function L(tk) are calculated from those of th
imaginary part of the HN susceptibility,

x9~1/t i !5Im$@11~ i tHN /t i !
a#2g% ~10!

and from the calculated loss

xcalc9 ~1/t i !5 (
k50

n

L~t i !@t i /tk1tk /t i #
21D, ~11!

through the relation

Lnew~t i !5Lold~t i !1K@x9~t i !2xcalc9 ~t i !#, ~12!

whereK is a numerical factor whose value was set to 0
The calculation of Eqs.~11! and~12! was reiterated until the
values ofxcalc9 andx9(1/t i) became sufficiently close to eac
other. Using this procedure, a best fit of Eq.~9! has been
performed to PCS spectra by varying the values of the
parameters of Eq.~12! and the results are reported in Tab
II. The HN fitting functions are almost undistinguishab
from the KWW ones and both of them seem to be adequ
to describe the behavior ofG(2)(t) within the experimental
error. For this reason the KWW function is usually chos
since it uses the single shape parameterb rather than the two
parametersa andg of the HN.

As an alternative procedure to compare light scatter
and dielectric data,G(2)(t) could be converted to the fre
quency domain and then fitted by an HN function. Howev
in this case, the errors of the transformation procedure wo
add to the experimental ones in a nontrivial way while,
the transformation to the time domain of the HN functio
any precision level can be obtained simply by increasing
number of iterations in Eqs.~11! and ~12!.
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D. Viscosity measurements

Frequency dependencies ofG8 and G9 measured within
the frequency range of 0.1–100 rad/s at various temperat
were used to construct master curves representing the br
range frequency dependencies of these quantities. Only s
along the frequency scale have been performed. This pr
dure provided a temperature dependence of shift fac
~logaT vs T!. The low-frequency range of the master depe
dence ofG9 ~with G9;v, indicating the Newtonian flow
range! was used to determine the zero shear viscosity at
reference temperature@h0(Tref)5G9/v#. Viscosity values
related to other temperatures were determined ash0(T)
5h0(Tref)1 logaT . The relaxation time corresponding to th
transition between the Newtonian flow range at low frequ
cies and the glassy range at high frequencies at the refer
temperature was determined ast(Tref)52p/vc , wherevc is
the frequency at which theG8 and G9 curves cross each
other. Relaxation times at other temperatures are given
t(T)5t(Tref)1 logaT .

E. Evaluation of errors

The relaxation times and shape parameters obtained
fitting both PCS and FPI spectra are reported in Table
together with the relative errors. The values of these err
have been obtained by means of a Monte Carlo procedur
particular, starting from each experimental spectrum, a se
one hundred ‘‘synthetic’’ data sets have been produced
means of the bootstrap Monte Carlo method@40#, where a
random fraction of original points are replaced by duplica
original points. Each data set has been fitted by means o
Levenberg-Marquardt method@40#, giving a distribution of
fitted parameters. The estimate of the error of each param
has been obtained by the standard deviation of the proba
ity distribution of the fitted parameters.

IV. DISCUSSION

In comparing light-scattering spectra of Figs. 1 and 4~a!
with dielectric spectra@Fig. 4~b!#, analogies and difference
are clearly visible. In both cases the structural relaxation
present, quickly moving toward lower frequencies with d
creasing temperature. However, in the case of lig
scattering spectra, thea peak is located at lower frequenc
and there is no signature of the peak related to the secon
relaxation, which can be recognized in the dielectric spec
around 0.1 GHz. This phenomenology is better evidence
Figs. 6 and 7 by looking at the temperature behavior of
shape parameters and of the characteristic relaxation tim
respectively. In fact, although the mutual consistency of
electric and light-scattering shape parameters confirms
the two techniques are revealing the samea process, the
characteristic times are different and the difference increa
with temperature. To get a more quantitative evaluation
this trend, both dielectric and light-scattering data were fit
by the VFT law@Eq. ~1!#. The values of the parameters o
tained by the fit aret051.2310212s, B5730 K, T0
5234 K for dielectric data@28#, and t058.17310212s, B
5790 K, T05228 K for light-scattering data. The differenc
in the high temperature-limiting value of the relaxation tim
t0 accounts for the fact that by increasing the temperatu
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the DLS relaxation time becomes progressively longer t
the DS one, as visible in Fig. 7.

The observed higher value for the DLS relaxation tim
cannot be easily interpreted in terms of single-particle ro
tional diffusion. Theoretically, in the case of the Debye r
tational diffusion model, the dielectric relaxation time
three times longer than the light-scattering one@41#. But in
the present case as well as, for instance, in polystyrene~PS!
@42#, DLS relaxation times are much longer than the diel
tric ones. In PS the temperature dependence oft is almost
the same for the two techniques and it was deduced
anisotropy fluctuations revealed by light scattering are de
mined by a much larger molecular subunit than dielec
fluctuations. In the case of DGEBA, an empirical explan
tion @43# could be attempted in terms of the SED model w
a smaller effective hydrodynamic volume@Vh of Eq. ~2!# of
the part of the molecule that gives rise to the dielectric
laxation ~the two epoxy rings at the extremes of the m
ecule! and a larger radius for the part responsible for lig

FIG. 6. Temperature behavior of thea-relaxation shape param
eters. Solid symbols are depolarized light-scattering data and o
symbols are dielectric spectroscopy data from Ref.@28#.

FIG. 7. Temperature behavior of the relaxation time obtained
the HN fit to the depolarized light-scattering spectra~solid symbols!
and dielectric spectra from Ref.@28# ~open symbols!. The structural
relaxation data are fitted by a Voghel-Fulcher-Tammann law~solid
lines! and the secondary relaxation by an Arrhenius law~dashed
line!.
n

-
-

-

at
r-
c
-

-

t

scattering~probably the aromatic rings inside the molecule!.
In this scheme, the effective volume of the dielectric relaxi
unit is constant in the whole temperature range, giving rise
the t}h behavior, while the effective light-scattering vo
ume decreases with decreasing temperature, coming clo
the dielectric one when approaching the glass transition. T
is a strange and counterintuitive behavior, which deserve
more careful analysis.

A better understanding of the characteristics of thea re-
laxation of DGEBA revealed by DLS and DS, can be o
tained by a quantitative comparison with viscosity data.
the present case of a wide distribution of correlation tim
the quantity we compare with viscosity is the average rel
ation time. In the case of dielectric and FPI spectra, where
HN relaxation function was used to fit the experimental da
the values oftHN , a, andg have been used in Eqs.~10!–~12!
to calculate the corresponding distribution of retardat
times and, via Eq.~10!, the autocorrelation function, which
has been fitted by the KWW function of Eq.~7!. The average
relaxation time has been thus calculated by Eq.~8!. The val-
ues oftKWW , b, and ^t& obtained by this procedure are re
ported in Table II. The dielectric and light-scattering avera
relaxation timeŝt& are reported in Fig. 8, together with th
shear relaxation time. Also in this case the relaxation tim
were fitted by the VFT law of Eq.~1!. The values of the
obtained parameters aret055.17310212s, B5777 K, and
T05229 K for light-scattering data,t050.136310212s, B
5909 K, andT05227 K for shear relaxation data, andt0
50.504310212s, B5797 K, andT05232 K for dielectric
data.

To test the applicability of the SED law, the log~^t&! vs
log~h! is frequently plotted. In the case of DGEBA this plo
is reported in Fig. 9, where three interesting features can
recognized: ~i! in the whole temperature range the diele
tric relaxation data follow the SED law, which in this plo
corresponds to the straight linet}h, while light-scattering
data markedly deviate from this behavior,~ii ! in a very wide
viscosity and relaxation time range, extending for more th
seven decades, the linear behavior of DLS relaxation tim

en

y

FIG. 8. Average values of the structural relaxation time a
function of temperature. Triangles, squares, and circles refer to
polarized light-scattering, dielectric spectroscopy, and visco
measurements, respectively, obtained as discussed in the text
data are fitted by Vogel-Fulcher-Tammann laws~solid lines!.
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the log-log plot of Fig. 9 can be fitted by the power law

t}h0.89, ~13!

and ~iii ! the light-scattering data depart from the linear b
havior at a temperature of about 340–350 K.

Deviations of thea-relaxation time from the SED relatio
in supercooled liquids are well documented by different
perimental techniques@12–20#; our result gives further ex
perimental evidence of such phenomenon.

In previous investigations, many evidences were repo
of a decoupling of translational diffusion and reorientation
relaxation, and this phenomenon is generally interpreted
terms of the existence in the liquid of both fluidized a
correlated regions or domains@19,44,14#. The specific prop-
erties of these domains, such as dimension, density,
characteristic lifetime, could not be derived for anab-initio
theory and are usually introduced asad-hoc assumptions,
which are typically different for different authors~for a re-
cent overview and new hints, see Refs.@16# and@45#!. Gen-
erally, in these models the translational diffusion decoup
from viscosity and rotational diffusion since it involves th
passage of molecules through different domains. Howe
more recent deviations from SED have been reported also
the rotational diffusion, as revealed by dielectric spectr
copy in many glass-forming systems@16#.

Our results on DGEBA give some further information o
the phenomenology of SED breakdown. In fact, it is gen
ally accepted that both light-scattering and dielectric sp
troscopy are sensitive to the rotational dynamics of liq
molecules. In this frame, the contemporary evidence
DGEBA of a SED behavior revealed by DS and of a mark
deviation from SED revealed by DLS cannot be easily
plained in terms of fluidized or correlated regions. In fact
would correspond to a situation where different parts of
molecule ~epoxy rings revealed by DS and aromatic rin
revealed by DLS! belong to different regions of the samp
~correlated and fluidized, respectively!. This strange behav

FIG. 9. Log of the average values of the structural relaxat
time vs log of viscosity. Solid circles are depolarized ligh
scattering data and open squares are dielectric spectroscopy
The dashed line is thet}h behavior while the solid line ist
}h0.89, which fits the light-scattering data.
-
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d
l
in

nd

s

r,
or
-

-
-

n
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e

ior suggests the SED model to be inappropriate for desc
ing the light-scattering results when approaching the gl
transition.

A model has been recently proposed to explain the S
breakdown in supercooledo-terphenyl @26# where starting
from a continuum approach, the DLS relaxation time h
been related to a correlation volumeVa through the equation

t}
h

VaT
. ~14!

To test the suitability of this equation in describing our r
sults, we plotT^t&/h vs T in Fig. 10. It can be seen that fo
temperatures higher than 313 K, the value ofT^t&/h remains
almost constant, while a steep decrease occurs for lower
peratures. It is interesting to note that forT,313 K the value
m ~the low-frequency shape parameter, Fig. 6! becomes
lower than 1. This result suggests the presence of an ons
cooperative motions for temperatures lower than 313 K, w
a cooperative volume, which increases with decreasing t
perature. This interpretation can be pushed forward by
suming the proportionalityVa}ja

3, whereja is the charac-
teristic length of the dynamic glass transition.@26# The
fluctuation theory of the glass transition@5# predicts a diver-
gence ofja for temperatures approaching the Vogel tempe
ture T0 of Eq. 1, according to the formula

ja}~T2T0!2n, ~15!

wheren5 2
3 in ordinary space. Therefore, if the correlatio

length revealed by DLS determines the value ofja , the fluc-
tuation theory predicts thatTt/h must be proportional to
(T–T0)2. The temperature dependence ofTt/h ~Fig. 10!
was fitted by (T–T0)a, with T0 fixed to 229 K, the value
deduced by the VFT fit of light scattering, viscosity, an
dielectric data. If we use both PCS and C-PTI data the va
of a obtained by the fitting procedure amounts to 2.
60.16. Taking only PCS data, one obtains a higher value
a52.3860.29. One should notice the large errors of the P
data measured at the highest temperature results from
fact that in the corresponding correlation function the sho

n

ata.

FIG. 10. Temperature behavior ofT^t&/h obtained from depo-
larized light-scattering data. The full line is obtained by fittin
A(T2T0)a to data atT<323 K, with T0 fixed to 229 K, anda
52.1260.16. The dashed line is the fit of the PCS dataT
<281 K) giving a52.3860.29.
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est time part is missing due to usual instrumental limitatio
It can be seen that both values ofa are consistent within the
experimental error. We feel, however, that the lower value
a is more meaningful because it is obtained by a fit to
data in a broaderT range and the estimated error in the fit
lower. Moreover, the close correspondence of the value
the Vogel temperatureT0 obtained by different technique
favorably compares with the predictions of the fluctuati
theory of glass transition@5#. In fact, the relaxation mode
probed by different susceptibilities are expected to be re
sented by a common set of ln~t! vs T hyperbolas with two
common asymptotes, one of which should beT0 .

As a final remark, we notice that our data can be fitted
both the fractional power law~Fig. 9! and by the fluctuation
theory ~Fig. 10!, and that no straightforward analytical rel
tionship exists between Eqs.~13!–~15!. The two models can-
not be easily derived one from the other and the experim
tal data cannot discriminate between them. In favor of
latter there is a consistent picture of the temperature beha
of t close to the glass transition given by the model, oppo
to a lack of explicit theoretical derivation of the fraction
SED.

In summary, we have reported the results of the depo
ized light-scattering experiments performed in liquid and
percooled DGEBA. To access the frequency range betwe
Hz and 300 GHz we combined the spectra obtained from
tandem Fabry-Perot interferometer of different free spec
ranges, a confocal interferometer, and a photon correla
spectroscopy experiment. The temperature evolution of
structural relaxation time obtained by these techniques
been compared with viscosity to test the validity of the SE
law, and both the relaxation time and the shape parame
have been compared with dielectric ones, to test how th
two different techniques account for the same structural
laxation. Particular attention has been paid to the mu
consistency of the compared quantities, i.e., the same
rs:
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nomenological relaxation functions were used to fit the d
ferent spectra so that a direct comparison of relaxation tim
and shape parameters could be done. The results obta
confirmed the existence of a change in the dynamics
DGEBA at a temperature of about 90 K higher than t
glass-transition temperature previously revealed by bot
change in the temperature behavior of the structural re
ation time and a bifurcation of structural and secondary
laxation.@28,24# The presence of such a transition seems
be a peculiar characteristic of fragile glass-forming syste
as recently revealed by different spectroscopic techniq
@23,12#. A further interesting feature was evidenced
DGEBA, i.e., a dielectric relaxation time proportional to vi
cosity, as predicted by the SED law, and a light-scatter
relaxation time that violates the SED and follows the fra
tional behaviort}h0.89 for more than seven decades in vi
cosity and time. As an alternative interpretation of the vio
tion of SED law, following the approach recently propos
for o-Terphenyl, the light-scattering relaxation time has be
related to the development of correlated volumes in the
percooled system. With the additional hypothesis that
correlation length revealed by DLS determines the value
ja , i.e., the characteristic length of the dynamic glass tr
sition, @26# the value ofja was found to diverge on ap
proaching the Vogel temperature of the system, as predi
by the fluctuation theory of glass transition. Further expe
ments are presently in progress in our laboratories on ep
systems of different complexity to test the degree of gen
ality of these findings.
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