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Received 1st May 2003, Accepted 9th June 2003
First published as an Advance Article on the web 26th June 2003

The critical behaviour of a binary polymer blend of polyethylene glycol 600 (PEG600) and polypropylene glycol
1000 (PPG1000) was investigated by static and dynamic light scattering. The measurements were carried out in
the homogeneous one-phase region (above the critical temperature Tc) and in the two-phase region in both
coexisting phases. Additionally to the critical composition (yPPG ¼ 0.46, yPPG : mass fraction of PPG), a
mixture of non-critical composition (yPPG ¼ 0.365) was investigated in the one- and two-phase region. From
the light scattering measurements, the critical exponents and the amplitudes of the correlation length x and
the mutual diffusion coefficient D were determined. For the critical mixture the results for the critical exponents
and amplitudes of x in the one- and two-phase regions are in accordance with the predictions of the 3d-Ising
model. The measurements of D in the two-phase region in a wider temperature range gave an indication for
a crossover from Ising to mean field behaviour. Since the low molar mass of the PEG and PEG oligomers would
lead to Ising behaviour in the composition and temperature range studied, this crossover has to be attributed to
an increase of the effective molar mass caused by clusters built by intermolecular hydrogen bonds. The
assumption of these clusters is supported by static light scattering and the phase diagram. The data of the
non-critical mixture could be described in the frame of the pseudospinodal concept. The results for the
non-critical mixture support the interpretation of the data of the critical mixture.

I. Introduction

Critical phenomena of polymer blends in the one-phase region
have been studied extensively by scattering methods, e.g. by
static and dynamic light scattering experiments (see e.g.1–5).
The static light scattering experiments yield the critical expo-
nents and amplitudes for the correlation length and for the sus-
ceptibility, whereas dynamic light scattering experiments can
be applied to study the dynamical critical behaviour.
In literature there are described far less corresponding exam-

inations on binary mixtures in the two-phase region than in the
one-phase region. For the three-dimensional (3d) Ising model,
renormalization group calculations predict the same values of
the critical exponents in the one- and in the two-phase region
of the phase diagram.6 This has been confirmed so far for low
molecular mixtures where light scattering experiments have
been carried out in the coexisting phases of the two-phase
region.7–10 On the other hand, to our knowledge, no systematic
light scattering experiments in the two-phase region of polymer
mixtures in real equilibrium have been published so far.
The correlation length of polymer mixtures in the two-phase
region has been measured by small-angle neutron scattering
(SANS),11 and no measurements of the dynamical critical
properties are available. An additional drawback comes from
the fact that the experiments described in11 were not carried
out in thermodynamic equilibrium of the two coexisting
phases.
Furthermore, systematic investigations of the critical com-

position fluctuations of non-critical mixtures are rare. There
are light scattering measurements of non-critical low mole-
cular mixtures9,10,12–14 but, to our knowledge, there are no
scattering experiments on polymer mixtures of non-critical

concentrations where a crossover from Ising to mean field
behaviour was observed.
Here, we report on measurements of static and dynamic

light scattering on an oligomer blend of PEG600/PPG1000
at the critical composition (yPPG,c ¼ 0.46), with a molar mass
of M ¼ 600 g mol�1 for the PEG and M ¼ 1000 g mol�1 for
the PPG and small molar mass distributions for both samples
(Mw/MN� 1.03). The degrees of polymerisation of PEG600
and PPG1000 are NPEG ¼ 14 and NPPG ¼ 18. Additionally,
a mixture of non-critical composition (yPPG ¼ 0.365) was
investigated in the homogeneous one-phase region and in the
two-phase region in both coexisting phases. To measure in
both coexisting phases separately, we had to wait typically
between one and two weeks until the phases were macroscopi-
cally separated and no further change in the scattered intensity
could be detected.
One of the aims of this work were measurements of the cor-

relation length and the diffusion coefficient in the one-phase
region and also in both coexisting phases, i.e. on the binodal
curve, at the final stage of phase separation, in order to prove
the theoretical prediction6 of identical critical exponents below
and above the critical point for a polymeric system. Therefore
the values of the critical exponents for the correlation length
and the collective diffusion coefficient were determined by the
static and dynamic light scattering data of the PEG//PPG
mixtures.
Generally one may expect a crossover from 3d-Ising to

mean field behaviour in polymer blends depending on chain
length.15,16 This crossover is governed by the Ginzburg criter-
ion.17 The Ginzburg number can be defined as the reduced
temperature where the crossover occurs (Gi� eGi ¼
|TGi�Tc|/Tc , Tc : critical temperature). For low molecular
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liquids, an Ornstein–Zernike model based on the susceptibility
leads to values of 0.01<Gi< 0.04 for the Ginzburg number18

whereas for polymer mixtures, the Ginzburg number is depen-
dent on the degree of polymerisation. For symmetric polymer
mixtures with a degree of polymerisation N, the Ginzburg
number is inversely proportional to N.15,16

In a preceding paper19 we had thoroughly investigated the
influence of hydrogen bonds on the phase diagram of PEG/
PPG mixtures. There we found clusters built by intermolecular
hydrogen bonds leading to a higher ‘‘effective molar mass ’’
and a larger ‘‘effective polydispersity ’’. The radius of gyration
Rg,cluster of this clusters measured by static and dynamic light
scattering was found to be in the order of 250 to 550 nm.
Therefore it seems very interesting to view upon that with
regard to the molar mass dependence of the Ginzburg number.
Although the low molar mass of the PEG and PPG oligomers
would lead to Ising exponents in the temperature range stu-
died, for the large ‘‘ effective molar mass ’’ of the hydrogen
bond clusters a crossover to mean field behaviour for the diffu-
sion coefficient is expected.
The paper is organised as follows: After a survey of the the-

ory for light scattering of critical mixtures (Sections II A and
B), the extension to non-critical mixtures is described in Sec-
tion II C. In Section III, a sketch of the experimental condi-
tions is given. The phase diagram of the system is shown in
Section IV A, the analysis of the static and dynamic light scat-
tering data is described in Section IV B (critical mixture) and
IV C (non-critical mixture). The paper is closed by some con-
cluding remarks.

II. Theory

A. Static light scattering

In the vicinity of the critical point of demixing, the scattered
light intensity I(q) of a critical binary polymer mixture mainly
results from fluctuations of the concentration. This intensity
I(q) is proportional to the structure factor S(q), the Fourier
transformation of the two point correlation function G(r):

SðqÞ ¼ V�1

Z
V

d3r GðrÞexpðiqrÞ; ð1Þ

where V is the scattering volume, and G(r) is given by:

GðrÞ ¼ Gðr1 � r2Þ ¼ hfðr1Þfðr2Þi � hfi2 ð2Þ

which measures the correlation between the concentration
f(r1) and f(r2) at two points r1 and r2 , f ¼ fB ¼ 1�fA ,
where A and B are the polymer species.
If qx is not too large, it is approximately correct to write an

Ornstein–Zernike form for G(r):20

GðrÞ � expð�r=xÞ
r

ð3Þ

In eqn. (3) the correlation length x is introduced. By explicitly
solving eqn. (1) with G(r) given by eqn. (3), one gets the
Ornstein–Zernike scattering law

SðqÞ ¼ Sðq ¼ 0Þð1þ q2x2Þ�1: ð4Þ

The temperature dependence of the correlation length x is
given by

x ¼ x0e�n ; ð5Þ

with the critical exponent n of the correlation length and the
reduced temperature e ¼ (T�Tc)/Tc (n ¼ 0.63 for the 3d-
Ising behaviour and 0.5 for the mean field model).
In the two-phase region the temperature dependence of x is

given by

x ¼ x�0 jej
�n� ; ð6Þ

According to renormalization group calculations for the 3d-
Ising behaviour,6 the critical exponents above and below Tc

are the same (n ¼ n�) and the relation between the critical
amplitudes is universal. The ratio between the amplitudes of
the correlation length is (x�0 /x0)Ising ¼ 0.51� 0.003.21 In the
mean field region, n ¼ n� and (x�0 /x0)mf ¼ 1/

p
2.

B. Dynamic light scattering

In a binary mixture, the central quasielastic component in the
spectrum of scattered light is caused by the diffusive decay of
concentration fluctuations. By measuring the time autocor-
relation function of the scattered light intensity, the dynamic
structure factor S(q,t) ¼ hdf(q,t) df(�q,0)i with df(q,t) ¼
f(q,t)�hfi, the decay of the order parameter df can be
obtained. For a single exponential decay of the dynamic struc-
ture factor, the decay rate G(q) is defined by

Sðq;tÞ ¼ SðqÞexpð�GðqÞtÞ ¼ SðqÞexpð�DðqÞq2tÞ; ð7Þ

where S(q) is the static structure factor and D(q) is the collec-
tive diffusion coefficient.
The measured decay rate contains, beside the critical part, a

non-critical background. This is commonly described by split-
ting D(q) into a background term Db which is assumed to be
constant, and the critical term Dc(q):

22,23 D(q) ¼ Db+Dc(q).
The expression of the critical term Dc(q) from mode cou-

pling theory is:24

DcðqÞ ¼
GcðqÞ
q2

¼ R
kBT

6pZSx
KðxÞ; ð8Þ

KðxÞ ¼ 3

4x2

h
1þ x2 þ ðx3 � x�1Þarctan x

i
;

with ZS being the shear viscosity, x ¼ qx, K(x) the Kawasaki
function, and R a universal dynamic amplitude ratio (R ¼
1.056 for T ¼ Tc

25).
Already in the hydrodynamic region (qx� 1) where most of

the data were taken, the measured diffusion coefficient D(q) is
given by Dc(q) with

lim
qx!0

Dc ¼ R
kBT

6pZx
; ð9Þ

and thus contributions of the background can be safely
neglected.1 The temperature dependence of the diffusion coeffi-
cient in the hydrodynamic limit is given by

Dc ¼ D0en�; ð10Þ

where n* is the critical exponent of the diffusion coefficient:
n* ¼ n(1+xZ), with xZ ¼ 0 for the mean field model; for the
3d-Ising model xZ ¼ 0.054 from a mode coupling approach26

and 0.065 from renormalization group theory.27 This results
in a value of n* ¼ 0.5 in the mean field case, and n* ¼
0.66426 respectively n* ¼ 0.67127 in the 3d-Ising case.
In the two-phase region, the temperature dependence of the

diffusion coefficient is given by

D ¼ D0jejn
�
� ; ð11Þ

with n�� ¼ n*.

C. Extension to non-critical mixtures

The data of the non-critical mixture are analysed by the pseu-
dospinodal concept in this paper. This concept was first used
by Benedek28 for the description of the data at non-critical iso-
chores of SF6 and was extended to non-critical binary mixtures
by Chu et al.12 The basic assumption of the pseudospinodal
concept is that the temperature dependence of the thermo-
dynamic and transport properties of a system at non-critical
isochores can be described with similar power laws as at the
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critical isochore. It is assumed that at non-critical isochores
these properties diverge at a pseudospinodal temperature
TPS . The pseudospinodal temperature TPS is an empirical
parameter and can be determined by a fit of a power law to
the data. Then, the correlation length of a non-critical mixture
is assumed to obey to the following equation:

x ¼ ~xx0
T � TPS

TPS

� ��~nn

; ð12Þ

Similar equations are valid for the dynamical properties like
for example the diffusion coefficient. It has to be noticed here
that the pseudospinodal concept is fully empirical. Without
measurements in the metastable state it is not possible to deter-
mine whether the pseudospinodal temperature is identical to
the spinodal temperature which separates the metastable from
the unstable region of the phase diagram. However, the gas-
liquid transition of one-component systems28 and the phase
behaviour of low molecular binary mixtures9,10,12–14,29,30 can
be described satisfactorily in the frame of the pseudospinodal
concept. Based on these results we have assumed this concept
to be also valid for the data on non-critical polymer blends.
This assumption is justified by the universality hypothesis of
critical phenomena which states that the results do not depend
on structural details of the materials used.
An alternative concept of data reduction for the scaling of

the correlation length is the application of parametric equa-
tions of state introduced by Schofield31 and Josephson.32 For
the parameter transformation, the knowledge of the coexis-
tence curve of the mixture is essential. Since in our case the
coexistence curves of the critical and the non-critical mixture
are different from each other (see Sec. IV A), an analysis of
the light scattering data in the frame of the model of para-
metric equations of state is not possible. Therefore the
data could only be analysed in the frame of the pseudospinodal
concept.
The description of the crossover from Ising to mean field

behaviour by the Ginzburg number Gi uses the reduced tem-
perature as a measure for the distance from the critical point.
But the reduced temperature is only a good measure for a
critical mixture in the one-phase region. For the examination
of other locations of the phase diagram (e.g. mixtures of
non-critical composition) the susceptibility or the correlation
length are more suitable parameters in order to measure the
distance from the critical point.18 For polymer mixtures, the
Ginzburg criterion for the correlation length was determined
depending on the radius of gyration Rg and the number of
the statistical segments Na as:

33

xGi ¼ Rg

ffiffiffiffiffiffi
Na

p
; ð13Þ

with Rg ¼ a(Na/6)
1/2 and a the length of a statistical segment.

With eqn. (13) and the assumption of the pseudospinodal
concept (see eqn. (12)) it is possible to describe the transition
from mean field to Ising behaviour also for non-critical mix-
tures. For all correlation lengths smaller than xGi , the mixture
shows mean field behaviour, for all correlation lengths larger
than xGi , fluctuations dominate and Ising behaviour can be
observed. This is schematically visualised in Scheme 1. On
the coexistence curve the relations n ¼ n� and x�0 /x0 ¼
0.5121 lead to a Ginzburg number Gicoex ¼ 0.51Gi (see also
Scheme 1).

III. Experimental section

A. Samples

The samples were commercial products obtained from Merck
(Darmstadt) and Aldrich Chemie (Stuttgart). Their molar

mass distribution was characterised by MALDI (matrix
assisted laser desorption ionisation) mass spectroscopy (for
polyethylene glycol: MN ¼ 577 g mol�1, Mw ¼ 598 g mol�1,
Mw/MN ¼ 1.036, for polypropylene glycol: MN ¼ 994 g
mol�1, Mw ¼ 1019 g mol�1, Mw/MN ¼ 1.025).34 The cloud
point curve was measured with a small angle light scattering
setup described before.34 The composition of the critical mix-
ture, yPPG,c ¼ 0.46 (yPPG : mass fraction of polypropylene
glycol), was determined by the criterion of equal volumes in
the vicinity of its phase separation temperature. Additionally,
the coexistence curves for the two investigated mixtures, the
critical mixture and the non-critical mixture (mass concentra-
tion of PPG: yPPG ¼ 0.365), were determined by differential
refractometry. The measurements of the coexistence curves
are described in ref. 19.

B. Light scattering experiments

Proper amounts of the polymers were filtered through Milli-
pore filters (0.2 mm) into a dust free light scattering cell. The
mixtures were prepared by weight. The homogenised sample
was put into the light scattering set-up and held on constant
temperature until no further change in the scattered light
intensity could be observed. For measurements in the two-
phase region below Tc , macroscopic phase separation had to
be reached, resulting in a typical waiting time of one week
prior to each measurement. The two coexisting phases—an
upper, PPG-rich phase and a lower, PEG-rich phase in the
light scattering cell—were measured one after another by shift-
ing the cell so that the laser beam went through the respective
measured phase. The light scattering experiments were per-
formed with a commercial photometer (ALV, Langen). The
light source was a He–Ne laser (Spectra Physics, model 127)
operating at 632.8 nm with a power of 35 mW. The sample
was measured in an angular range of 30� 	 y	 150�, with y
being the scattering angle. This corresponds to a scattering
vector range of 7.45
 10�3 nm�1	 q	 2.78
 10�2 nm�1

(q ¼ (4pn/l)sin(y/2)). The temperature was controlled within
an accuracy of �0.02 K. The incident and the scattered laser
beam were polarised perpendicular to the scattering plane
(VV geometry). The dynamic light scattering experiments were
performed with a correlator (ALV, model 5000/E) in the same
angular range as the static experiments.
In a quasielastic light scattering experiment, the desired

autocorrelation function of the scattered field g1(q,t) is related
to the measured intensity time autocorrelation function G2(q,t)
through the Siegert relation for the homodyne case:

g2ðq;tÞ � G2ðq;tÞ=hIðq;tÞi2 ¼ 1þ f a2jg1ðq;tÞj2; ð14Þ

where hI(q,t)i is the mean intensity, f is an instrumental factor,
and a is the fraction of the totally scattered intensity arising

Scheme 1
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from concentration fluctuations (a ¼ Icf(q)/I(q)). In this case,
the field correlation function g1(q,t) is identified as the concen-
tration autocorrelation function (g1(q,t) ¼ hdf(q,t)df(�q,t)i/
h|df(q,0)|2i, h|df(q,0)|2i: mean square concentration fluctua-
tions). g1(q,t) is further given by35

g1ðq;tÞ ¼
Sðq;tÞ
SðqÞ ; ð15Þ

with the dynamic structure factor S(q,t) and the static structure
factor S(q) ¼ hdf(q,0)df(�q,0)i. The decay rate G(q) of S(q,t)
as defined in eqn. (7) is identical to the Rayleigh linewidth to be
identified with the collective thermal decay rate of compo-
sition fluctuations df(q,t). In the absence of mode coupling
effects, the measured G(q) ¼ D q2 is related to the mutual diffu-
sion coefficient D as given by eqn. (7).

IV. Results and discussion

A. Phase diagram

In Fig. 1, the cloud point curve of the system PEG600/
PPG1000 is shown. The measurements are described in ref.
34. Together with the cloud point curve (triangles), the coexis-
tence curves of the two investigated mixtures, the critical mix-
ture (yPPG ¼ 0.46, solid circles) and the non-critical mixture
(yPPG ¼ 0.365, open circles) are plotted. The coexistence curves
were measured by differential refractometry (see ref. 19 where
also the coexistence curves of three additional compositions
are shown). The results for the phase diagram are interpreted
by the influence of clusters built by intermolecular hydrogen
bonds which lead to an effective polydispersity of the mixture.
The analysis of the data is described in detail in ref. 19.
To the measured coexistence curves of the critical and the

non-critical mixtures, the equation for the order parameter
(|yI–yII| ¼ B0(�e)b) was fitted, with the mass concentrations
of the demixed phases yI and yII , the reduced temperature
e ¼ (T�Tc)/Tc (where Tc is also a free fit parameter), the cri-
tical exponent of the order parameter b, and the critical ampli-
tude B0 . The fitting curves are shown in Fig. 1 together with
the measured coexistence curves. The results for the para-
meters b and B0 were b ¼ 0.357� 0.08 and B0 ¼ 0.81� 0.03
for the critical mixture and b ¼ 0.497� 0.03 and B0 ¼
1.16� 0.1 for the non-critical mixture. The critical exponent
for the coexistence curve of the critical mixture is close to
the Ising value of b ¼ 0.325.36 The critical exponent of the

non-critical mixture corresponds with the mean field value
b ¼ 0.5 within the experimental error limits.

B. Light scattering on the critical mixture

1. Correlation length. The results of the static light scatter-
ing measurements of the critical mixture in the homogeneous
state and in the two-phase region are shown in Fig. 2. The reci-
procal value of the scattered intensity is plotted as a function
of the square of the scattering vector (Ornstein–Zernike plot).
The data are well represented by straight lines. A fit of eqn. (4)
to the data yields the correlation length x of the composition
fluctuations.
In Fig. 3, the correlation length obtained from the Ornstein–

Zernike plots is represented as a function of temperature. The
value of the critical temperature Tc was obtained by fitting the
power law x ¼ x0e

�n (eqn. (5)) to the data in the one-phase
region and setting the theoretical value n ¼ 0.63 (3d-Ising
value) as a fixed value. The fit yielded a critical temperature
of Tc ¼ (51.285� 0.003) �C and a critical amplitude of x0 ¼
(0.53� 0.01) nm. The fit with the Ising value for the critical
exponent n describes the data in the one-phase region very
well. The value for x0 fits nicely to the already existing data
for x0 ¼ f (N)37 if we use N̄ ¼ p

(N1N2) ¼ 15.4. This is close
to the number of statistical segments in the PEG and PPG oli-
gomers (see below).
In the two-phase region, the equation x ¼ x�0 |e|

�n� (eqn. (6))
was fitted to the data, also with n ¼ 0.63 as a fixed value
in order to test the theoretical amplitude ratio of x�0 /x0 ¼
0.51 predicted by the Ising model.21 The results were x�0 ¼
(0.27� 0.003) nm in the PPG-rich phase and x�0 ¼ (0.29�
0.03) nm in the PEG-rich phase, leading to x�0 /x0 ¼ 0.51�
0.02 for the PPG-rich phase and x�0 /x0 ¼ 0.55� 0.07 for the

Fig. 1 Cloud point curve and phase coexistence curves of the mixture
PEG600/PPG1000. Triangles: cloud point curve,34 solid circles: phase
coexistence curve of the mixture with yPPG ¼ 0.46 (critical mixture),
open circles: phase coexistence curve of the mixture with yPPG ¼ 0.365.
The dotted lines indicate the compositions of the mixtures in the
one-phase region.

Fig. 2 Ornstein–Zernike plot of the scattered light intensity of the
critical mixture for various temperatures in the one-phase region and
in the coexisting phases (upper phase: PPG-rich phase, lower phase:
PEG-rich phase).
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PEG-rich phase. The critical temperatures from the fits in the
two-phase region were Tc ¼ (51.29� 0.03) �C in the PPG-rich
phase and Tc ¼ (51.30� 0.04) �C in the PEG-rich phase, which
agree with the value from the fit in the one-phase region within
the experimental error limits. The straight dashed, dotted, and
dashed–dotted lines in Fig. 3 depict the values for the critical
temperature from the fits.
In order to test whether the data are described better by the

mean field predictions or by the Ising model, fits with the mean
field value n ¼ 0.5 to the data in the one- and two phase region
have been also made (not shown). The corresponding fit values
were Tc ¼ (51.32� 0.01) �C and x�0 ¼ (1.15� 0.04) nm in the
one-phase region, Tc ¼ (51.28� 0.01) �C and x�0 ¼ (0.67�
0.02) nm in the PPG-rich phase, and Tc ¼ (51.28� 0.02) �C
and x�0 ¼ (0.70� 0.03) nm in the PEG-rich phase. The fitting
curves with the mean field value n ¼ 0.5 described the data
rather well but the results for the amplitude ratios x�0 /x0 from
these fits (x�0 /x0 ¼ 0.58� 0.04 for the PPG-rich phase and
x�0 /x0 ¼ 0.61� 0.05 for the PEG-rich phase) differed from
the value of the mean field theory (x�0 /x0 ¼ 1/

p
2� 0.71).

Moreover the values for Tc from the mean field fits did not
coincide for the data in the one- and two-phase region. This
allows for the conclusion that the data are described better
by the Ising model. The theoretical prediction of the Ising
model for the critical amplitude ratio x�0 /x could be confirmed
experimentally for a polymer/oligomer mixture for the first
time to our knowledge.
In a measurement of the correlation length of a polymer

mixture by neutron scattering11 where the upper and the lower
phase could not be measured separately, the measured ampli-
tude ratios differed from the theoretical Ising value by 20%
which was outside the experimental error limit. Since those
measurements averaged over the fluctuations in both phases
of the two-phase region and the assumption of a thermody-
namic equilibrium for the coexisting phases is not justified,
the results should be considered with some care.

2. Mutual diffusion coefficient. The diffusion coefficient in
the hydrodynamic region (qx< 1) is obtained from the mea-
sured Rayleigh linewidth with eqns. (8) and (9) as shown in 1:

D ffi Dc ¼
GðqÞ
q2

1

KðxÞ : ð16Þ

However, eqn. (16) is also valid for qx� 1, the mode coupling
region close to Tc . We have performed the measurements in
the region close to Tc and Fig. 4 shows the respective diffusion
coefficients for different temperatures in accordance to
eqn. (16) in an e range of 10�4< e< 10�2 (0.095	 qx	 3.15).
According to the mode coupling correction K(x), all data for
different temperatures fall on straight lines versus q2 which
allows to establish Dc(q) ¼ f (T ).
In Fig. 5, the diffusion coefficient D in the one- and two-

phase region is shown as a function of temperature. The power
law D ¼ D0e

n* (eqn. (10)) was fitted to the data in the one-
phase region by setting Tc ¼ 51.285 �C, the value obtained
by static light scattering, as a fixed value. The result of the fit-
ting procedure for the critical exponent is n* ¼ 0.70� 0.03,
which coincides with the theoretical value n* ¼ 0.67 for the
3d-Ising model within the experimental error limits. The result
for the critical amplitude is D0 ¼ (1.8� 0.3)
 10�7 cm2 s�1.
The equation D ¼ D�

0 |e|
n�� (eqn. (11)) was fitted to the data

in the two-phase region by setting Tc ¼ 51.285 �C as a fixed
value. The results for the critical exponents were n�� ¼
0.57� 0.02 for the PPG-rich phase and n�� ¼ 0.56�
0.02 for the PEG-rich phase. The critical amplitudes are

Fig. 3 Correlation length x of the concentration fluctuations of the
critical mixture as a function of temperature. The curves through
the data points represent the related fitting functions (eqn. (5) for
the one-phase region and eqn. (6) for the two-phase region) with the
Ising value of n ¼ 0.63 as a fixed parameter (dashed curve: data of
the PEG-rich phase). The straight vertical lines denote the critical tem-
perature Tc from the fitting procedures (dotted line: one-phase region,
dashed line: PPG-rich phase, dashed–dotted line: PEG-rich phase).
The inset shows the data in a log x vs. log e plot.

Fig. 4 Mutual diffusion coefficient D calculated from eqn. (16) for different temperatures in the one phase region as a function of q2.
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approximately the same in the homogeneous and decomposed
state (D0 ¼ (1.8� 0.3)
 10�7 cm2 s�1 in the one-phase region,
D�

0 ¼ (1.7� 0.1)
 10�7 cm2 in the PPG-rich phase, D�
0 ¼

(1.6� 0.1)
10�7 cm2 s�1 in the PEG-rich phase). In the inset
of Fig. 5, a log–log plot of the diffusion coefficient in the
one- and two-phase region and the corresponding fits are
shown as a function of the absolute value of the reduced
temperature e. Fits with the Ising value n* ¼ 0.67 (and Tc

as a free parameter) could not describe the data in the
two-phase region in the whole temperature range. So the cri-
tical exponents show a tendency to mean field behaviour in
the two-phase region. The results of the fits for the critical
mixture are summarised in Table 1.

C. Light scattering on the non-critical mixture

The non-critical mixture with the concentration yPPG ¼ 0.365
was measured by light scattering in a temperature region of
43.0 �C	T	 54.8 �C. The temperature of demixing TP was
determined as TP ¼ 52.80 �C.

1. Diffusion coefficient. In Fig. 6, the mutual diffusion coef-
ficient in the one-phase region and in the two coexisting phases

is shown as a function of temperature, together with the corre-
sponding fit functions. The corresponding logD vs. log e plots
to determine the scaling parameters are shown in Fig. 7. The
measured diffusion coefficients of the upper and lower phase
of the coexisting phases are usually plotted versus e ¼ (T�Tc ,
where Tc is used as the reference temperature. As shown in the
phase diagram (Fig. 1) and discussed in detail in ref. 19, due to
the broad ‘‘effective molar mass distribution’’ of the hydrogen
bond clusters the reference temperatures are different due to
the different coexistence curve related to the non-critical com-
position. For the analysis of the non-critical mixture by eqn.
(10), we therefore replaced the reference temperature Tc by
T0
c which was used as a free fit parameter for the fit of the

PEG-rich phase. The result of the three-parameter fit was a
value of T0

c ¼ 53.45 �C.
Since the volume of the PPG-rich phase (the minority phase)

was very small, the diffusion coefficient could only be measured
for TP�T > 2 K. A three-parameter fit was not possible for
the PPG-rich phase, so the value T0

c ¼ 53.45 �C from the fit
of the PEG-rich phase was taken as a fixed parameter. The cri-
tical amplitudes and exponents determined by the fits in the
two-phase region are summarised in Table 1.
The data in the one-phase region are analysed in the frame

of the pseudospinodal concept. Thus the diffusion coefficient
for the one-phase region is fitted in analogy to eqn. (12) by

D ¼ ~DD0
T � TPS

TPS

� �~nn�

: ð17Þ

The pseudospinodal temperature (TPS ¼ 52.22 �C) from the fit
is indicated in Fig. 6 and the values for ~nn* and D~ are also given
in Table 1.
As mentioned above, the diffusion coefficient of the PPG-

rich phase could only be measured for TP�T > 2 K. There-
fore the results from this fit are not very reliable. However,
the fits for the diffusion coefficient for the one- and the two-
phase region of the non-critical mixture as shown in Table 1
show a clear tendency to mean field behaviour.

2. Correlation length. Fig. 8 shows the Ornstein–Zernike
plots for the non-critical mixture in the one-phase region
(upper part of Fig. 8) and in the lower, PEG-rich phase
(lower part of Fig. 8). In the one-phase region, two processes
could be detected by static light scattering, one arising from

Fig. 5 Mutual diffusion coefficient D of the critical mixture as a function of the reduced temperature e. The curves represent the fitting functions
(eqn. (10) for the one-phase region, eqn. (11) for the two-phase region, dashed curve: PPG-rich phase). The results of the fitting procedures are:
n* ¼ 0.70, D0 ¼ 1.8
 10�7 cm2 s�1 in the one-phase region, n�� ¼ 0.57, D0 ¼ 1.7
 10�7 cm2 s�1 in the PPG-rich phase, and n�� ¼ 0.56,
D0 ¼ 1.6
 10�7 cm2 s�1 in the PEG-rich phase. In the inset, a log–log plot of the data in the one- and two-phase regions and the corresponding
fits are shown as a function of the absolute value of the reduced temperature e.

Table 1 Critical exponents and amplitudes of the correlation length

and the diffusion coefficient for the critical (yPPG ¼ 0.46) and non-

critical (yPPG ¼ 0.365) mixture. For the values in parenthesis fixed

parameters for the critical exponents were taken for the fits (see text)

n x0/nm n*
107D0/

cm2 s�1

Critical

mixture

One phase

region

0.63 0.53 0.70 1.8

PPG-rich

phase

0.56 0.43 0.57 1.7

PEG-rich

phase

0.52 0.59 0.56 1.6

Non-critical

mixture

One phase

region

(0.50) (0.48/0.55) 0.50 1.2

PPG-rich

phase

— — (0.60) (2.0)

PEG-rich

phase

(0.50) (0.83) 0.53 1.5
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concentration fluctuations, the other from clusters.19 The data
shown in the upper part of Fig. 8 are only the contribution
from concentration fluctuations. This fluctuation contribution
to the total scattered intensity Ifl was calculated by subtraction
of the scattering contribution of the clusters Icluster from
the total scattered intensity I. The details of the estimation
of Icluster are described in ref. 19.
For the non-critical mixture, the PPG-rich phase is the min-

ority phase and could not be measured close to the tempera-
ture of demixing because the volume of the phase was too
small. Measurements of the PPG-rich phase were only possible
in the temperature range 43.0 �C	T	 51.0 �C where, due to
the low scattering intensity only dynamic light scattering
measurements could be carried out (see above).
Another possibility to determine the correlation length is

to calculate it from dynamic light scattering and measured
viscosity data, using the Stokes–Einstein relation, eqn. (9):

x ¼ R
kBT

6pZDc
: ð18Þ

In Fig. 9, the correlation length in the one-phase region and in
the PEG-rich phase of the two coexisting phases is shown as a
function of temperature, together with the related fit functions.
The corresponding log x versus log e plots are shown in Fig. 10.

Fig. 6 Mutual diffusion coefficient D of the non-critical mixture in the one-phase region and in both coexisting phases as a function of tempera-
ture. The curves represent the fitting functions to the data (dashed curve: PPG-rich phase). TP is the temperature of demixing, TPS the pseudos-
pinodal temperature and T0

c the virtual critical temperature of the coexistence curve belonging to the concentration yPPG ¼ 0.365 (for an
explanation see text). The results of the fitting procedures in the two-phase region are:, T0

c ¼ 53.45 �C, n�� ¼ 0.53, D0 ¼ 1.5
 10�7 cm2 s�1 in
the PEG-rich phase and n�� ¼ 0.60, D0 ¼ 2.0
 10�7 cm2 s�1 in the PPG-rich phase.

Fig. 7 Plot of logD vs. log e of the non-critical mixture in the one-
phase (upper part) and the two-phase (lower part) region. The data
are taken from Fig. 6.

Fig. 8 Ornstein–Zernike plot of the scattered light intensity of the
non-critical mixture in the one-phase region (upper part) and in the
PEG-rich phase for selected temperatures (lower part). In the one-
phase region, the scattered intensity is corrected by subtracting the
contribution of the clusters (see ref. 19).
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The data in the one-phase region are analysed in the frame of
the pseudospinodal concept. For the one-phase region, the
data determined from the Ornstein–Zernike plot and those
from the Stokes–Einstein analysis are shown together. As
expected38 the x-values for both types of analysis coincide
within the error limits. Due to their higher accuracy only the
dynamic light scattering data were taken for further analysis.
For the correlation length in the PEG-rich phase shown

in Fig. 9 and in the lower part of Fig. 10 (open diamonds),
a description with a power law x ¼ x�0 |e|

�n� (eqn. (6) with
e ¼ (T�T0

c)/T
0
c) was possible (solid line). Because of the small

number of data points and the relatively weak dependence of
the correlation length on temperature, a three-parameter fit
was not possible, therefore the ‘‘critical temperature ’’ T0

c and
the critical exponent had to be taken as fixed values. For
T0
c, the result of the fitting of the diffusion coefficient

(T0
c ¼ 53.45 �C) was used. For the critical exponent, the mean

field value (n� ¼ 0.50) was taken because a tendency to mean

field behaviour was found for the diffusion coefficient. The
result of a fit of eqn. (6) with these values to the data of the
PEG-rich phase was a critical amplitude of x�0 ¼ (0.83� 0.03)
� 0.03) nm.
The correlation length for the one-phase region determined

by dynamic light scattering and viscosity data (solid triangles)
and by static light scattering and subtraction of the contribu-
tion of the clusters (open triangles) are shown in Fig. 9
and the upper part of Fig. 10 as a function of temperature.
The plotted line represents the fit function x ¼ x0e

�n, with
e ¼ (T�TPS)/TPS (eqn. (12)), with the values for the pseudo-
spinodal temperature and the critical exponent (TPS ¼
52.22 �C, ~nn ¼ 0.50) obtained by dynamic light scattering.
From this fitting procedure, the values ~xx0 ¼ (0.48� 0.04) nm
(Stokes–Einstein analysis using dynamic light scattering and
viscosity data) and ~xx0 ¼ (0.55� 0.05) nm (Ornstein–Zernike
analysis: static light scattering data after subtraction of the
cluster contribution) were determined for the critical ampli-
tude. The critical exponents and amplitudes for the correlation
length are also summarised in Table 1.

D. Critical fluctuations and hydrogen bond clusters

1. Ginzburg number and hydrogen bond clusters. After an
analysis of the static and dynamic light scattering data for both
critical and non-critical mixture (in the one-phase region and
in the coexisting phases of the two-phase region) the question
arises how the clusters formed by hydrogen bonds influence
the critical behaviour of the mixture. As discussed already in
the introduction and in Section II C the Ginzburg number
Gi is a measure for the reduced temperature e where the cross-
over from Ising (e ¼ (T�Tc)/Tc<Gi) to mean field behaviour
(e ¼ (T�Tc)/Tc > Gi) occurs. For mixtures of samples with
low molecular mass Gi is in the order of 0.01 to 0.04,18 whereas
for mixtures of high molecular mass polymers Gi is predicted
to be inversely proportional to the number of statistical seg-
ments (Giffi 1/Na). This is schematically shown in Scheme 2
where the curve e(Na) ¼ Gi(Na) divides the e�Na plane into
an upper region, where the mean field theory describes the cri-
tical behaviour, and a lower region, where the Ising exponents
are expected to fit to the data.
For a fixed reduced temperature distance to the critical tem-

perature (e ¼ constant) an increase of the degree of polymeri-
sation can therefore result in a crossover from Ising to mean
field behaviour (see horizontal arrow in Scheme 2). Following
this idea, one can expect that an increase of the ‘‘ effective
molar mass ’’ due to the formation of intermolecular hydrogen
bonds can lead to mean field exponents although Na of the

Fig. 9 Correlation length x of the concentration fluctuations as a
function of temperature for the non-critical composition in the one-
phase region (N,/) and in the PEG-rich phase of the two-phase region
(˙). The open triangles refer to the Ornstein–Zernike analysis whereas
the filled triangles refer to the Stokes–Einstein analysis. The values of
the pseudospinodal temperature and the ‘‘critical ’’ temperature
(TPS ¼ 52.22 �C, T0

c ¼ 53.45 �C) and the critical exponents (n ¼ n� ¼
0.50) are determined by dynamic light scattering. The fits to the data
points of the non-critical composition with these values (solid lines)
yield x0 ¼ 0.48 nm in the one-phase region and x�0 ¼ 0.84 nm in the
PEG-rich phase as results for the critical amplitudes.

Fig. 10 Log–log plot of the correlation length of the non-critical mix-
ture in the one-phase region (upper part) and two-phase region (lower
part) as a function of the reduced temperature. The data are taken
from Fig. 9. Scheme 2
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oligomers would suggest an Ising type of behaviour. In order
to test this expectation we calculated the Ginzburg numbers
for the PPG/PEG mixture using (i) the molar mass of the oli-
gomers and (ii) the molar mass of the hydrogen bond clusters.
The number of statistical segments of PEG and PPG oligo-

mers can be calculated by using the average molar mass mea-
sured by MALDI (see Sec. III A), the length of the statistical
segments and the characteristic ratio c1 given by Aharoni39 to
be Na,PEG ¼ 25 and Na,PPG ¼ 29 for PEG and PPG, respec-
tively. With Giffi 1/Na , this yields a Ginzburg number Gi ¼
0.037 for a mixture of equal portions of PEG and PPG which
leads to TGi�Tc� 12 K. An alternative calculation of the
Ginzburg number is to use the relations xGi ¼ Rg(N̄a)

1/2 and
xGi ¼ x0e�n

Gi (x0 and n are taken from the fit of eqn. (19)) which
yields eGi ¼ Gi ¼ 0.031 and TGi�T� 10 K. Rg and N̄a are
again calculated using the values from reference.39 Following
the prediction of the renormalization group theory21 the Ginz-
burg number for the cexistence curve is Gicoex ¼ 0.51Gi which
yields |TGi,coex�Tc|ffi 5.1 K.
For the hydrogen bond clusters measured by light scatter-

ing19 the radius of gyration of the clusters Rg,cluster was found
to be in the order of 250 to 550 nm. Assuming a statistical coil
for the form of the clusters, with Rg,cluster ¼ a(Na,cluster/6)

1/2

(Rg,cluster : radius of gyration of the clusters, a: length of a sta-
tistical segment, Na : number of the statistical segments) and
Giffi 1/Na,Cluster a value of Gi� 2
 10�7 can then be estimated
by assuming 100% clusters in the mixture. This yields a tem-
perature distance TGi�Tc for the crossover which is much
smaller than 0.01 mK. However, this estimation is not realistic
since the clusters were only detected in the PPG-rich phase and
not all oligomers are expected to belong to the clusters.40 From
the shift of the critical molar mass for entanglements due to
hydrogen bond clusters in PPG melts as discussed in40 one
can conclude that the ‘‘effective molar mass ’’ for hydrogen
bond clusters formed by PPG oligomers is by a factor of about
5 larger than the molar mass of the oligomers which would
yield to a Ginzburg number Gi� 0.01 and TGi�Tc� 3 K. This
would decrease the temperature region were the Ising model is
valid from about TGi�Tc� 10 K for assuming free oligomers
to TGi�Tc< 3 K for the hydrogen bond clusters.
The situation for the assumption of hydrogen bond clusters

is visualized schematically in the phase diagram in Fig. 11.
The hatched area represents the ‘‘ Ising region ’’ in the one
phase region by assuming hydrogen bond clusters. The corres-
ponding ‘‘ Ising region’’ of the coexistence curve for the critical

mixture is indicated by the solid line on the coexistence curve
(region where |TGi,coex�Tc|< 0.51Gi). The location of the
hatched area is justified by two findings: (i) the critical mixture
in the one-phase region exhibits only Ising behaviour whereas
(ii) the data of the non-critical mixture in the one-phase region
suggests mean field type of behaviour (Table 1).
Additional support for the tendency to mean-field type of

behaviour comes from the analysis of the critical exponents
in the two-phase region (see also Table 1). All values for n
and n* show a tendency towards the mean-field value of 0.5
and are undoubtedly different from the Ising values within
the error limits. The critical exponents for the coexistence
curves (see Section IV A) suggest a broad crossover region
which is probably due to the large ‘‘effective molar mass distri-
bution ’’ of the clusters as predicted in 40. From that we con-
clude that the Ising region suggested in Fig. 11 is rather an
upper estimation.

V. Conclusion

In this study, we have performed light scattering experiments
in a critical and a non-critical mixture of PPG and PEG oligo-
mers. The dynamic and static light scattering experiments were
performed in the one phase region as well as in the PPG-rich
and PEG-rich phase of the two-phase region (coexisting
phases). From the temperature dependence of the correlation
length x and the diffusion coefficient D the critical amplitudes
and exponents were determined. The main results from those
experiments are the following:
(i) The formation of intermolecular hydrogen bond struc-

tures leads to an increase of the effective molar mass and its
distribution, which is responsible for the phase behaviour of
the ‘‘pseudo-binary mixture ’’. These hydrogen bond clusters
influence the critical behaviour in a similar way as known from
polymers with high molar mass, i.e. the temperature and com-
position region near the critical point where the critical expo-
nents and amplitudes can be described by the 3d-Ising model
is much smaller than that for binary mixtures of low molar
mass samples.
(ii) Due to the relatively low viscosity of the PEG/PPG

blend it was possible to achieve a thermodynamic equilibrium
for the coexisting phases after one to two weeks. This allows to
measure x and D separately for the PEG-rich and the PPG-rich
phase. By comparing the critical amplitudes for the one phase
region (x0) and for the two phase region (x0,PEG

� and x0,PPG
�)

the prediction for the amplitude ratio of x�0 /x0 ¼ 0.51 (Ising
model) was confirmed for the first time for a polymer/oligo-
mer mixture.
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