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Long-range density fluctuations in orthoterphenyl as studied by means
of ultrasmall-angle x-ray scattering

A. Patkowskit? Th. Thurn-Albrecht, E. BanachowicZ,W. Steffen! P. Basecke® T. Narayanari,and E. W. Fischér
Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany
2Institute of Physics, A. Mickiewicz University, Umultowska 85, 61-614 Poznan, Poland
SEuropean Synchrotron Radiation Facility (ESRF), Grenoble, France
(Received 10 January 2000

The structure factor of a fragile glass-forming liquid orthoterphenyl was measured in the previously inac-
cessible intermediatg range between the conventional light scatteribg§) and small-angle x-ray scattering
(SAXS) granges using the low-angle scattering beam line at the European Synchrotron Radiation Facility. At
low q the structure factor exhibits an excess scattering and matches well the LS data. This excess scattering is
due to long-range density fluctuations also observed in the isotropic component of scattered light.cthkigh
structure factor decays to a plateau corresponding to the isothermal compressibility in agreement with the
conventional SAXS data. In the intermediafeange, the structure factor exhibits a power lawependence
which indicates that the excess scattering is due to fractal aggregates of denser domains.

PACS numbsefs): 61.10.Eq, 78.35:c, 64.70.Pf

I. INTRODUCTION primary a-relaxation process. These features can be ob-

served only in the isotropic component of the scattered light

Despite extensive experimental and theoretical studies thand are not present in the depolarized component. Therefore

dynamics and structure of supercooled liquids is not welthey have been assigned to density fluctuations. The light
understood. One of the important questions in this field isScattering experiments were carried out in theange be-
concerned with the problem of spatial and dynamical heterotween 7<10°° to 4x10°? nm™*. In addition, the density

geneities in such liquidgL,2]. A large number of experimen- fluctuations were measured by conventional small-angle

tal studies clearly reveal the existence of dynamical heteroX"'ay scaitering (SAXS) covering a q range q>2

geneities. New experimental methods have been applied 10~ nm = In the case of orthoterphenyOTP) a
this question, including multidimensional NMR, 4] dielec- ~ d-independent intensity was observed upde-2 nm "

tric hole burning[5], time resolved optical spectroscof], The_ absolute intensity va_llL_lg was foun_d to _be proportional to
photo bleaching techniquég], and forced Rayleigh scatter- the isothermal compressibiligy (see Fig. 6 in Refl16]), as

ing [8]. In addition, early concepts for the explanation of thei‘;: )ijm?tc ;ed go[rztg]eTsﬁztil?giir:g;:grifs; inntqe)n(:?ict;’;1 ilriqtl;ig tigm
. . . . — . -
liquid to glass transition are based on the existence of coop—erature range betwediy<T<T,+about 100 K is, how-

eratively rearranging reglor(G_?RR) [9,10/ and estimates of a ever, much higher than expected. Such an excess light scat-
characteristic length scale yield values of 2 nm nearT

. . tering intensityl¢,J{d) was found for many glass-forming
[10,11). The same order of magnitude was found by splnquuids and polymerg16,18—21. Now the important ques-

diffusion NMR experiment$12]. Structural heterogeneities yjoq arise whether the excess intensity is also observed by

with that length scale have not been detected so far by Means,ay scattering in & rangeq<2x 10" 1 nm~%, and what is

of static x-ray or neutron scattering experiments. Howevery, q dependence of the static x-ray structure fac$(q)
detailed wide angle x-ray scattering studies of two glassythin the gap between the former light scattering and SAXS
forming organic liquids(salol and propylene carbonate measurements. This intermediatgange between 210 2
[13,14 revealed temperature-dependent changes of the liggng 2x10°1 nm™1 [ultrasmall-angle x-ray scattering)S-
uid structure factor in the range qf~0.7 to 1.7 A%, which  aAxsS)] is now available at the European Synchrotron Radia-
means in the neighborhood of the main liquid peak atjon Facility (ESRP, Grenoble, France. The present paper
~1.3 A™%. These observations support the model of hetyeports the results obtained for OTP and concludes with a

erophase fluctuations in glass-forming liquid45-17, ualitative discussion of the origin of the long-range density
which has been proposed in order to explain the results ofyctuations.

static and dynamic light scattering described below. Density
fluctuations in glass-forming liquids and polymers have been
observed several years afjp6,18—21 on a much longer
length scale than the estimated range of the CRR’s. By The measurements were performed on beamline ID2 at
means of static light scattering measurements correlatiothe ESRF. The beamline is designed for small-angle x-ray
lengths of the order of 100—300 nm have been detected. It iscattering and is described in detail [i23]. The beamline
important to note that this long-range fluctuation gives rise tovas operated with a wavelength=1 A. A two-

an “ultraslow” hydrodynamic mode with relaxation rates dimensional gas-filled detector was used. A flat-field correc-
I' s proportional tog? (q is the scattering wave vecioand  tion was applied to the data to correct for any inhomogene-
with values about 10to 10° times smaller than those of the ities in detection efficiency. The scattering intensities

Il. EXPERIMENTAL SETUP
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FIG. 2. Scattering due to long-range density fluctuationsat

FIG. 1. Scattering due to slit scattering, and the added con- 5 temperature of 293 K in comparison to the background contribu-
tributions of slit scattering and scattering by mica windos,  ign 7.

Note: intensities are in logarithmic scale; units are the same as in

Fig. 2. of slit scattering and scattering by a set of mica windows.

) With the short wavelength af=1 A a sample of 10 mm
measured were approximately converted to an absolute scalfickness could be used, which again improves the signal to
by comparison with a Lupolen standard sample and werg,cyground ratio compared to a setup using a conventional

normalized with respect to the illuminated sample afea  qnner x.ray tube. The transmission of the sample was 30%.
resulting in a dimensionless scattering cross sedtigq),

1 do lll. SAMPLES

(@)= AdQ- @ Orthoterphenyl was purchased from FLUKA and purified

by distillation. The sample holder consisted of a piece of

The distance sample to detector was set to 10 m. In thistainless steel with a hole of 6 mm diameter, covered on both
configuration the resolution of the setup results in a smallessides by a thin mica sheet and sealed with an O ring. It was
observable scattering vectay,;,=0.03 nm !, about one filled at 80°C, which is above the melting temperatufg, (
order of magnitude lower than what is usually achieved with=56°C) of orthoterphenyl, and subsequently cooled to room
a setup mounted to a conventional x-ray tube. For measuréemperature. Under these conditions crystallization is usually
ments on weakly scattering samples as they are reporteavoided. Occasionally crystallization, caused by heteroge-
here, in addition the background scattering has to be reduceteous nucleation occurred. If so, this could be easily ob-
to a level weaker than the signal under investigation. For thaserved, since a polycrystalline sample scatters light strongly
reason a cross-shaped vacuum tube connection between thiwing rise to a white color. Also the small-angle x-ray scat-
evacuated flight paths in front of and behind the sample watering signal rises by about three orders of magnitude. Once
inserted. Samples are inserted from the top and connectexystallization sets in the sample is fully crystallized within
through a flexible vacuum bellow at the bottom to a transla-some 10 min. The data presented here are taken from super-
tion stage operating in theandz direction. With this setup cooled samples with no sign of crystallization present. Light
the necessary number of windows is reduced to two, holdingcattering experiments were taken with an Al(Mangen,
the liquid sample in its place. Thin mica shee$=20 Germany goniometer and an argon-ion laser witk
—30 u m) were used as windows, since this material exhib-=514 nm. The scattering intensity was calibrated against a
its very little scattering in they range under investigation. toluene standard sample.
Apart from the window the other main source of background
scattering is the collimating slits themselves. Their contribu-
tion was reduced to a minimal level by careful alignment.
The remaining slit scattering is strongly confined to the ver- Figure 2 shows the scattering caused by the long-range
tical and horizontal direction, according to the slit position, density fluctuations in comparison to the background scatter-
and is small along the diagonals of the detector area. Theréag and demonstrates that the background has been reduced
fore, for the analysis only the data points collected in a sectosufficiently to render the long-range density fluctuations vis-
covering=9° around the detector diagonals were used. Théble. In the entireq range the background is at least by a
use of a two-dimensional detector yet has another advantagfactor of 10 weaker than the signal under investigation. Since
Occasionally local damage on the window could be observethe scattering from one set of mica windows to the next
giving rise to a stronger, anisotropic scattering pattern. Allvaries to some extent a background subtraction was not per-
measurements were checked for the absence of any such p&drmed. Figure 3 shows the USAXS data in a double loga-
tern and otherwise disregarded. In that way the completéthmic representation together with the isotropic part of the
background scattering could be reduced to a level belovgcattering cross section as measured in a light scattering ex-
I(q)=0.5, even at the lowest values. Figure 1 shows the periment. The x-ray data taken fill the gap between conven-
scattering due to slit scattering and the added contribution8onal small-angle x-ray scattering and light scattering ex-

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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sured by the Kratky Compact camera for different temperatures
FIG. 3. USAXS scatteringx, due to long-range density fluc- [25].
tuations on double logarithmic scale together with light scattering
data,O, both measured at a temperature of 293 K. In the interme~ 1013 ¢m_ As it follows from statistical fluctuation theory
diateq rangeS(q) follows a power law. [22] for a one-component liquid without long-range density

fluctuations the limit o for 0 isgiven b
periments. Indeed the scattering signals observed with the @) - ¢ y

two techniques are comparable. In order to compare the light ( 5N?)
scattering data with the scattered intensity of the USAXS N~ ImS(q)=pksTBr(T)=S(T), (7)
experiment we introduce the static structure factor related to q-0

the Fourier transformed density fluctuatiép(q) of a one-

component liquid by where B+ is the isothermal compressibility. In such cases

where nog dependence of the scattered intensity is observed,

1 the Rayleigh ratio of the scattered light is given by
S(a) = {8p(@)5p(—a)), 2
47°n? [(on\?
whereN is the number of molecules in the scattering volume Ro(T)= A4 p(%) So(T). 8)
V. In static light scattering experimentsS) the Rayleigh
ratio R(q) (in cm™1) is used which is defined by Accordingly, for x-ray scattering we have
I d? _ 252
(@)= s|<Q> < 3 Ro(T)=1eZnpSo(T)- )
0

As was already mentioned, the SAXS intensities of OTP in
whered is the distance to the detector, ahgq) andl, are  the conventionalq range (0.2 nm*<qg<2 nm!) were
the scattered and incident intensities, respectively. There isfaund to be in good agreement with E§). Figure 4 shows
simple relation betweeR(q) andS(q), the scattered intensities in thgsrange for OTP measured
with a Kratky Compact cameri@5]. The primary beam in-
R(q)zp—US(q) @) tensities were determined in absolute units by means of the
dQ ' moving slit method 26]. For room temperatur&, (293 K)
was determined to be 5610 2 corresponding to an isother-
where p is the mean number density of molecules, andmal compressibility of3;~5.3x10 % MPa !, in a good
do/d() is the scattering cross section per molediecn?).  agreement with the literature dda7]. In contrast, the light
Light scattering theory24] yields scattering intensity fog<2x 102 nm™! was much higher
than expected from E@8). In Figs. 2 and 3 it is shown that
) this strong excess intensity is also observed by ultrasmall-
angle x-ray scattering.

Since the absolute values of the scattered x-ray intensities
where is the wavelength of the incident beam amis the  in the USAXS measurements are not very well defined, for
mean refractive index. In the case of x-ray scattering in theéxperimental reasons we adjusted the tqi+0.4 nm ') of
small-angle range, where the structure factor of the molthe scattering curve by the values §§(T) obtained from
ecules isF(q)~Z,,, one obtains for the scattering cross sec-conventional SAXS measurements of OTP; see Fig. 4. The

do'_4772n2 &n)z
da 4 \ap)

tion per molecule, moving slit method yields more reliable absolute values than
the Lupolen standard used for the USAXS measurements.
do  ,_, (For adjustment the original USAXS values had to be shifted

an ~Felm: ®  for 0.34 in the logarithmic scale.

The USAXS scattering curve obtained from the adjusted
whereZ,, is the number of electrons in the molecutg.is  1,(q) values matches well the structure facgqg) from the
the classical radius of the electron equal to 2.818ight scattering data in the overlappingrange; see Fig. 3.
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10000 I The main objective of the present paper is the observation
Cliso f of the strongg dependence o8(q) in the USAXS range in
8000+ linear fit guantitative agreement with the light scattering data. A well
I@ developed theory for an explanation of the long-range den-
~ 6000+ sity fluctuation is still missing. At present it is believed that
4000 those fluctuations are caused by the coexistance of local
structures with energetically preferred configurations
2000 £ =86 nm (“glassy clusters’) on one hand and “fluidlike” regions on
the other hand15,16. The different dynamic states couple
0 . . . to the density fluctuations. During annealing at temperatures
0.0000 0.0005 0.0010 0.0015 aboveT, the glassy clusters aggregate and form extended
o [nm?] secondary clusters with a fractal structure. In previous LS

studies[16,18-21,28it has been shown that the excess in-
FIG. 5. Estimation of correlation length from light scattering tensityl(q) and the correlation length depend strongly on

data. the thermal history with characteristic equilibration times

much longer than thex-process relation time. It may be
The structure factoS(q) for the light scattering measure- mentioned that some recent results of molecular dynamics
ment was calculated from the measured Rayleigh ratio acsimulations qualitatively support the scenario described
cording to Eq.(4). The scattering cross section per moleculeahove. For Lennard-Jones liquids it has been shown that spa-
was determined by measurementsiffT) and p(T) and tial correlations between the displacements of molecules be-
amounts  for room temperature todo/dQ2=4.33  come increasingly long ranged if the mode-coupling tem-
X10°% cn? using Eq.(5). As is shown in Fig. 3 th&(q)  perature T, is approached[29]. Other simulations of
values atq<0.2 nm * for both light and x-ray scattering monoatomic liquids revealed the growth and aggregation of
deviate significantly from th&, value expected for a simple clusters with icosahedral topologh80]. The number of
liquid according to Eq(7). The excess intensity is more than jcosahedral clusters increases with decreasing temperature.
two orders of magnitude higher than the contribution fromin recent simulation studig81] of monoatomic systems the
the isothermal compressibilitly. It must be caused by longexistence of two amorphous states was clearly shown. The
range density fluctuations. For x-ray scattering this concluaverage potential energies per atom differ for about 7%,
sion is quite obvious, in the case of light scattering it iswhere the energy of the more densely packed phase is about
established by the fact that the depolarized scattered intensity-2% higher than in the bcc crystalline state.
in VH geometry does not show excess scattering.

In the intermediatey range between SAXS and LS the

structure facto5(q) follows a power law with a power close V. CONCLUSIONS
to —2. A best fit is obtained with a power 6f2.2; see Fig. . ) o
3. This shows that the excess scattering signal is not caused 1h€ structure factor of a fragile glass-forming liquid,
by large objects of different density with a sharp interface,OTP> has been measured in a previously inaccessitdage
which would lead to the well known Porod behavib¢q) between the conventlonal LS and SAX]Sranggs using the
«q~* for qR>>1. HereR s a typical value for the size of low-angle bea_lmllne at ESRF. At Iouy(pverlapplng with the_
the objects. Although formally a power law scattering cantS q'range) tr_us structure factor e>'<h|b|ts an excess §catter|ng
also be explained by single particle scattering assuming gonsistent with the LS data. At high(overlapping with the
broad, power law size distribution, we interpret the observec® XS Kratky camera range this structure factor decays to
excess scattering as an indication for a structure factor re? Platéau defined by the isothermal compressibility, in agree-
flecting the correlated fractal arrangement of regions ofM€Nt With the previous SAXS studi¢a6]. Thus the long-
higher density. The correlation extends up to a certain lengtf@19€ density fluctuation in glass-forming liquids can be ob-
scale¢, which can be estimated from taedependence of the _served both in the isotropic component of §cattered light and
light scattering data. For smafj they can be analyzed in N the USAXS, provided the properrange is covered. The

terms of an Ornstein-Zernike approximation power law g dependence of the scattered intensity in the

intermediateq range indicates that the excess scattering is
| not due to large bulky dense regions but to fractal aggregates
0 .
(10 of denser domains.

1+q2¢%

I(q)=

Figure 5 shows the light scattering data in a representation
linearizing expressiol0). The resulting lengtl¥ is 86 nm,
which can be regarded as an estimation of the correlation Financial support of the Deutsche Forschungsgemein-
length even if theg exponent is—2.2 instead of-2. schaft SFB 262 is gratefully acknowledged.
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