PHYSICAL REVIEW E VOLUME 60, NUMBER 3 SEPTEMBER 1999

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 strietuyal
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 af phecess 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. Therx # behavior was verified for dielectric data, while a fractional power law of viscasity®%°
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 lengtlc(T—T,) ¥ whereT,=229 K is the Vogel tempera-
ture andv is close to% which is consistent with the prediction of the fluctuation theory of glass transition.
[S1063-651%99)04009-X

PACS numbds): 64.70.Pf, 78.35t-c, 61.20.Lc, 83.50.Fc

[. INTRODUCTION focused on a narrow temperature range closggtplooking
for some singularity typical of a phase transition. On ap-
The supercooled state of matter has been the subject of gmoaching the glass transition, the increase of the structural
extensive experimental and theoretical work aimed at the urrelaxation time with decreasing temperature is well repre-
derstanding of the microscopic origin of the glass transitionsented by the phenomenological Vogel-Fulcher-Tammann
One of the primary features of the supercooled state is th€&VFT) law [2],
marked increase of the shear viscosifywith decreasing
temperature in a narrow temperature raftje The gradual 7(T)=71,e® (T To), (1)
cessation of the viscous flow of a liquid is associated with
the development of shear elasticity. In this regime, the Maxwhich was interpreted in terms of the reduction of free vol-
well model of viscoelasticity provides the relationship ~ ume for the diffusior3] and, more recently, of enhancement
= n/G,, between the relaxation time; of shear stress and of cooperative motion§4,5], or of a percolation phase tran-
shear viscosityy, whereG., is the unrelaxed shear modulus. sition between liquid and solidlike cluste8].
This relaxation of stress in the liquid corresponds to the re- The experimental verification of Eql) and the predic-
arrangement of molecules and is usually referred to as strut¢ions of the theories become more and more difficult for
tural (or @) relaxation. By cooling the liquid, when the struc- temperatures lower thaf . In fact, after a small change of
tural relaxation time becomes longer than the time of theaemperature, the sample must be equilibrated, without crys-
experiment, the molecules cannot rearrange completely dutallization, for a time longer thang. In a very careful di-
ing the experiment and the system appears to be frozen inelectric measurement performed recently on a polymeric
disordered state, becoming a glass. The glass transition temgtass former[7], the structural relaxation up to 16 was
peratureT, is conventionally identified by;=100s or by a measured and a smoot{T) behavior well described by a
viscosity attaining 18 P. In the transition from the liquid to single VFT law was reported. The absence of any singularity
the glassy phase, the dynamics of the structural relaxatioseems to exclude the presence of a phase transitidg.at
covers an exceptionally large time window ranging from In recent years, the development of the mode-coupling
about 10 *?s in the liquid phase up to 100 s at the glasstheory(MCT) (for a review, see Ref8]) caused a renewed
transition. interest in the theoretical and experimental study of glass-
For a long time the study of the glass transition has beeiforming liquids. The crucial point of the theory is the exis-
tence of a dynamical phase transition located at a critical
temperaturel . between the melting and the glass-transition
*Also at Institute of Physics, A. Mickiewicz University, Poznan, temperature. Close to this temperature, nonlinearities in the
Poland. dynamics of the system are responsible for the structural ar-
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rest, i.e., for a power-law divergence of the viscosity, afluctuation theory of glass transitidi®,26| giving evidence

square root singularity of the Debye-Waller factor, and manyof a correlation length whose value diverges when approach-

other features that have been extensively tested on simplag the Vogel temperaturg, of the system.

glass-forming systemg8—10]. One of the major merits of The aim of the present paper is to investigate the tempera-

the MCT in the study of supercooled systems has been tture behavior of the structural relaxation of a glass-forming

move the attention fronfy to 50—100 K abovd 4, looking  system revealed by depolarized light scattering DLS in com-

for the dynamical onset of the glass transition. parison with the results of viscosity and dielectric spectros-
At temperatures higher thaf, the rotational diffusion copy (DS) measurements performed on the same system.

correlation timer can be related to the macroscopic viscosity The epoxy resin diglycidyl ether of bisphendl{DGEBA)

n and temperature by the Stokes-Einstein-Delfg&=D)  here employed is particularly appropriate for such investiga-

equation[11] tion since it is a fragilg27] glass former, which does not
exhibit any appreciable crystallization; also, at the slowest
7 cooling rates, it gives a strong depolarized light signal appro-
= kT - 2 priate for depolarized light-scattering studies and it has a

sufficiently large dipole moment associated with each of the

This equation was written for the diffusion of a single mac- WO €POxy rings of each molecule, which allowed a detailed
roscopic particle in a viscous liquid but it was found to hold di€lectric investigation in a wide frequency and temperature
also for the diffusion at the molecular level in ordinary lig- @n9e[28,29. Dielectric investigation revealed a secondary
uids at high temperature, with the eventual addition of Jelaxation whose temperature behavior is strongly affected
small constant value,, which accounts for the nonzero cor- by the g_lass transition. Moreover_, dielectric spectra showed a
relation time whenz goes to zero, and by considering the well defined onset of the relaxation at a tempe.rature 93_ K
volumeV,, as an effective volume, which accounts for inter- Nigher thanT,, a signature of some dynamic transition
action effects. A marked change of both rotational and transk30:9] occurring in the system. In the present paper we report
lational diffusion mechanisms was observed in organic “q_the_results of depolarized Ilght-s_cattenng and viscosity ex-
uids, corresponding to a breakdown of the SED diffusion lawPeriments performed on DGEBA in the frequency range of 1
(see, for instance, Ref§12—-20, and references thergin Hz-300 GH; anq for temperatures between 2§1 and 473 K.
This phenomenon was localized in a relatively narrow tem-1 © @ccess this wide frequency range we combined the spec-
perature range corresponding TT,=1.20—1.28, where tra obtal_ned from a tandem Fabry-Perot interferométer
also the critical temperatur®, was located. Moreover, for P of different free spectral ranges, a confocal Fabry-Perot
those systems having also a secondary relaxation, the Splﬂjterferometel(C—FPI), anq results from a photon correlat|_on
ting of the primary(a—) and secondaryg—) relaxation oc- spectroscopyPC9 experiment. The_temperature evolution
curs in the same temperature rarid€]. It can be thought of the structural relaxation time obtained by these techniques
that this dynamic transition is the physically significant fea-1S compared with the viscosity to test the validity of the SED
ture of the supercooled liquid, while the glass transition isl@W: and both the relaxation time and the shape parameters of
mainly related to the way the state is prepafeabling raté the spectra are compared with the dielectric ones, in order to

rather than to a fundamental change in the state of matter. test how these two different techniques account for the same

Convincing experimental evidence of the existence of dy-Structural refaxation.

namic transition in supercooled liquids has also been ob-
tained by a careful investigation of the dielectric response of Il. EXPERIMENT
glass-forming liquid§21-24. Also in this case the change
in the temperature behavior of therelaxation time was ob- The epoxy resin was a commercial sam{#ON828 by
served to coincide with the bifurcation afandg relaxations  Shell Co) of liquid DGEBA with an epoxy equivalent
[23,24. weight of about 190, corresponding ne=0.1 in the chemi-
The analysis of this complex scenario characterizing thesal formula reported in Fig. (). The calorimetrically deter-
dynamics of a supercooled system requires the use of spegtined glass-transition temperature of the systemTjs
troscopic techniques covering wide frequency and tempera=257 K, also confirmed by dielectric measuremef28].
ture ranges. Moreover, there is a great interest in comparinghe sample was filtered through a 0.2&3 Millipore filter at
the results obtained by different spectroscopic techniques ta temperature of 70°C and distilled into dust-free light-
establish the extent to which the same relaxation process &cattering round cells, 10-mm inner diameter, which were
probed by different observables, i.e., to check the possibléame-sealed afterwards. These samples kept at room tem-
existence of some ‘“universal” behavior in the dynamics of perature for several months showed no trace of crystalliza-
supercooled systems. Light-scattering and dielectric techtion.
nigues are particularly suitable for this purpose since they To obtain wide frequency range spectra, the horizontally
can cover the whole dynamics of the structural relaxatiorpolarized(VH configuration light was analyzed by means of
from the liquid phase down to the glass transition, being alstéhree  different  spectrometers. A  Sandercock-type
sensitive to subglass relaxation processes. In recent yeaf8+ 3)-pass tandem Fabry-Perot interferom¢8di, charac-
depolarized light scattering has been extensively used to testrized by a finesse of about 100 and a contrast ratio greater
the predictions of the mode-coupling theof®,10,29, than 5x 10'°was used to colledt,y spectra in the 0.3—300-
mainly in the high-temperatureT(T.), high-frequency { GHz region. The light sources were an'Aaser operating in
>10°Hz) regime. For temperatures approaching this  a single mode of the 514.5-nm line and a 532-nm Nd:YAG
technique was also employed to test the predictions of théaser (coherent The back-scattering geometry was em-
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N was measured by a copper-constantane thermocouple placed
nj‘mmg@%bwz.ﬁw Looomdon close to the sample and the temperature fluctuations were
o oo kept within 0.1 °C.

A Burleigh confocal interferometer, FSR 750 MHz, was
used to obtain depolarized spectra at a scattering angle of
90°, in the frequency range between 10 and 350 MHz. The
incident light (single mode\ =532 nm) was supplied by a
Nd:YAG laser(ADLAS).

A Brookhaven BI-9000AT correlator was used for PCS
measurements to study the low-frequenéyng-time dy-
namics of the system. PCS measurements were carried out in
the range 10°—1 s and for temperatures from 261 to 281 K.
The backscattering configuration was exploited, using the
same geometry and the same experimental setup adopted for
the tandem Fabry-Perot experiments. In this case, the light
scattered from the sample was directly sent to the photomul-
tiplier, without passing through the Fabry-Perot interferom-
(b) 473K eter.

5 Dynamic mechanical measurements were performed by
means of the Rheometrics RMS 800 mechanical spectrom-
eter. Shear deformation was applied under condition of a
controlled deformation amplitude, always remaining in the

range of the linear viscoelastic response of studied samples.

] Frequency dependencies of the stora@eé)(and loss G”)

4 1 w shear modulus were measured at various temperatures. A
] geometry of parallel plates was used below 25 °C, with plate
] diameters of 6 nm, whereas at higher temperatures the mea-

surements were performed with the cone-plate geometry of a
50-mm diameter. In the case of the plate-plate geometry the

logio [ Intensity (arb. units) ]

logio [ ¥ (arb. units)

— 253 K BN Y e — gap between platesample thicknegswvas about 1 mm. Ex-
041 1 10 100 periments have been performed under dry nitrogen atmo-
FREQUENCY (GHz) sphere.
FIG. 1. (a) Depolarized Rayleigh-Brillouin spectra measured by

means of the tandem Fabry-Perot interferometer. Temperatures . RESULTS
from top to bottom are 473, 453, 433, 413, 393, 373,_ 353 343, 333, A. Tandem-FP| measurements
323, 313, 298, 283, 273, 263, and 253 Kb) Susceptibility spec- )
tra corresponding to the data of Figal, calculated by Eq(3). In the case of tandem measurements, spectra of different

frequency ranges at the same temperature were joined by

perature evolution of these modes for temperatures IOWeé’ee that the high-temperature spectra exhibit a broad central

. ) ; ; r3f)eak which extends up to the highest measured frequencies.
and reported in a prevgus pap{dé.ifo]. Fou; different mllrror With decreasing temperature the spectra become narrower
sggaratlfogss ccigezp;og ng dthOI GerHent ree spe(;:tra rsngeasnd the characteristic frequency of the structural relaxation
(FSR of 7.5, 10, 37.5, an Z were used to obtain., a5 oyt of the frequency window. At lower temperatures

spectra in the whole frequency range. In the case of FSig iy he measured by the confocal and photon correlation
=7.5 and 10, in order to avoid distortions of the SpeCtrasPectroscopies.

narrow interference filters can be used that suppress the ligh In the same figure the susceptibility speciX(«) are

coming from the higher orders of the response function of 5 shown, obtained from the spectra through the relation-
the tandem interferometer. The use of these filters has beesrp]-

- . i
demonstrated to be crucial in glass-forming systems at low P
temperature, i.e., between T2and Ty [33]. In the present lyn( )
experiment the filter was not necessary since the investigated X" (w)= (@) + 17’ 3

temperatures are higher thanT,2 At these temperatures, a

great part of thex relaxation is within the frequency window

of the experiment and the spectrum fastly decreases wittvhere the Bose factor can be approximated] bfw) + 1]
frequency, thus substantially reducing the overlap effects=kgT/%A w in the frequency and temperature ranges of inter-
The sample was cooled by nitrogen vapor evaporated fromest. The relaxation behavior of the system is clearer shown
liquid nitrogen and heated by a heater controlled by a Thoby the susceptibility spectra rather than by the intensity spec-
Cryogenics 3010 Il temperature controller. The temperaturéra.
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TABLE |. Parameters obtained by fitting E¢}) to spectra of
Fig. 2.

T (K) a b Xmi/1000  f (GH2)

298 0.79 0.23 113 33.3 0
313 0.40 0.39 171 36.5 5§
323 0.40 0.42 22.1 46.5 g
333 0.48 0.39 27.0 64.3 <
343 0.40 0.43 315 83.4 =
353 0.43 0.40 36.5 110 2

o

For temperatures higher than 373 K, the maximum of the
peak related to the structural relaxation is visible in the tan- o1 ] 10 100
dem susceptibility spectra and the characteristic time and the )
shape parameters of the relaxation can be directly calculated FREQUENCY (GHz)
from these Sp?Ctra’ as described below. For Iov_ver tempera- g o, Susceptibility spectréhin line) fitted by Eq.(4) (thick
tures, the maximum is located at lower frequencies and cong|iq jing).
focal spectra were required to enlarge the frequency resolu-

tion. In the tandem spectra, two distinct regions can bgg give confidence to the values of the shape paranteter

recognized. The region where susceptibility decreases withrhis value is needed both for a comparison with dielectric
increasing frequency is dominated by the high-frequencyyata and to guide the analysis of light-scattering spectra at
part of the structural relaxation. The almost linear behavioljgyer frequencies. In fact, the coincidence of the shape of the
in the log-log plot suggests a power-law behaviond{w)  c-Fp| and T-FPI spectra in the overlapping region gives an

of the type x"(w)= " to hold in this region. The high- important constraint in fitting the confocal spectra.
frequency region, where susceptibility increases with fre-

guency, is located at frequencies lower than that of the boson
peak of disordered systems, and can also be described by a

B. Confocal-FPI measurements

power law, i.e., ay”(w)=Aw? According to the mode- The confocal interferometer is not in a tandem configura-
coupling theory[8], the region of the minimum of suscepti- tion so that overlap effects must be taken into account. In the
bility can be interpolated by the equation case of scattering from dilute solutions, the experimental

spectra can be fitted by a single Lorentzian convoluted with
the periodic instrumental function. In the case of DGEBA, a
(4)  single Lorentzian fit gives considerable deviations from mea-
sured data, indicating that the single relaxation time approxi-
mation is not suitable to describe the dynamics of the epoxy
MCT makes nontrivial predictions for the values of the mini- system. A sum of Lorentzians with different relaxation times
mum of susceptibilityy,, of the frequency of the minimum [10] has been demonstrated to be more appropriate to take
wmin, and of the shape parameterandb. In particular, the  into account the stretching of the structural relaxation. In the
values of the parametessandb must be temperature inde- present case, in order to be consistent with the elaboration
pendent forT>T, and fulfill the relationshipx =T?(1 procedure of dielectric and photon correlation data, we pre-
—a)/T'(1-2a)=I"?(1+b)/T'(1+2b), where O<a ferred a single-stretched Lorentzian to describe both the con-
<0.395, 0<b<1, I' is the gamma function, anl is the focal and the tandem FPI data. The stretched Lorentzian
“exponent parameter” that fixes the values of all exponentd;(w) was obtained by the Havriliak-NeganiHN) [35]
of the theory. The values of the parameters obtained by fitrelaxation function,
ting Eq. (4) to the spectra are reported in Table I. It can be
noticed that forT>300K the shape parameters are almost
temperature independent, as predicted by the MCT. On the
other hand, the pair of values afandb does not satisfy the
above relationship. Similar deviations from the predictionswhere r is the relaxation time, and and y are shape
of the idealized version of MCT were previously revealed byparameters. In the low- and high-frequency limits the HN
light-scattering measurements of both fragile and nonfragiléunction leads to two power laws characterized by the expo-
systems and attributed to the influence of low-frequency vinentsm=«a and—n=—a- vy, respectively. The coincidence
brations(boson peakon the MCT g-relaxation regior]25]. of the shape of confocal and tandem spectra was obtained by
Moreover in the dynamics of DGEBA some internal degreedixing the values oh to those determined by fitting Eq. 4 to
of freedom play a non-negligible ro[@8], so that this sys- the tandem spectra.
tem is not the best candidate for a quantitative test of MCT A baselinelg was added to Eq5) to account for high-
predictions. In addition, the spectra of Fig. 2 are not ex-frequency contributions to the spectra and the obtained ex-
tended enough in the high-frequency region to cover both theression, convoluted with the instrumental function, was fit-
MCT g region and the boson peak. On the other hand, théed to the confocal spectra by means of the Levenberg-
low-frequency part of the spectra is sufficiently well definedMarquardt algorithm.

a -b

+a

n
Xmin w

a+b b

X" (w)=

®min ®min

I
(@)= 2 IM{[1+ (o) ]}, (5)
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FIG. 3. Depolarized Rayleigh-Brillouin spectrum measured at
343 K by means of the confocal Fabry-Perot interferometer, fitted
by Eq._(1/52) (solid Ii_ne) and corresponding deviat_ion plot de(_,lexp 0001 001 01 1 10 100
—lii)lexp - IN the inset, the value of the relaxation timebtained FREQUENGY (GHz)
by the fit as a function of the total number of orders used in the
convolution procedure with the instrumental function.

FIG. 4. (a) Composed confocal and tandem Fabry-Perot suscep-
tibilities. Temperatures are 313, 323, 333, 343, 353, 373, 393, 413,

Figure 3 shows the result of fitting E(p) to a spectrum 433, 453, and 473 K. (b) Dielectric spectra from Ref28], taken
taken at 343 K where, in the convolution procedure, twoat 283, 293, 303, 313, 323, 333, 343, and 353 K.
neighboring orders were taken into account on each side of
the spectrum to remove the overlap effect. The goodness @fbtained by the interpolation of the data at higher and lower
the fit is also confirmed by the residuals, which show notemperatures. Similarly, for the two spectra at 373 and 393
appreciable systematic deviations. A further test of the qualk, where the low frequency part of the susceptibility peak is
ity of the fit was obtained by repeating the procedure afteut of the experimental window, the value of the parameter
having increased the number of neighboring orders in thef Eq. (5) was kept constant, equal to its limiting value
convolution. The behavior of one parameter, i.e., of the re— 1, Corresponding to a Cole-Davidson relaxation function.
laxation timeT, is shown in the inset of F|g 3 as a function In fact' a=1 is the h|gh temperature_"miting value obtained
of the number of orders. It can be seen that for a numbepy fitting the confocal spectra up to 353 K. Moreover, this
higher than flthWO orders for each side of the central p)?,ak same value was obtained by the HN fit of the four h|gh_
the value of the parameters of E@) does not change ap- temperature spectra in the range 413—473 K, within a stan-
preciably. Fitting with more than five orders changes onlyqard deviation of about 3%. On this basis, in order to get
the value of the baselinks. The value oflg goes to zero  more reliable values of the other fitting parameters, the value

(becomes lower than the data ejrarsing more than 24 of o was kept equal to 1 also in this high-temperature region.
neighboring orders in the convolution, which corresponds to

taking into account the contribution of light scattered up to
18 GHz apart from the central line. The presence of a con-
siderable amount of light scattered at this frequency is con- It is not possible to extend the dynamical window of the
firmed by the T-FPI spectra of Fig. 1. light-scattering studies using interferometric techniques to
In Fig. 4(a) the confocal spectra obtained by this fitting lower frequencies, because of the finite linewidth of the laser
procedure are reported together with the T-FPI ones. Fdine and the limited resolution of the FPI. For frequencies
sake of comparison, some of the dielectric spectra previouslipwer than a few MHz a time-domain technique, i.e., the
obtained 28] are reported in Fig. @). The maximum of the photon correlation spectroscopy, has to be used.
susceptibility in light-scattering spectra is now apparent also In the photon correlation spectroscopy, when the homo-
for temperatures lower than 370 K, and its evolution withdyne technique is used, the time correlation function of the
temperature gives the behavior of the structural relaxatioscattered intensit)G(z)(t)=(l(t)I(O)) is measured. In the
time. The relaxation parameters obtained by fitting the specpresent experiment we used the back-scattering VH geom-
tra with Eq.(5) are reported in Table Il and the correspond-etry, which is the same as the one adopted in the T-FPI
ing spectra are shown as thicker lines in the figure. It can bexperiment. In this configuration a considerable amount of
seen that the low frequency of the confocal spectrum meastray light comes from imperfections of the lenses and of the
sured aff =313 K is missing due to experimental limitations. cell, which is partially stopped by the crossed polarizer in the
Therefore, in the fitting procedure we fixed the value to 0.92scattered beam. The question could arise if the heterodyne

C. PCS measurements
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TABLE Il. Parameters of ther relaxation obtained from the analysis depolarized light spectra.

T(K) Tun (9) m n Teww (9) B
261 (2.35-0.2)x10°* 0.82+0.04 0.41+0.02 (9.15-0.16)x 1072 0.51+0.01
263 (5.1:0.5)x107?2 0.85+0.04 0.45-0.02 (2.15-0.02)x1072 0.55+0.01
265 (1.65:0.2)x1072 0.83+0.03 0.470.02 (7.127:0.05)x1073 0.57+0.01
267 (7.3:0.7)x10°3 0.84+0.03 0.43-0.02 (2.64-0.03)x1073 0.55+0.01
269 (2.8£0.2)x10°3 0.83+0.02 0.41+0.02 (9.63-0.1)x10™* 0.57+0.01
271 (9.1:0.8)x10* 0.83+0.02 0.43-0.02 (3.50-0.03)x 104 0.54+0.01
273 (3.2:0.3)x10™* 0.86+0.02 0.42-0.03 (1.26:0.08)x10™4 0.54+0.02
275 (1.39-0.15)x107* 0.86+0.02 0.42-0.03 (5.2£0.1)x10°° 0.55+0.01
277 (6.1-0.6)x10°° 0.86+0.03 0.47-0.03 (2.720.4)x10°° 0.58+0.05
279 (4.050.4)x107° 0.88+0.03 0.43-0.04 (1.5:0.2)x10°° 0.57+0.06
281 (2.1:0.2)x107° 0.83+0.04 0.42:0.04 (7.3:1.1)x1076 0.52+0.06
313 (1.0:0.1)x1077 0.92 0.3%:0.01 (3.3:0.4)x1078 0.51+0.01
323 (4.5-0.4)x10°8 0.98+0.06 0.42:0.01 (1.420.2)x1078 0.53+0.02
333 (1.8£0.1)x10°8 0.96+0.04 0.39-0.02 (5.5:0.6)x107° 0.53+0.01
343 (7.8:0.5)x10°° 0.93+0.03 0.43-0.01 (2.6:0.3)x107° 0.53+0.01
353 (4.2:0.4)x107° 0.98+0.01 0.40-0.02 (1.3:0.3)x10°° 0.53+0.01

373 (2.0:0.3)x10°° 1 0.43+0.02 (6.1-0.8)x10 10 0.54+0.02
393 (1.0:0.1)x10°° 1 0.43+0.02 (3.6-0.5)x10 10 0.54+0.02
413 (5.7-0.5)x10°1° 1 0.47+0.01 (2.3-0.3)x10°1° 0.59+0.02
433 (3.5:0.4)x10™ 10 1 0.48+0.01 (1.4-0.2)x10" 10 0.60+0.02
453 (2.3:0.2)x10™ 10 1 0.50+0.01 (9.9-1.5)x10" 1 0.62+0.02
473 (1.7:0.2)x10™ 10 1 0.50+0.01 (7.4-1.2)x10" 11 0.62+0.02

condition is fulfilled, i.e., the correlation of the scattered Table II. In Fig. 5 the set of measured correlation functions is
electric field rather than intensity is detected, due to the presshown together with the KWW fitting functions represented

ence of stray light, which can act as a local oscillator. It hashy full lines. The values of the relaxation time and of the

to be noticed that the scattered light is H polarized while thestretching parameter obtained by the fitting procedure were
stray light is mainly V polarized and these two fields cannotysed to calculate the average relaxation time

interfere. Nevertheless, a small quantity of H-polarized stray
light cannot be excluded due to, for instance, a small bire-
fringence in the glass cell, in the sample, and in the optical
setup. As a consequence, a small quantity of the heterodyne
signal can be present in the spectra, mainly affecting the very
long-time behavior. An independent measurement performed
at a 90° scattering angle, where the homodyne condition is
most likely achieved, verified that the heterodyne contribu-

tion is negligible in the central part of the relaxation, and it 081
did not affect the data analysis reported in the following.

For a Gaussian process in the homodyne case the in-
tensity autocorrelation functio®)(t) is related to the au-  °Z 061
tocorrelation function of the scattered fielg® =
=(E(t)E(0))/{|E(0)|?) through the equatiof36] o0

0.4
G2t =(1)?(1+f|gP(t)[?), (6)
wheref is a constant. The spectral width of the intensity 0a

autocorrelation function of a glass-forming system is usually
larger than that of a single exponential function. So far, the
phenomenological function, which better fits the measured
data with the lowest number of free parameters is the  00-
Kohlrausch-Williams-WattsKWW) [37] function,

gVt =aexd — (t/ reww)”1, (7
FIG. 5. VH correlation functions measured in back-scattering
where 0<B<1 is the shapdstretching parameter. Equa- geometry at 261, 263, 265, 267, 269, 271, 273, 275, 277, 279, and
tions (6) and(7) were used to fit our PCS data and the values81 K (from right to lef). Solid lines represent the fits to the data
of Tww and g obtained from this procedure are reported inusing the KWW function of Eq(7).

log,, [t (ps)]
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(m)= B g (8

TIWW F( 1) D. Viscosity measurements

Frequency dependencies Gf and G” measured within
the frequency range of 0.1-100 rad/s at various temperatures
wherel is the Gamma function. The values @}, reported  were used to construct master curves representing the broad-
in Table Il, are discussed in the following in comparisonrange frequency dependencies of these quantities. Only shifts
with the ones obtained from viscosity measurements. along the frequency scale have been performed. This proce-
For a direct comparison with dielectric and Fabry-Perotdure provided a temperature dependence of shift factors

relaxation parameters, the PCS spectra should be also fittgghg a; vs T). The low-frequency range of the master depen-
by a HN relaxation function. The fit cannot be as direct as ingence ofG” (with G”~ w, indicating the Newtonian flow

the case of the KWW function, since the HN is defined in therange was used to determine the zero shear viscosity at the

frequency 'domain and has no sim,ple analytical form in thereference temperatureno(T,e) =G"/w]. Viscosity values
time domain. Recently Alvarez, Alegriand Colmener38] related to other temperatures were determinedzgéT)

have shown that a fitting of KWW functions by HN func- (T, +logar. The relaxation time corresponding to the
tions is possible by means of the histogram method intro;[_ 7o i ref b tg T the Newtonian fl ptl ?
duced by Imanishi, Adachi, and Koddtg9]. Using that it-  ansition between the INewtonian flow range at low frequen-

erative procedure, the autocorrelation functi(t) can be cies and the glassy range at high frequencies at the reference

calculated by the discrete Laplace transform of a distributio Erengferabuerr?cwastdvi;[ﬁérr:“?heé(;j?(iﬁg Z”27<T:/u (;)\;e,swgregseg)cegch
function of retardation timek(7), q y

other. Relaxation times at other temperatures are given by
n 7(T) = 7(Tef) +10gar.
gM(H)=2 L(nge "7, ©) _
k=0 E. Evaluation of errors

The relaxation times and shape parameters obtained by
ing both PCS and FPI spectra are reported in Table Il
together with the relative errors. The values of these errors
‘have been obtained by means of a Monte Carlo procedure. In
particular, starting from each experimental spectrum, a set of
one hundred “synthetic” data sets have been produced by
means of the bootstrap Monte Carlo metHd@], where a
random fraction of original points are replaced by duplicated
original points. Each data set has been fitted by means of the
and from the calculated loss Levenberg-Marquardt methddO0], giving a distribution of
fitted parameters. The estimate of the error of each parameter

Y 1 has been obtained by the standard deviation of the probabil-
Xcald 1/Ti):k20 L(m)l7i/nct ni/ ] ™74, (11 ity distribution of the fitted parameters.

whereA =107?—10" %2 is the step of the chosen histogram. fitt
We used a values=0.25, corresponding to d~#4 points
(relaxation timegper decade. The updated values of the dis
tribution function L(7,) are calculated from those of the
imaginary part of the HN susceptibility,

X" (Ur)=Im{[1+ (i Tpyn/7)*] 7} (10)

through the relation IV. DISCUSSION

In comparing light-scattering spectra of Figs. 1 arid) 4
Loew(7i) = Loa(7) +KIX"(7) = xéad )], (12 with dielectric spectrdFig. 4(b)], analogies and differences
are clearly visible. In both cases the structural relaxation is
whereK is a numerical factor whose value was set to 0.3present, quickly moving toward lower frequencies with de-
The calculation of Eqg11) and(12) was reiterated until the creasing temperature. However, in the case of light-
values ofy,c.andx”(1/7;) became sufficiently close to each scattering spectra, the peak is located at lower frequency
other. Using this procedure, a best fit of H§) has been and there is no signature of the peak related to the secondary
performed to PCS spectra by varying the values of the HNelaxation, which can be recognized in the dielectric spectra
parameters of Eq.12) and the results are reported in Table around 0.1 GHz. This phenomenology is better evidenced in
[I. The HN fitting functions are almost undistinguishable Figs. 6 and 7 by looking at the temperature behavior of the
from the KWW ones and both of them seem to be adequatehape parameters and of the characteristic relaxation times,
to describe the behavior @(?)(t) within the experimental respectively. In fact, although the mutual consistency of di-
error. For this reason the KWW function is usually chosen.electric and light-scattering shape parameters confirms that
since it uses the single shape paramgtesther than the two the two techniques are revealing the sam@rocess, the
parametersy and y of the HN. characteristic times are different and the difference increases
As an alternative procedure to compare light scatteringvith temperature. To get a more quantitative evaluation of
and dielectric dataG(®)(t) could be converted to the fre- this trend, both dielectric and light-scattering data were fitted
guency domain and then fitted by an HN function. Howeverby the VFT law[Eg. (1)]. The values of the parameters ob-
in this case, the errors of the transformation procedure woultined by the fit arery=1.2x10"'%s, B=730K, T,
add to the experimental ones in a nontrivial way while, by=234K for dielectric datg28], and 7,=8.17x10 *?s, B
the transformation to the time domain of the HN function, =790 K, T,=228K for light-scattering data. The difference
any precision level can be obtained simply by increasing thén the high temperature-limiting value of the relaxation time
number of iterations in Eqg11) and (12). 7o accounts for the fact that by increasing the temperature,
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. . FIG. 8. Average values of the structural relaxation time as a
FIG. 6. Temperature behavior of therelaxation shape param- . . .

. . . . function of temperature. Triangles, squares, and circles refer to de-
eters. Solid symbols are depolarized light-scattering data and 0penolarized lioht-scattering. dielectric Spectrosco and viscosit
symbols are dielectric spectroscopy data from Re8]. P g 9. P Py, Y

measurements, respectively, obtained as discussed in the text. The

. . . data are fitted by Vogel-Fulcher-Tammann laggslid lineg.
the DLS relaxation time becomes progressively longer than yves % 9

the DS one, as visible in Fig. 7.

The observed higher value for the DLS relaxation timescatteringprobably the aromatic rings inside the moleciles
cannot be easily interpreted in terms of single-particle rotaln this scheme, the effective volume of the dielectric relaxing
tional diffusion. Theoretically, in the case of the Debye ro-Uunitis constant in the whole temperature range, giving rise to
tational diffusion model, the dielectric relaxation time is the 7o » behavior, while the effective light-scattering vol-
three times longer than the light-scattering gaé]. But in ~ ume decreases with decreasing temperature, coming close to
the present case as well as, for instance, in po|ystyf@® the dielectric one when approaching the glass transition. This
[42], DLS relaxation times are much longer than the dielecdS @ strange and counterintuitive behavior, which deserves a
tric ones. In PS the temperature dependence isfalmost ~more careful analysis.
the same for the two techniques and it was deduced that A better understanding of the characteristics of ghee-
anisotropy fluctuations revealed by light scattering are detedaxation of DGEBA revealed by DLS and DS, can be ob-
mined by a much larger molecular subunit than dielectrictained by a quantitative comparison with viscosity data. In
fluctuations. In the case of DGEBA, an empirical explana-the present case of a wide distribution of correlation times,
tion [43] could be attempted in terms of the SED model withthe quantity we compare with viscosity is the average relax-
a smaller effective hydrodynamic voluri¥;, of Eq. (2)] of  ation time. In the case of dielectric and FPI spectra, where an
the part of the molecule that gives rise to the dielectric reHN relaxation function was used to fit the experimental data,
laxation (the two epoxy rings at the extremes of the mol-the values ofry, a, andy have been used in Eq4.0)—(12)

ecule and a |arger radius for the part responsib|e for ||ghtt0 Calculate.the corresponding diStI’ipUtiOﬂ Of. retardgtion
times and, via Eq(10), the autocorrelation function, which

10 1 . has been fitted by the KWW function of E(). The average
N relaxation time has been thus calculated by @g. The val-
ML SO ues of rvww , B, and{7) obtained by this procedure are re-
ported in Table II. The dielectric and light-scattering average
relaxation timeg7) are reported in Fig. 8, together with the
shear relaxation time. Also in this case the relaxation times
were fitted by the VFT law of Eq(1). The values of the
obtained parameters arg=>5.17x 10" 1?s, B=777K, and
To=229K for light-scattering datar,=0.136<x10 %s, B
=909K, andT,=227K for shear relaxation data, ang
=0.504x 10 1?5, B=797K, andT,=232K for dielectric
data.
20 o5 20 35 40 To test the applicability of the SED law, the I(Q@).vs

’ 1(')00 /T(K). ) log(7) is frequently plotted. In the case of DGEBA this plot

is reported in Fig. 9, where three interesting features can be

FIG. 7. Temperature behavior of the relaxation time obtained by'€c0gnized: (i) in the whole temperature range the dielec-
the HN fit to the depolarized light-scattering specsalid symbolg  tric relaxation data follow the SED law, which in this plot
and dielectric spectra from RdR8] (open symbols The structural ~ corresponds to the straight line< », while light-scattering
relaxation data are fitted by a Voghel-Fulcher-Tammann(salid ~ data markedly deviate from this behavi@r) in a very wide
lines) and the secondary relaxation by an Arrhenius kalashed Vviscosity and relaxation time range, extending for more than
line). seven decades, the linear behavior of DLS relaxation time in

G

-logio [ thn (8) ]
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FIG. 9. Log of the average values of the structural relaxation=2 12+0.16. The dashed line is the fit of the PCS daf (
time vs log of viscosity. Solid circles are depolarized light- <281 K) givinga=2.38+0.29.

scattering data and open squares are dielectric spectroscopy data.

The dashed line is theo % behavior while the solid line is ior suggests the SED model to be inappropriate for describ-

0.89 H : H i . . . .
<7, which fits the light-scattering data. ing the light-scattering results when approaching the glass

transition.
the log-log plot of Fig. 9 can be fitted by the power law A model has been recently proposed to explain the SED
breakdown in supercooled-terphenyl[26] where starting
7o 089, (13)  from a continuum approach, the DLS relaxation time has

been related to a correlation volurwg through the equation

and (iii) the light-scattering data depart from the linear be-
havior at a temperature of about 340—350 K. o U _ (14)

Deviations of thex-relaxation time from the SED relation VaT
in supercooled liquids are well documented by different ex-
perimental techniquegl2—20; our result gives further ex- TO test the suitability of this equation in describing our re-
perimental evidence of such phenomenon. sults, we plotT{7)/ 7 vs T in Fig. 10. It can be seen that for

In previous investigations, many evidences were reportetemperatures higher than 313 K, the valud ¢f)/ » remains
of a decoupling of translational diffusion and reorientational@/most constant, while a steep decrease occurs for lower tem-
relaxation, and this phenomenon is generally interpreted ifperatures. Itis interesting to note that o 313 K the value
terms of the existence in the liquid of both fluidized andm (the low-frequency shape parameter, Fig. lecomes
correlated regions or domaifi$9,44,14. The specific prop- lower than 1. This result suggests the presence of an onset of
erties of these domains, such as dimension, density, argpoperative motions for temperatures lower than 313 K, with
characteristic lifetime, could not be derived for ab-inito @ cooperative volume, which increases with decreasing tem-
theory and are usually introduced ag-hoc assumptions, perature. This interpretation can be pushed forward by as-
which are typically different for different authotéor a re-  suming the proportionality/,= &3, where&, is the charac-
cent overview and new hints, see Rdfs6] and[45]). Gen-  teristic length of the dynamic glass transitioj26] The
erally, in these models the translational diffusion decoupledluctuation theory of the glass transiti¢s] predicts a diver-
from viscosity and rotational diffusion since it involves the gence of¢, for temperatures approaching the Vogel tempera-
passage of molecules through different domains. Howeveture T, of Eq. 1, according to the formula
more recent deviations from SED have been reported also for
the rotational diffusion, as revealed by dielectric spectros- §ax(T—=To) ™", (15
copy in many glass-forming systerfis6].

Our results on DGEBA give some further information on where v=23 in ordinary space. Therefore, if the correlation
the phenomenology of SED breakdown. In fact, it is generlength revealed by DLS determines the valu€ gf the fluc-
ally accepted that both light-scattering and dielectric spectuation theory predicts thal7/7» must be proportional to
troscopy are sensitive to the rotational dynamics of liquid(T—Ty)2. The temperature dependence ©f/ 7 (Fig. 10
molecules. In this frame, the contemporary evidence irwas fitted by T—Ty)?, with T, fixed to 229 K, the value
DGEBA of a SED behavior revealed by DS and of a markeddeduced by the VFT fit of light scattering, viscosity, and
deviation from SED revealed by DLS cannot be easily ex-dielectric data. If we use both PCS and C-PTI data the value
plained in terms of fluidized or correlated regions. In fact, itof a obtained by the fitting procedure amounts to 2.12
would correspond to a situation where different parts of the=0.16. Taking only PCS data, one obtains a higher value of
molecule (epoxy rings revealed by DS and aromatic ringsa=2.38+0.29. One should notice the large errors of the PCS
revealed by DL§ belong to different regions of the sample data measured at the highest temperature results from the
(correlated and fluidized, respectivelyrhis strange behav- fact that in the corresponding correlation function the short-
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est time part is missing due to usual instrumental limitationsnomenological relaxation functions were used to fit the dif-
It can be seen that both valuesafre consistent within the ferent spectra so that a direct comparison of relaxation times
experimental error. We feel, however, that the lower value ofand shape parameters could be done. The results obtained
a is more meaningful because it is obtained by a fit to theconfirmed the existence of a change in the dynamics of
data in a broadef range and the estimated error in the fit is DGEBA at a temperature of about 90 K higher than the
lower. Moreover, the close correspondence of the values dflass-transition temperature previously revealed by both a
the Vogel temperatur@, obtained by different techniques change in the temperature behavior of the structural relax-
favorably compares with the predictions of the fluctuationation time and a bifurcation of structural and secondary re-
theory of glass transitioh5]. In fact, the relaxation modes laxation.[28,24 The presence of such a transition seems to
probed by different susceptibilities are expected to be represe a peculiar characteristic of fragile glass-forming systems,
sented by a common set of(ih vs T hyperbolas with two as recently revealed by different spectroscopic techniques
common asymptotes, one of which shouldTae [23,12. A further interesting feature was evidenced in
As a final remark, we notice that our data can be fitted byDGEBA, i.e., a dielectric relaxation time proportional to vis-
both the fractional power laFig. 9 and by the fluctuation cosity, as predicted by the SED law, and a light-scattering
theory (Fig. 10, and that no straightforward analytical rela- relaxation time that violates the SED and follows the frac-
tionship exists between Eq4.3)—(15). The two models can- tional behaviorre= %8 for more than seven decades in vis-
not be easily derived one from the other and the experimereosity and time. As an alternative interpretation of the viola-
tal data cannot discriminate between them. In favor of thdion of SED law, following the approach recently proposed
latter there is a consistent picture of the temperature behavidor o-Terphenyl, the light-scattering relaxation time has been
of 7 close to the glass transition given by the model, opposedelated to the development of correlated volumes in the su-
to a lack of explicit theoretical derivation of the fractional percooled system. With the additional hypothesis that the
SED. correlation length revealed by DLS determines the value of
In summary, we have reported the results of the depolaré,, i.e., the characteristic length of the dynamic glass tran-
ized light-scattering experiments performed in liquid and susition, [26] the value of¢, was found to diverge on ap-
percooled DGEBA. To access the frequency range betweengdroaching the Vogel temperature of the system, as predicted
Hz and 300 GHz we combined the spectra obtained from &y the fluctuation theory of glass transition. Further experi-
tandem Fabry-Perot interferometer of different free spectraments are presently in progress in our laboratories on epoxy
ranges, a confocal interferometer, and a photon correlatiosystems of different complexity to test the degree of gener-
spectroscopy experiment. The temperature evolution of thality of these findings.
structural relaxation time obtained by these techniques has
been compared with viscqsity to test the validity of the SED ACKNOWLEDGMENTS
law, and both the relaxation time and the shape parameters
have been compared with dielectric ones, to test how these It is a pleasure to thank Professor H. Sillescu for exten-
two different techniques account for the same structural resive discussions. Partial support of the Deutsche Forschungs-
laxation. Particular attention has been paid to the mutuagiemeinschaftSFB 263 and INFM, Sezione C, is gratefully
consistency of the compared quantities, i.e., the same phacknowledged.

[1] J. J=kle, Rep. Prog. Phy<l9, 171(1986. Fischer, Phys. Rev. B9, 2992 (1994; W. Steffen, A. Pat-

[2] H. Vogel, Phys. Z.22, 645 (192)); G. S. Fulcher, J. Am. kowski, G. Meier, and E. W. Fischer, J. Chem. P186.4171
Ceram. Soc8, 339(1923. (1992.

[3] J. D. Ferry,Viscoelastic Properties of Polymef#Viley, New  [11]J. L. Dote and D. Kivelson, J. Phys. Che&, 3889(1983.
York, 1980. [12] E. Rossler, Phys. Rev. Let65, 1595(1990; Ber. Bunsenges.

Phys. Chem94, 392(1990; J. Chem. Phys92, 3725(1990.
[13] L. Andreozzi, F. Cianflone, C. Donati, and D. Leporini, J.
Phys.: Condens. Matte, 3795(1996.
[14] G. Tarjus and D. Kivelson, J. Chem. Phyi€3 3071(1995.
[15] J. A. Hodgdon and F. H. Stillinger, Phys. Rev. 48, 207

[4] G. Adam and J. H. Gibbs, J. Chem. Ph¢8, 139(1965.

[5] E. J. Donth,Relaxation and Thermodynamics in Polymers:
Glass Transition/Akademic Verlag, Berlin, 1992

[6] M. H. Cohen and G. S. Grest Anf\.Y.) Acad. Sci.371, 199

(1981). (1993.

[7]R. Richert and H. Wagner, Proc. SPE81 49 (1997; J.  [16]|. Chang and H. Sillescu, J. Phys. Chem1@L 8794 (1997).
Phys. Chem99, 10 948(1995. [17] F. Fujara, B. Geil, H. Sillescu, and G. Fleischer, Z. Phy883

[8] W. Gatze and L. Sjgren, Rep. Prog. Phy&5, 242(1992. 195 (1992.

[9] See, for instance, H. Z. Cummins, G. Li, W. Du, R. M. Pick, [18] G. Heuberger and H. Sillescu, J. Phys. Cheii0, 15 255
and C. Dreyfus, Phys. Rev. %5, 1232(1997); 53, 896(1996); (1996.

M. J. Lebon, C. Dreyfus, G. Li, A. Aouadi, H. Z. Cummins, [19] H. Sillescu, Phys. Rev. B3, 2992(1996.

and R. M. Pick,bid. 51, 4537(1999; H. Z. Cummins, G. Li,  [20] M. T. Cicerone and M. D. Ediger, J. Chem. Ph¢63 5684

W. M. Du, J. Hernandez, and N. J. Tao, J. Phys.: Condens. (1995.

Matter 6, (S23 A51 (1994. [21] F. stickel, E. W. Fischer, and R. Richert, J. Chem. Pigg,
[10] W. Steffen, A. Patkowski, H. G&er, G. Meier, and E. W. 6251(1995.



3096

[22] F. Stickel, E. W. Fischer, and R. Richert, J. Chem. Phgs}
2043(1996.

[23] C. Hansen, F. Stickel, T. Berger, R. Richert, and E. W. Fis-

cher, J. Chem. Phy4.07, 1086(1997.

[24] S. Corezzi, S. Capaccioli, G. Gallone, A. Livi, and P. A. Rolla,
J. Phys.: Condens. Matt&r 6199(1997).

[25] A. P. Sokolov, W. Steffen, and E. Rsler, Phys. Rev. B2,
5105 (1999; E. Rassler, A. P. Sokolov, A. Kisliuk, and D.
Quitmann, Phys. Rev. B9, 14 967(1994).

[26] E. W. Fischer, E. Donth, and W. Steffen, Phys. Rev. L&#f.
2344(1992.

[27] C. A. Angell, J. Non-Cryst. Solid431-133 13 (199).

[28] R. Casalini, D. Fioretto, A. Livi, M. Lucchesi, and P. A. Rolla,
Phys. Rev. B56, 3016(1997.

[29] L. Comez, D. Fioretto, L. Verdini, A. Livi, and P. A. Rolla,
Proc. SPIE3181, 151(1997.

[30] M. Schulz and E. Donth, J. Non-Cryst. Soliti§8 186 (1994).

[31] F. Nizzoli and J. R. Sandercock, Dynamical Properties of
Solids edited by G. Horton and A. A. MaradudifNorth-
Holland, Amsterdam, 1990

[32] L. Comez, D. Fioretto, L. Verdini, and P. Rolla, J. Phys.: Con-
dens. Matted, 3973(1997).

[33] J. Gapinski, W. Steffen, A. Patkowski, A. Kilsiuk, and A. P.
Sokolov (unpublished

L. COMEZ et al.

PRE 60

[34] G. Li, W. M. Du, X. K. Chen, H. Z. Cummins, and N. J. Tao,
Physica A45, 3867(1992.

[35] S. Havriliak, Jr. and S. Negami, J. Polym. Sci., Part C: Polym.
Symp. 14, 99 (1966.

[36] B. J. Berne and R. PecorBynamic Light ScatteringWiley,
New York, 1976.

[37] G. williams and D. C. Watts, Trans. Faraday Sé6, 80
(1970.

[38] F. Alvarez, A. Alegra, and J. Colmenero, Phys. Rev.4B,
125(1993; 44, 7306(1991)).

[39] Y. Imanishi, K. Adachi, and T. Kodata, J. Chem. Phg§,
7593(1988.

[40] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P.
Flannery, Numerical RecipegCambridge University Press,
Cambridge, 1992

[41] C. J. F. Batcher and P. BordewijkTheory of Electric Polar-
ization (Elsevier, Amsterdam, 1973Vol. Il.

[42] G. D. Patterson, irDynamic Light Scatteringedited by R.
Pecora(Plenum, New York, 1985 p. 245.

[43] R. Zwamzig and A. K. Harrison, J. Chem. Phy&3, 5861
(1985.

[44] F. H. stilliger and J. A. Hodgnton, Phys. Rev. 33, 2995
(1996; 50, 2064 (1994).

[45] G. Diezemann, J. Chem. Phyk)7, 10 112(1997).



