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The dynamics of binary mixtures of nonpolymeric viscoelastic liquids

as studied by quasielastic light scattering

B. Gerharz, G. Meier, and E. W. Fischer
Max-Planck-Institut fiir Polymerforschung, D-6500 Mainz, Federal Republic of Germany

(Received 8 January 1990; accepted 27 February 1990)

In this paper we report quasielastic light-scattering experiments of the compatible binary
mixture of simple viscoelastic liquids made up of o-terphenyl as one component and newly
synthesized model materials, 1,1-di(paramethoxyphenyl)-cyclo-hexan and 1,1-
di(paramethoxyphenyl, metamethyl)-cyclohexan, as the other components. The
measurements were done in a wide temperature range above T, (=T, + 100 K) of the
mixtures and in a volume fraction range up to ¢ = 0, 5 of bis-cresol-cyclohexane-dimethylether
and bis-phenol-cyclohexane-dimethylether. We have found that the measured dynamics is
governed by three effects: At short times we observe the dynamics of the density fluctuations of
the system characterized by a broad distribution of relaxation times, which can be scaled to a
masterplot taking the T, of the mixtures into account. At longer times we observe two
translational diffusion processes whose decay is single exponential with a characteristic time
proportional to ¢~ 2, g being the scattering vector. The faster one is attributed to the
interdiffusion coefficient of the system. The second, slower mode is related to the motion of
dynamic clusters which have their origin in a spatial inhomogeneity of the samples. The mean
cluster diameter is about 1000 A, thus in any case the occurrence of the slow mode is
accompanied by a strong increase of the elastically scattered intensity towards small scattering
angles. This mode also appears in pure components. We relate its intensity to the fluctuations

of an order parameter, usually introduced to describe the glassy state.

I. INTRODUCTION

Light scattering from binary mixtures as studied by
photon correlation spectroscopy has gained tremendous im-
portance, especially in the dilute region of macromolecules
in solution,’ and has been widely used to characterize poly-
mer properties. This field is, as commonly believed, well un-
derstood. However, very concentrated solutions are not un-
derstood and studied to that extent.> One can realize a
concentrated solution simply by mixing two kinds of mole-
cules of almost similar mass, and then study its dynamics at
elevated temperatures over a wide concentration range as
was successfully done in the case of binary polymer
blends.>* In this case the dynamics of concentration fluctu-
ations were analyzed to give the mutual diffusion coefficient,
which describes the motion of one component relative to the
other. The objective of those papers was to find out which
theoretical model is applicable for combining the microscop-
ic Rouse mobilities of the individual species to give the mea-
sured diffusivity. In order to allow the proper determination
of the diffusion coefficient, the mixtures have to be measured
at temperatures high enough such that the center of mass
translates, in a typical time window of the photon correla-
tion experiment (10~ °<t<10% s.), over a distance g ~'
where ¢ is the scattering vector in a light-scattering experi-
ment (typically 103 A-"). This of course determines the
range of accessible diffusion coefficients typically in the
range of 10 ~%~10~ 2 cm?/s. For example, for poly (styrene)
(PS) (one of the components used in the mixture studies
reported in Ref. 3) the diffusion coefficient has a value of
5% 10~%cm?/s at T = 150 °C which is roughly 100 K above
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the glass transition temperature T, of the PS used in the
study.® On the other hand, the dynamics of density fluctu-
ations for this material at the same temperature difference to
T, is almost in the GHz region.® However, the question of
interest is whether and how many transport processes will
appear if the system is approaching its glass transition tem-
perature. The polymer mixture PS/poly (methylphenysilox-
ane) (PMPS)? has an upper critical solution temperature
T,, but for the chosen molecular weights the 7, (mix) is
lower than T.. Thus the possible influence of the critical
dynamics, approaching the glass transition temperature, on
the mutual diffusion coefficient could not be studied. In the
literature only very few hints towards this problem exist,
where usually the concentration and density fluctuations are
assumed to be independent and light scattering from binary
mixtures can be used to measure thermodynamical quanti-
ties like activity coefficients’ or the free-energy function.® A
considerable interdependence of both fluctuations was pre-
dicted only for components having low molecular weight
using a molecular model® and was verified experimental-
1y.!® A recent publication also predicts a coupling’' of den-
sity variables (internal degrees of freedom) to slowly relax-
ing concentration fluctuations (critical fluctuations).

The main problem, however, is the experimental verifi-
cation, as it is extremely difficult to measure the dynamics of
both density and concentration fluctuations by means of
photon correlation spectroscopy within the accessible time
window of the experiment. The first experiment showing
such a case was performed by Fytas ez al.,'? where they stud-
ied the relaxation processes in PMPS contaminated with its
own oligomer. But due to the great dynamic separation of
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density and concentration fluctuations the complete activa-
tion plot could only be obtained by performing high-pres-
sure experiments leading to a substantial slowing down of
the density fluctuations.'* The unwanted use of an addi-
tional parameter to characterize the different relaxation
modes can only be overcome by a proper choice of systems.
The first attempt was undertaken recently by Floudas, Fy-
tas, and Ngai,'* who examined poly(cyclohexylmethacry-
late) (PCHMA) plasticized with up to 15% dioctylphata-
late (DOP), and were able to measure density and
concentration fluctuations. Furthermore, the use of polymer
mixtures is not appropriate because of the great dynamic
separation of both effects. We decided to investigate mix-
tures of nonpolymeric glass-forming liquids where the dy-
namics of density fluctuations is accessible, and furthermore
we can access the diffusional process because of the high
viscosity of the systems when approaching T, . The systems
used were mixtures of o-terphenyl (OTP) with two related
tailormade new glass-forming systems bis-phenol-cyclohex-
ane-dimethylether (BCDE) and bis-cresol-cyclohexane-di-
methylether (BKDE):

S OcH, OCH,
) =1 ®
3 &
® -~
OCH, OCH,
* Ldid
OTP BCDE BKDE

: 1,1-Di(paramethoxyphenyl)—cyclohexan}
{1,1-Di(paramethoxyphenyl, metamethyl)—cyclohexan}

The concentration ranges used were up to a volume frac-
tion of ¢ = 0.5. In the course of this research we have not
only encountered density and concentration fluctuations,
but also a long-time slow process which already has given
rise to many speculations in the literature. So far, this seems
tobe a characteristic feature for highly concentrated systems
where at least one component is of polymeric nature.>!*"?
Furthermore, a slow mode in charged, concentrated systems
was also observed,'® as well as in binary melts of poly-
mers.'>*® We have found this feature in our nonpolymeric
mixtures but with enhanced intensity. Based upon the com-
parison between our results obtained for the mixtures and
for the pure components,*' we propose a model for the slow
mode which relates the excess intensity, characterizing the
slow mode, to the fluctuations of an order parameter z(P,T),
known to describe the glassy state. A combination of angu-
lar-dependent dynamic and static light scattering was used
to further characterize this process. Additionally, kinetic ex-
periments to influence the occurrence and stability of the
clusters giving rise to the slow process were performed in
order to study the dependence of this process on the thermal
history of the sample.

Il. THEORY: LIGHT SCATTERING AND
THERMODYNAMICS

Considering the case of light scattering from binary
mixtures, we follow the general route given in Kerker’s

book.?? There the fluctuations in the dielectric constant are
written as

[ de Jde

o€ =|— —_—

dp Irm oml,r
where p is the density and m is the “molality” expressed in
mass of component one over the mass of component two.
Usually for a liquid the second term is assumed to be small
and is therefore neglected. In a first approximation density
and concentration fluctuations defined in the foregoing
way>® are not correlated, and by taking the square of 5¢ and
averaging, the averages of the cross terms reduce to zero, and
result in

2 2
0) =|Z] (o) + [ 2] (om). )
ap T.m am 2T

This leads to two terms for the scattered intensity, one aris-
ing from density fluctuations, the other one from concentra-
tion fluctuations. The averaged quadratic fluctuation of p
can be related to the isothermal compressibility B of the
system,??

Jde
L)) —\| 6T [ ém, 1
o + aT]p,m + m \ (1

1iﬂé<5pz> = (VV)PZkB 187 3)
g—

The term [de/dp)? gives the amplitude factor for the fluctu-
ation term. Thus [de/dp]%(8p?) is related to the total scat-
tered intensity /,, due to density fluctuations at ¢ = 0. Using
the Clausius—Mossotti equation, one can, in general, calcu-
late the quantity [de/dp]; and hence estimate I,. It has
been found experimentally that the scattered intensity 7,
calculated by Eq. (3) with a known de/dp does not describe
the experimental features, but it is almost 2 orders of magni-
tude lower.?* We have further investigated a similar excess
scattering in pure OTP (Ref. 21) and pure BKDE (unpub-
lished results). There we have introduced the scattering or-
der parameter z(P,T) which depends also on thermal his-
tory. The use of such an order parameter is usually used to
describe scattering in the glassy state.”> Hence, we assume
phenomenologically an equation derived in analogy to scat-
tering from concentration fluctuations to be valid for this
excess scattering,

I = [a—e]zwzl). 4)
oz

Thus we have to modify Eq. (2) to account for the total
scattered intensity,

(8€%) = ['3,67]", @) +[ 2] (om)

m Tz

+ [er (62). (5)

az T,p,m

Hence when we perform a dynamic experiment in doing
quasielastic light scattering, we are interested in the time
dependence of Jdp entering Eq. (2). The quantity
{6p(a,?)8p(q,0)) is directly connected with I}, (q,?).! Then
the measurement of (I(q,2)1(q,0)) allows us to calculate
g(q,t) by using Eq. (12). Further, we connect the time-de-
pendent intensity with dynamic mechanical properties, re-
calling the result from the Wang-Fischer theory,?® which
relates the time autocorrelation function of density fluctu-
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ations to the time-dependent longitudinal compliance via

— Dz
ag(q,?) =B—T72, (6)

where a is further defined in Eq. (12), B, is the adiabatic
compressibility, and D(¢) the transient longitudinal com-
pliance. The latter quantity can in most cases be substituted
by B(¢), the time-dependent bulk compliance.>” The objec-
tive to relate the light-scattering spectrum to dynamic me-
chanical properties is to point out the applicability of the
time temperature (frequency) superposition principle
which we will use to construct master curves for the mea-
sured density autocorrelation functions. The use of the latter
principle was shown to be valid for polymeric systems when
measuring the dynamics of the « relaxation with photon cor-
relation spectroscopy.?®

Now we consider the second term in Eq. (5) dealing
with concentration fluctuations. The general equation to de-
scribe the scattering from concentration fluctuations of a
miscible two-component system covering the whole concen-
tration range is conveniently given by**

du, ] -1
X2 Irp

where K = 27°n*[dn/dx,;]%/A * and V is the molar volume
of the solution. The other symbols have the usual meaning.
The concentrations are expressed in mole fraction x. For the
relation of x to the “molality,” defined in Eq. (1), the reader
is referred to Davidson’s book.?* To relate the measured
intensity to an absolute intensity, one usually introduces the
Rayleigh factor R ¢,, where ¢ stands for the concentration
fluctuation of the interdiffusion process, via

. 2
Rf,u = [ Ic ] [nso]uuon] R;u . (8)

I, benzene Npenzene
We used R 2"“" for a scattering angle of @ = 90°, 7= 25 °C,
and 4, = 488 nm being R ®"*" = 3.66 X 10 ~*cm ~ . %
For an ideal solution the equation
pi—pl=R-T'Inx, 9)

is valid. Introducing this expression into Eq. (7), we get the
expression

I, =KVkyTx, [ : (7N

I'Y=KVx,x, (10)
for the ideal concentration fluctuation.

To summarize briefly, at this point we have three scat-
tering contributions [cf. Eq. (5)] of which only the one due
to concentration fluctuations can be calculated from basic
thermodynamical formulas [cf. Eq. (10)]. Obviously, Eq.
(2) does not properly describe all the scattering processes;
therefore, we have to introduce additional excess scattering
[Eq. (5)].

Ill. EXPERIMENTAL METHODS
A. Measurements of 7,

The glass transition temperatures T, of the pure materi-
als and of the mixtures were determined by differential scan-
ning calorimetry (DSC) at different heating rates ¢ such
that a heating-rate independent T, was achieved by extrapo-

lation to ¢z —0. In Fig. 1 the results of the measurements are
shown. The glass transition temperatures of the mixtures
BCDE/OTP behave according to the Kelley—Bueche equa-
tion*® with a X value of zero, whereas for BKDE/OTP mix-
tures K #0, and hence formally an additional “excess T,”
effect can be noticed.

B. Measurements of viscosity

We have measured the steady flow (shear) viscosity 7,
of the pure components and for two mixtures BCDE/OTP
with x, = 0.3 and BKDE/OTP with x, = 0.5 by means of a
Rheometrix torsion pendulum. The viscosity is calculated
by

7, = lim Glw) .
-0 ]
To achieve this, frequency-dependent measurements of the
shear modulus G " (@) have to be extrapolated to @ — 0 after
reaching a constant plateau value. Usually the temperature
dependence of 77, can be described by the Vogel-Fulcher—
Tammann (VFT) equation:

B
7,(T) =17, CXP(T_ T ) )
where 7,, B, and T are treated as fit parameters. We have
listed the resulting values in Table I together with the values
of T, obtained from DSC measurements, and have plotted
the data in Fig. 2. Using the fit parameters from Eq. (11), we
have further calculated the temperature for which the vis-
cosity reaches the value of 77, = 10'! Pas. These tempera-
tures are also given in Table I in the last column. They are in
good agreement with the glass transition temperatures de-
termined by DSC. Thus from our data we have no evidence
for assuming an Arrhenius type of activated process in the
vicinity of T, which has been observed sometimes for other
systems.’! From the data it is evident that OTP and BCDE
behave dynamically similar as their activation parameters
are in a comparable range. This finding is further supported
by Hagenah,*?> who has measured the dynamics of the &
relaxation (which corresponds to density fluctuations of
BCDE) by photon correlation spectroscopy in the vicinity

(11)

Tiec)
104 S
AT, 1BK0E)
J ,/.
b4
7/
-20 L’
//
| 4
”” B
T,(0TP) -an‘w-
) | 7,(BCDE)
o | 02 ot 06 08 19

i —
%z{OTP]

FIG. 1. Glass transition temperatures of mixtures of BCDE/ OTP (O) and
BKDE/ OTP (¢) plotted vs the mole fraction x, of OTP.

J. Chem. Phys., Vol. 92, No. 12, 15 June 1990



Gerharz, Meier, and Fischer: Nonpolymeric viscoelastic liquids 7113

TABLEL Fit parameters of the VFT equation [Eq. (11)] from viscosity measurements. T, has been measured

by DSC, T, is calculated from the VFT equation with 7 = 10" Pas.

log7o  B(K) T, (K) T,(K) Tj(n=10"Pas) (K)
BKDE — 8.6 + 1.0 2660 + 300 205.7 + 3.5 260.8 264.6
BCDE —8.2+0.8 21224299 191.14+5.7 240.1 239.1
OTP — 8.2+ 3.8 1936 4-480 199.4 4+ 6.0 243.5 243.2
BCDE/OTP (x, =0.31) — 10.6 + 1.4 2845 1 582 182.0+ 7.7 241.9 239.6
BKDE/OTP (x, =0.50) —8.4+04 23594196 190.1 +3.8 246.2 243.0

of T, and has found B= 1797 + 55K and T, = 200 + 10
K. The B and T values for OTP reported here are in good
agreement with those from the literature.*

C. Measurements of n,

We have further measured the index of refraction n% of
the materials by means of an Abbe refractometer in a tem-
perature range from 45 to 90 °C. The values at 7= 20°C
were obtained by linear extrapolation. For OTP we found
n} = (1.6421-4.5) X 10~ *AT(°C) (cf. Ref. 34); for
BKDE, n}, = (1.5707-3.5) X 10 ~*AT(°C); and for BCDE,
nh = (1.5847-3.4) X 10~ *AT(°C). For the mixtures we
performed the same experiment, thus giving (dn/dx,)? for
the two mixtures of 0.0034 for BKDE/OTP and 0.0033 for
BCDE/OTP. For T = 42 °C the densities of these pure ma-
terials were measured with a pyknometer calibrated with
toluene within 0.1% to literature values to give for OTP,
p* =105 g/ecm’® (cf. also Ref. 34); for BKDE,
p?7 = 1.070 g/cm?; for BCDE, p*’ = 1.065 g/cm’.

D. Sample preparation and light-scattering experiment

Pure materials and all mixtures were prepared to yield
suitable samples for the purpose of light scattering by filtra-
tion through a 0.22 pm Millipore Teflon filter directly into a
dust-free light-scattering cell with 1/2 in. o.d. using a hot

log’_._,-%_S

8-
1
6

4

j 4

e
0.006 001

FIG. 2. Logarithm of the steady-flow viscosity vs (T— T, ) ' for BKDE
(W), BCDE (), OTP (O), BCDE/OTP with x, =031 (A),
BKDE/OTP withx, =0.5 (+ )

syringe. After that, the samples were flame sealed under
vacuum.

The light-scattering experiment was performed at dif-
ferent temperatures either at a fixed scattering angle of
6 = 90° or at various angles in the range of 40° up to 130°in a
home-built goniometer to check the angular dependence of
the dynamics. The goniometer was calibrated with toluene
to give an angularly independent intensity within + 5%
after correction for the scattering volume. The light source
was an argon ion laser (Spectra Physics model 2020) operat-
ing at A = 488 nm with a power of 400 mW. The incident
and the scattered laser beam were polarized perpendicular to
the scattering plane, so that the geometry of the measure-
ment was the so-called V'V geometry. The full correlation
functions were obtained using a 128-channel Brookhaven
correlator (BI2030) in the multiple 7 version. To provide a
greater time range of up to seven decades usually two runs
with different basic sample times were spliced together using
a procedure described elsewhere.

E. Data analysis

The desired normalized correlation function (q,¢) of the
scattered electric field is related to the measured intensity
time correlation function G(q,¢) through the Siegert rela-
tion:!

G(q,t) = (I, (0)I (1)) = A(1 + fa*|g(q,t)[>). (12)
There A is the base line which can be computed in the course
of experiment by 4 = N- (n)? with N being the total number
of duty cycles and (n) being the mean number of photon
counts per delay times A7; ¢ is given by ¢t = I- At where [ is
the number of channels. The base line can also be measured
by delayed channels of the correlator. In our cases the differ-
ences between the calculated and measured base lines were
always less than 0.5%, indicating that no further slow pro-
cesses will be hidden in the long-time tail of the measured
correlation function. The factor f depends mainly on the size
and distance of pinholes determining spatial coherence. The
factor a is the fraction of the total intensity (n) which re-
laxes within the time window of the correlator.** Although
it is known that concentration fluctuations show a Debye
relaxation behavior, we use the widely accepted Kohl-
rausch-Williams—-Watts (KWW) function to account for
the time decay of g(q,?) via

t B
glqt) = CXP[ - ['——_] ]
Trww ()

with 0 < 8<1 being a measure of the width of the distribu-

(13)
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tion. a, Txww, and B are treated as fit parameters in Egs.
(12) and (13). For density fluctuations up to now no q de-
pendence has been observed,*® S is considerably lower than
one*® and a mean relaxation time (7) can then be calculated
by

() = T";w rE " (14)
with I being the gamma function. For concentration fluctu-
ations £ are almost equal to one and the decay time 7yww
(q) (=7,) from Eq. (13) is related to the mutual diffusion
coeflicient D by

7. =(Dg*) ! (15)

with ¢ being |q|. Thus a translational diffusion process will
scale with ¢ ~ 2, whereas density fluctuations do not.

Since the measured correlation functions show at least
two distinct processes within the accessible time window of
the experiment, we have used up to two KWW functions to
account for the proper mathematical description of the cor-
relation functions. As Eq. (13) only shows the general route
of describing data, we have not reproduced the formula for a
double KWW function but refer to the literature®’ instead.
We have found that, in general, the processes are well sepa-
rated such that no disturbing interference between the indi-
vidual processes occurs. Thus, we have not used the method
of inverse Laplace transformation to obtain the distribution
of relaxation times,*® but we think that a KWW analysis is
sufficient to represent the data.

IV. RESULTS AND DISCUSSION

We have measured the mixtures BKDE/OTP with
x,; =0, 13,0.31, 0.5 and BCDE/OTP with x, =0.11, 0.31,
0.49 with the maximum temperature range from 0°C to
100 °C. In Fig. 3 we show the experimental net correlation
functions |ag(t) |* for BKDE/OTP with x;, = 0.33 at differ-
ent temperatures; in Fig. 4 those for BKDE/OTP with
x, = 0.5; in Fig. 5 those for the mixture BCDE/OTP with
x; = 0.49. In general, the composite correlation functions
show a complicated time behavior which is governed at the
most by three processes which, however, cannot be mea-

1.0
inx-g(t)l2

T=41.8°C

log t/s

FIG. 3. Correlation function |ag(?)|* for the BKDE/OTP mixture with
x; = 0.31 at various temperatures indicated. /,, denotes the density fluctu-
ation, /. denotes the interdiffusion process, and [, refers to the cluster
diffusion.

]u-g(l)‘q NM]D\\“
le

T:0.6°C

054

T=418°C
] T =1005 °C

0. __%-ﬁ —— —
-6 5 M 3 2 A 0 1
log t/s

FIG. 4. Correlation function |ag(t)|* for the BKDE/OTP mixture with
x, = 0.5 at various temperatures as indicated. For further assignment see
Fig. 3.

sured all together within the accessible eight decades in time.
At the lowest measured temperature of 0.6 °C we observe in
Fig. 3 a process at the short-time end with low contrast and
obviously broad distribution of relaxation times followed by
a strong, almost single-exponential decay at about 1 s. By
raising the temperature both processes are accelerated so
that the first process is shifted out of the time window of our
correlator. At the long-time end another process which is
also almost single exponential in shape appears. At 40 °C the
last two processes are conveniently within the time window.
In principle, the same description holds for Fig. 4, where
especially for T'= 61.1 °C the separation between both pro-
cesses can be clearly observed. The same features also hold
for the mixture BCDE/OTP as can be seen in Fig. 5.

On the basis of these results we postulate that the dy-
namic behavior of the mixtures can be described by the su-
perposition of three independent processes:

Lo =1Ip + Ic + Ipc, (16)
with relaxation times

Tp LTc LTpes 17
and with relaxation strengths

ap<Lac + adpe- (18)

The indices refer to the origin of the relaxation processes. As

1.0
Ia-g(l )|2

log t/s

FIG. 5. Correlation functions |ag(?)|? for the BCDE/ OTP mixture with
x, = 0.49 at various temperatures as indicated. For further assignment see

Fig. 3.
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we will show in the following, 7, is due to density fluctu-
ations, I is caused by concentration fluctuations, and 7,
by an unknown process, which we will identify preliminarily
as “cluster diffusion.” Since the time scale of the processes is
very different, the evaluation can be performed on the basis
of Egs. (5) and (13).

The results of the KWW evaluation are listed in Tables
I1 and I1I. The average relaxation times have been calculated
from Eq. (14).

In order to clarify the origin of the various processes
three additional experiments were carried out: (i) scattering
in the VH geometry, (ii) measurements of the g dependence
of the relaxation times, and (iii) investigation of the effects
of thermal history. Additionally, the results of static g-de-
pendent light scattering I, (¢) are taken into account.

For the pure substances OTP and BCDE,* we observe
the density fluctuation in the VH geometry almost with the
same relaxation times as measured in V'V, which may be due
toa strong dynamic coupling between fluctuations of density
and anisotropy. Thus we conclude from this experiment that
the fluctuation of density is responsible for the fast process of
low contrast with a broad distribution of retardation times
showing up in Fig. 4 at a temperature of 0.6 °C. The broad
distribution is a result of the KWW fit [Eq. (13)] to the
correlation function giving S parameters of about 0.5, as
listed in Table IV. Wenotice that 7, is observable only at a
few low temperatures, and further that £, is rather small in
all cases and that — log(7), for comparable temperatures
does not depend appreciably on concentration. S parameters
considerably deviating from 1 (the typical value for concen-
tration fluctuations [see Eq. (15)], are usually found for
density fluctuations both in polymeric systems***® and non-
polymeric glassy liquids.>**® If we use the T values from
the fit of Eq. (11) to the shear viscosity 7, data we can
construct a masterplot for the density fluctuations for all
pure and mixed materials as seen in Fig. 6. This result clearly
resembles the fact of the applicability of the time-tempera-
ture superposition principle to the density fluctuations as
revealed by Eq. (6), relating mechanical properties with the
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time autocorrelation function of density fluctuations.

The reason for the different relaxation strengths a for I,
and I.+I,. simply arises from the fact that
(3¢/dp)*{8p*), being responsible for the amplitude of the
density fluctuations, is generally smaller than
(n/dx)?(6x*) (being responsible for the amplitude of con-
centration fluctuations) provided that both components are
not index matched. (For our systems that is not the case.)
Thus most of the scattered intensity arising from our mix-
tures is due to the second and third terms in Eq. (5).

Now we turn to the process which we have assigned
with /.. Itis evidently a property of the mixture because this
process cannot be seen in pure OTP.*® In the theoretical
section we have given by Eq. (10) an expression for the in-
tensity due to concentration fluctuations in a binary mix-
ture. We have calculated I'¢ by using (dn/dx,) values as
given in the experimental part. Assuming ideal mixture be-
havior, we have used the measured densities of the pure com-
ponents to calculate V;, . The results are shown in Fig. 7.
From the calculation it follows that the mixture
BCDE/OTP behaves ideally, whereas the system
BKDE/OTP exhibits an enthalpic scattering and thus devi-
ates considerably from ideality. The difference between IS
and I for BCDE/OPT is actually within the experimental
error. The amplitude of I for that system varies from 0.008
forx, = 0.02 upt00.03 for x, = 0.49, thus the experimental
determination of R ¢, is uncertain. This emphasizes the weak
scattering from an ideal solution. For the BKDE/OTP sys-
tem the corresponding values range from 0.03 up to 0.11. We
were further interested in a rough calculation of the interac-
tion parameter y in the BKDE/OTP system. For that pur-
pose we have calculated 7'3/I. for this mixture, which is
related to thermodynamic quantities via®

Iid
-2
Ic

Examples of such calculations have been performed for mix-
tures of simple organic liquids.”® There qualitatively similar

(19)

_ x]xz [aZGexcess]
RT | dx,0x, |’

TABLE II. Logarithm of the mean relaxation times [Eq. (14) ] and S-distribution parameters of the diffusive
processes for BKDE/OTP mixtures. The suffix C denotes interdiffusion and DC denotes cluster diffusion.

Mole

fraction

X 7C°C) —log(7)¢ Bc —1log{m)pc Boc

BKDE/OTP 0.13 10.1 0.72 0.94 e e

20.2 2.33 1.00 - 1.11 0.89
30.0 3.12 1.00 —0.26 0.91
40.0 3.70 0.87 0.48 0.86

0.31 0.6 —0.26 0.76 <—135
10.1 0.92 0.85 ~ 20 e
20.5 2.18 0.92 —0.76 0.98
40.0 347 0.93 0.82 0.97
60.2 4.22 0.85 1.72 0.96
100.5 4.85 1.00

0.50 0.6 ~0.57 0.85 s e
41.8 3.14 0.96 0.47 0.92
61.1 4.03 0.93 1.44 0.92
100.5 4.85 1.00
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TABLEIII. Logarithm of the mean relaxation times [Eq. (14) ] and S-distribution parameters of the diffusive
processes for BCDE/OTP mixtures. The suffix C denotes interdiffusion and DC denotes cluster diffusion.

Mole

fraction
Xy T¢C) —log{m)e Bc —log {rdpc Boc
BCDE/OTP 0.112 10.1 2.13 0.79 —1.18 0.85
30.0 3.80 0.83 0.64 1.00
40.1 3.85 0.92 0.96 0.90
60.3 4.77 0.81 1.70 1.00
80.0 1.92 0.89
0.310 10.1 1.64 0.96 —1.08 1.00
40.2 3.80 1.00 1.17 0.99
0.494 20.1 2.92 1.00 —0.04 0.97
60.1 4.66 0.93 1.30 0.94
100.5 .- e 1.92 0.94

behavior was found. The excess free energy G ©*°** is related
to the AG of mixing simply by adding 7'S, where .S  is the
configuration entropy given by

S°(x)= —R(x;Inx, +x, Inx,). (20)
The free energy of mixing AG is given by
AG=RT[x, Inx, +x, Inx, —yx,x,], (21)

where y is the interaction parameter accounting for enthal-
pic interaction. Hence the use of Eq. (19) together with Eq.
(21) gives an estimate of the magnitude of y for our
BKDE/OTP system to be about — 2.6 at T=40°C. We
note here that the deviation from the linear dependence of
the glass transition temperatures as a function of the volume
fraction (see Fig. 1) is probably connected to the deviations

TABLE 1V. Logarithm of the mean relaxation times [Eq. (14)] and §-
distribution parameters for the density fluctuations in pure materials and
mixtures. The suffix D denotes density fluctuations.

Mole
fraction
X T(C) —log (1), B»
BKDE — 153 —1.85 0.39
—10.2 —0.93 0.43
—54 0.51 0.54
—03 1.02 0.45
— 0.2(VH) 1.22 0.46
5.3 2.08 0.55
10.2 2.52 0.45
15.3 3.15 0.38
20.2 4.80 0.27
BCDE —18.6 0.66 0.56
—9.7 2.37 0.52
—~52 4.00 0.49
BKDE/OTP 0.500 - 18.6 0.35 0.52
—10.2 1.39 0.39
—53 2.39 Q.55
—5.3(VH) 2.46 0.57
0.6 3.60 0.48
0.31 —9.9 2.42 0.50
0.6 4.89 0.47
10.1 5.60 0.60
BCDE/OTP 0.02 —10.2 2.23 0.53
0.13 —-97 2.70 0.56
0.49 - 10.2 2.74 0.50
0.3 10.0 4.72 0.62

from the ideal solution properties. Such a relationship
between the nonideal behavior and enthalpic interactions
has been speculated in the literature recently.*’

In polymeric systems the interaction is strongly en-
hanced by the long molecular chains which are character-
ized by the degree of polymerization (). This interaction
usually leads to demixing phenomena or phase separation.
Here in the case of the mixture of van der Waals liquids, the
AG is mostly governed by entropic effects. Besides the static
(thermodynamic) properties we have further investigated
the dynamic aspects of I (and subsequently 7, ). Especial-
ly, as already introduced to be our second point, we have
measured the g dependence of the dynamics, since we expect

1 L 4 1 1

S50 60 70 80 90
T-Tw /K

100

FIG. 6. Master curve construction of 7, the correlation time of the density
fluctuation, measured in all mixtures ($, BKDE/OTP with x, = 0.5; B,
BKDE/OTP with x, = 0.31; O, BCDE/OTP with x, = 0.13, 0.33, 0.49)
and pure liquids ( + , BKDE; ¢, BCDE) and scaled with the fitparameter
T, of viscosity measurements from Eq. (11).
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FIG. 7. The experimentally determined Rayleigh ratios R ¢, for the interdif-
fusion mode I for BKDE/OTP ({)) and BCDE/OTP (O) in comparison
with the ideal contribution R for BKDE/OTP (---) and BCDE/OTP

(---) according to Eq. (10). Error in the estimation of [dn/dx] for
RY ~10%.

ag~ *scaling according to Eq. (15) when dealing with trans-
lational diffusion processes. In Fig. 8 typical results at var-
ious scattering angles for the mixture BKDE/OTP with
x, = 0.31 are shown. We note a clear shift of both obvious
diffusional processes with lowering ¢ towards longer times
which is in accordance with the theoretical prediction. The
plots of (7) ~! vs ¢* shown in the right in Fig. 8 give straight
lines through the center in both cases. From the slope, D can
be calculated (cf. Fig. 8 caption). The density fluctuations
are not to be seen as they are too fast already; compare also
with the correlation function at the same temperature
(T=40°C) in Fig. 4.

From the inspection of the correlation function in Fig. 8
we conclude that the relaxation strength of the slow process
obviously depends on the scattering angle . We have to

log t4s
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consider, however, the effect of change of the total intensity
with 8. If the relaxation, which corresponds to a dynamic
process, will fall into the time window of our experiment

having the intensity [I.,,, we simply relate

Lot = Taensicy + Y, Leoncentrarion With the relaxed intensity of

our process® under study by I,.,,, = a@-I,.,,;- We have found
that the I, exhibits an angular dependence which corre-
lates well with the intensity of the slow diffusion process
given by I, = @ pelio - On the other hand, the intensity
I, which corresponds with the fast diffusive process,
I = acly,, , does not change with 6.

In Fig. 9 we show the dependence of the intensity of the
fast and slow concentration fluctuations as a function of ¢ for
the same mixture and the same temperature as given in Fig.
8. We have measured the scattered intensity down to a scat-
tering angle of @ = 40°. The data points from the quasielastic
scattering (cf. Fig. 8) are also implemented. The intensities
are corrected for the change of scattering volume with 6.
Clearly the intensity of the fast process does not exhibit any
angular dependence and is shown as a solid line parallel to
the x axis in Fig. 9, whereas the slow one does, in accordance
with the findings derived from Fig. 8 that the intensity of the
slow process increases with decreasing & due to strong for-
ward scattering. The described feature is common for all the
mixtures where an additional slow process shows up. The
two systems under study, BKDE/OTP and BCDE/OTP,
differ with respect to the occurrence of this phenomenon in a
way that the latter system shows this slow mode at all mea-
sured temperatures without actually changing its intensity,
whereas for the former mixture we observe a breakdown of
the slow mode at about 60 °C. This explains the completely
different shapes of the correlation functions in Figs. 4 and 5
for temperatures higher than 60 °C. We will not comment
further on this experimental finding at this stage, but con-
centrate on the physical nature of the two diffusional pro-
cesses. We take Figs. 8 and 9 as proof of the fact that large
extended structures which diffuse slowly are responsible for
the slow mode (“cluster diffusion”). Then consequently the
fast diffusional mode is the interdiffusion mode we would
have actually expected to appear in our mixtures based on

3 _a0®
(3971 10

FIG. 8. On the left: Correlation
functions for the BKDE/OTP
mixture with x, =031 for

T=41.8°C at various scattering
angles as indicated. On the right:
{7) ~ ' vs ¢ for the two diffusional
processes. Upper curve for the in-
terdiffusion mode giving
D=295%10"% cm?s~"; lower
curve for the cluster diffusion
D=5.38%x10"" cm®’s~'. For
the assignment of the process see
Fig. 4.

8 10
q210'%cm?
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FIG. 9. The scattered intensity vs the scattering vector for the mixture
BKDE/OTP withx, =0.31 at T= 41.8 °C from totally scattered intensity

measurements ( + ) and from PCS (@). The solid line at the bottom de-
notes the background according to interdiffusion and density fluctuations.

the theoretical treatment of light scattering.’

At this stage we have accounted for the nature of the
different modes showing up in Figs. 3-5. Analyzing the cor-
relation function in terms of stretched exponentials as out-
lined by Eq. (13), we calculate mean relaxation times by Eq.
(14) for each individual relaxation mode and plot the results
as Arrhenius plots in Figs. 10 and 11 for BKDE/OTP with
x; = 0.31and x, = 0.5 and in Fig. 12 for BCDE/OTP with

-log <>
s
SW l \‘10
¢
1 =~ \o\)
4 i\\ \
\
A \
~ \\ b
\ ®
* \
21 aloc \\ q\
\ \
A \ \
\ (o}
\
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.2.1 &
)
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26 30 34 18 1000k
1000K T,
T

FIG. 10. Arrhenius plot for the mixture of BKDE/OTP with x, = 0.31
with a master curve construction for the density fluctuation whereby we use
open symbols for shifted values and solid symbols for those measured in the
mixtures. The lines are the results of a fit of the Vogel-Fulcher-Tammann
equation [Eq. (11)] to the data.
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-log‘-}->

FIG. 11. Arrhenius plot for the mixture of BKDE/OTP with x, = 0.5; oth-
erwise, see caption of Fig. 10.

x, =0.11, 0.31, 0.49. In all plots we have made use of the
possibility of a master curve construction for the density
fluctuation. To do so we have used photon correlation spec-
troscopy (PCS) data for pure OTP,**** and further assume
that in the mixtures the dynamics of I, is only governed by
the temperature distance to 7, (mix). For each figure it is
evident that there are almost parallel lines for /. and the
slowest relaxation mode, and further the different activation
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FIG. 12. Arrhenius plot for the mixture of BCDE/OTP with x, = 0.49;
otherwise, see caption of Fig. 10.
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energies for I and I, obviously lead to a merging at low
temperatures. Unfortunately, we were not able to directly
measure this effect because the expected relaxation times for
this will lie roughly in the range of minutes and longer, and
thus are not accessible for PCS. Different activation energies
for the density fluctuation and concentration fluctuation
modes are also reported by Floudas, Fytas, and Ngai'* for
the system poly(cyclohexylmethacrylate) in mixtures with
dioctylphtalate (DOP), a commonly used plasticizer, and
previously in poly(methylphenylsiloxane) contaminated
with oligomers.'? There the argument is based on the cou-
pling model by Ngai,*' which claims that the activation bar-
rier for the primitive microscopic relaxation is related to the
cooperative activation energy B from the VFT equation [ Eq.
(11) 1], B is related to the distribution parameter from the
KWW representation [ Eq. (13) ], which basically is a result
of the assumption of a time-dependent primitive relaxation
rate, thus accounting for a slowing down of the dynamics
when approaching 7. The model simply yields
B,

ﬂ cooperative ?

(22)

where B, is the primitive activation barrier. B, as given by
Eq. (1) is usually discussed to be a monitor of the tempera-
ture dependence of the local friction £, by

foen (727)

xexp | ———| .
0 p T—T,
Thus its relation to the measured diffusion constants is pro-
vided by

p=XT

o
in the absence of a structure factor.

If we identify the concentration fluctuation I with the
primitive relaxation because of its direct correlation to the
friction [Eq. (24)] which governs the mass transport, then
according to Eq. (22) we should observe for the B, param-
eter following Eq. (23) a value of 0.43 X 2359 = 1014 K for
BKDE/OTP with x, = 0.5. The Svalue for I, is taken from
Table IV. Usually B values for density fluctuations of mole-
cules of this kind are higher.** If we take a reported value of
0.55 we get B = 1297 K. We have fitted Eq. (23) to the I
data given in Fig. 11 and found B = 1357 K with 7' = 197
K in close agreement with the T'_ given in Table I. Due to
the difficulties in determining the range of I,, for the other
systems, we did not compare our results any further, but
state that in the one example the agreement with Eq. (22) is
good.

Now we turn to the slowest process which shows up in
all correlation functions of BCDE/OTP, and for
BKDE/OTP only for temperatures below 60 °C. We have
already stated that this mode is due to the motion of huge
species or spatially extended domains—we have called them
clusters—causing an angular dependence of the scattered
intensity as depicted in Fig. 9. Using for convenience the
data BKDE/OTP with x, = 0.3, we have calculated the
translational diffusion coefficient at 7= 41.8 °C from Eq.
(6) to give D = 5.4x10~!" cm?/s. Introducing the mea-
sured viscosity from Fig. 2 into Stoke’s law, we have estimat-

(23)

(24)

7119

ed an apparent diameter for the diffusing cluster of 210 nm in
the rigid noninteracting spheres approximation. On the oth-
er hand, we assume a simple pair correlation function of the
form

J(r) <cexp(r/£), 25)

where £ is a measure of the spatial extension of inhomogene-
ities (here cluster boundaries) in our sample. For a correla-
tion function given by Eq. (25) it can be shown that the
intensity caused by scattering from such an assembly is given
by42
( A 6) 2 é— 3

( 1 + qz é— 2 ) 2
Thus from our 7, (¢) data we can estimate £ by plotting
1/yT vs ¢* to give a straight line as depicted in Fig. 13. Other
correlation functions have not given reasonable results.*
From Fig. 13 we have calculated £ = 215 4 20 nm from the
slope and positive intercept. Figure 13 may suggest a nega-
tive intercept which is physically unreasonable. However,
the points around ¢° =4X 10~ ' nm? are those with the
highest precision. Extrapolation from those led to the given
line. Furthermore, we have undertaken measurements on
pure OTP in a larger scattering cell to improve the precision
at lower angles** and found agreement with the extrapola-
tion given in Fig. 13 having a positive intercept. Especially if
one follows Debye’s paper, the An = Ae/2n, where Ae is
from the fit, can be estimated to be to 3.3 X 10~ * in good
agreement with the reported value for poly (methylmetha-
crylate), PMMA.?* The calculated value of £ can be com-
pared with the apparent diameter from Stoke’s law using the
dynamic results. Both values are in good agreement, indicat-
ing that they are complementary to each other in the sense
that if we find cluster diffusion of species larger than 100.0
nm, we observe an angularly dependent intensity. In pure
OTP we observe cluster diffusion above T, exhibiting a dif-

(26)

ex
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FIG. 13. 1 ~'7? vs the square of the scattering vector for BKDE/OTP
with x, =0.3 at T=41.8°C ( +, totally scattered intensity); @, (PCS).
The intensity is corrected by subtraction of the background (cf. Fig 7).
From the slope and intercept we have determined the correlation length to
be £ =215 + 20 nm (see Ref. 43).
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FIG. 14. Correlation function for the mixture of BCDE/OTP with x, = 0.49 after 1 h of temperature exposure at 7= 93.3 °C (upper curve) and after 114 h

exposure (lower curve).

fusion constant also roughly three orders of magnitude
smaller than the self-diffusion.** Furthermore, we were able
to show to what extent this phenomenon accounts for the
excess scattering into the central line of a polarized Ray-
leigh—Brillouin experiment. The cluster diffusitivity causes a
nonzero [dn/dx]. Otherwise, it would not contribute to a
dynamic light-scattering experiment. Consequently, the
scattering into the central line is enhanced, leading to high
valuesof I,,,.,;,>' thusincreasing the Landau-Placzek ratio
which deviates considerably from the prediction of the theo-
ry.** The appearance of clusters in liquids has already been
treated thoroughly in the Introduction. The purpose of this
argument is simply to relate our observations to those re-
ported there to put everything into a common framework.
The cluster concept is not new. It was introduced by Fren-
kel*® and Ubbelohde*’ a long time ago. Now the experimen-
tal evidence has become so substantial (cf. references given
in the Introduction) that obviously the effect cannot be ne-
glected as was done in the past by saying it is dust, dirt, or
anything else. However, a lot of questions arise when dealing
with this phenomenon. What is the thermodynamically sta-
ble state? How are clusters created and destroyed? And, are
there any kinetic effects involved? Not all these questions
can be solved, however, when analyzing our mixtures. The
striking difference in the BKDE/OTP and BCDE/OTP sys-
tems in terms of cluster formation can speculatively be relat-
ed to ideas outlined by Frenkel,*® who treated thermody-
namically pretransitional ordering in a system containing
embryos of species 4 in a matrix of B having a phase bound-
ary. In his formula the surface energy enters which is empiri-
cally connected with the enthalpic interaction of the system.
Thus we assume a more drastic temperature effect for the
BKDE/OTP system than for BCDE/OTP, which is indeed
correct. For the more interacting system we find a decrease
of the apparent diameter with rising temperature finally

reaching a point where no clusters are further detectable (cf.
Figs 3 and 4). Since the effects are generally more pro-
nounced in mixed systems, we speculatively assume that the
interaction between different molecules acts as a magnifier
to monitor the cluster formation which is generally present
in any pure liquid,*® as in pure OTP.

We have further investigated kinetic experiments be-
cause we were interested to know something about time ef-
fects. For this purpose we chose the BCDE/OTP with
x; = 0.5 system and heated the mixture for 114 h at a tem-
perature of 92 °C. In Fig. 14 the correlation functions for the
slow mode are shown, indicating a decrease in relaxation
strength with a constant decay time otherwise, indicating a
decrease of the number of diffusing particles not of their size.
This dynamic finding is also in agreement with measure-
ments of the intensity, where we found no change in £ with
the time of exposure.

Hence we can reach a stage where no clusters are present
if the temperature is high enough and the time of exposure at
that temperature long enough. By deep quenching such a
state to a temperature where usually we observe clusters, the
cluster free state can be kept stable for some time. However,
slowly cluster formation occurs. In detail that effect depends
on the rate of quench, the temperature difference to T %> and
the kind and magnitude of interactions in the system.

At this state it is too early to draw a complete construc-
tion of our understanding of cluster formation, but following
the idea outlined in the Introduction, we come to the starting
point again. We feel that the cluster formation and its experi-
mental manifestation has gained further support.
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APPENDIX: CHEMICAL SYNTHESIS

Synthesis of the two low molecular weight liquids 1,1-
di(paramethoxyphenyl)-cyclohexane (a) (BCDE) and
1,1-di(paramethoxy-metamethylphenyl)-cyclohexane (b)
(BKDE) used for all the discussed measurements:

O OCH, H O oCH,

CH,
CH,
OCH;, OCH,
(a) (b}

1. Synthesis of compound (a) BCDE

According to a previously published procedure*>*° cy-

clohexanone was condensed under acidic conditions with
phenol to give a product in a yield of 87% after purification;
mp 187 °C (literature mp 186 °C).

In a standard procedure the 1,1-di(parahadroxy-
phenyl)-cyclohexane was treated with an excess of 2-3 mol
of dimethylsulfate dissolved in 10% aqueous solution of
NaOH. Purification of the crude product was done using a
middle pressure liquid chromatography (MPLC) system
with CH,Cl, as eluent and subsequent recrystallization
from methanol to give the product with a purity of 99.8%
according to high pressure liquid chromatography (HPLC)
analysis; mp 58 °C.

Elementary analysis: C,3 H,,0,, M = 296.39 g/mol.

Calc.: C, 81.04; H, 8.16.

Found: C, 81.25; H, 8.26.

'H-NMR (CD,Cl,): 8§=1.54 (m, cyclohexyl),
8 = 2.24 (m, cyclohexyl), 8§ = 3.76 (s, O-CH,), 6 = 6.82
(d, phenyl), § = 7.15 (d, phenyl).

Intensity ratio: 3:2:3:2:2.

BC-NMR (CD,Cl,): &§=123.37,26.81, 37.63, 45.25,
55.47, 113.83, 128.32, 141.54, 157.68.

2. Synthesis of compound (b) BKDE

The first reaction step is the same as described in (a)
using ortho-cresol instead of phenol. The yield was 80%; mp
182°C.

Using a procedure of Brown,”' 14.8 g 1,1-di(paraha-
droxyphenyl, metamethyl)-cyclohexane in dry tetrahydro-
furane (THF) was slowly added to 22.75 g of a dispersion of
20% KH in paraffine in 30 ml dry THF under nitrogen at-
mosphere. After the H, evolution has stopped the salt-con-
taining solution was pressed through a two-pointed needle
using nitrogen gas. 1.5 mol of methyliodide to each hydroxy
group was added in substance with a syringe through a sep-
tum and the mixture was refluxed for two days. Butanol and
a solution of ammonia in methanol was added. The precipi-
tate was filtered off and the solution was evaporated under
reduced pressure. Recrystallization from methanol gives the
product in a 85% yield. Further purification was done using

the MPLC technique to render the product with a purity of
99.6% according to HPLC analysis; mp 73 °C.

Elementary analysis: C,,H,;0,, M = 324.44 g/mol.

Calc.: C, 81.44; H, 8.70.

Found: C, 81.57; H, 8.71.

'H-NMR (CD,CL): 8=151 (m, cyclohexyl),
6=2.17 (s, phenyl-CH;), §=2.20 (m, cyclohexyl),
6 =3.78 (s, O-CH,), 6 = 6.40 (d, phenyl), 6 = 7.07 (d,
phenyl).

Intensity ratio: 3:3:2:3:1:2.

BC-NMR (CD,Cl,): &= 16.65,23.48,26.90, 37.62,
45.02, 55.63, 109.97, 125.51, 126.29, 129.64, 141.24, 155.86.

We used the following apparatus: Bruker 400 MHz
NMR spectrometer, Labomatic MPLC system, Perkin-
Elmer DSC 7 calorimetry-analyzer, HPLC system with Wa-
ters UV detector and Merck columns.

Materials: Solvents (pro analysi Merck Schuchardt,
Fluka) were thoroughly dried over sodium wire (when ap-
propriate) and redistilled under N, prior to use. Cyclohex-
anone, phenol, ortho-cresol, dimethylsulfate, kaliumhy-
dride 20% in paraffine, and methyliodide (p.a. Fluka) were
used without further purification. The ortho-terphenyl! (p.a.
Merck Schuchardt) was also used without further purifica-
tion.
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