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Scattering

Erik Nies,*"* Aissa Ramzi,”® Hugo Berghmans,* Ting Li,!
Richard K. Heenan,” and Stephen M. King"

Laboratory of Polymer Technology, Eindhoven University of Technology, P.O.Box 513,

5600MB Eindhoven, The Netherlands, Polymer Research Division, Department of Chemistry,
Katholieke Universiteit Leuven, Celestijnenlaan 200F, B-3001 Heverlee, Belgium, State Key Laboratory
of Polymer Physics & Chemistry, Center for Molecular Science, Institute of Chemistry,

Chinese Academy of Sciences, Zhongguancun, Beijing 100080, Peoples’ Republic of China, and

ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, U.K.

Received July 15, 2004; Revised Manuscript Received October 29, 2004

ABSTRACT: Small-angle neutron scattering measurements are presented as a function of temperature
and composition for homogeneous mixtures of poly(methyl vinyl ether) and D2O. The experimental data
are analyzed to give values of the second-order compositional derivative of the Gibbs energy and the
Ornstein—Zernike correlation length. From the experimental data the LCST spinodal temperatures are
estimated and values for the parameters in a temperature- and composition-dependent extended Flory—
Huggins (F—H) interaction function are determined. Using the extended interaction function the predicted
miscibility behavior is in qualitative agreement with the experimental data, and importantly, the
remarkable bimodal phase behavior is predicted. In the composition interval 0.75 < wpyme < 0.85 the
Ornstein—Zernike correlation lengths follow the mean field sum rule, i.e., & ~ [(0?AG/(NET))/3¢2*171.
However, in the composition range 0.1 < wpymg < 0.7 the correlation lengths are still proportional to the
second-order compositional derivative of the Gibbs energy but the data cluster on separate power laws
with distinct exponents. Finally, the experimental data do not support the existence of a stable molecular
complex at the investigated temperatures and compositions. Even at the lowest investigated temperature
the energy required to induce typical Ornstein—Zernike-like concentration fluctuations is smaller than
the thermal energy. Therefore, in the investigated temperature interval it must be concluded that the
strength of the specific interactions between D;O and PVME is too weak to speak about complex formation.

Introduction

Aqueous polymer solutions frequently show the oc-
currence of LCST and closed loop phase behavior. This
is not really surprising as it is characteristic of polymer
solutions that exhibit hydrogen bonding.!~5 Representa-
tive examples are aqueous solutions of poly(ethylene
oxide),% poly(N-vinylpyrollidone),” poly(N-vinyl capro-
lactam),® and poly(vinyl alcohol)® to name a few. In these
polymer solutions and small molecule mixtures alike
orientation-dependent or saturation interactions play a
key factor in the occurrence of LCST and closed loop
phase behavior and lead to flat and wide LCST miscibil-
ity gaps encompassing the largest part of the composi-
tion range, certainly in comparison with UCST behavior
but also in comparison with LCST behavior arising
from, e.g., compressibility effects.10-13

Aqueous solutions of PVME are in this respect not
special or remarkable and exhibit a wide LCST misci-
bility gap nearly covering the full composition range (see
Figure 6b for the complete phase diagram).!%1> How-
ever, unusual for the LCST phase behavior in PVME/
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D20 and PVME/H,0 is the bimodality of the liquid—
liquid (L—L) miscibility gap*16 with two stable critical
points.!” The stable critical condition in the dilute or
semidilute regime of polymer composition is governed
by the combinatorial entropy contribution to the Gibbs
energy and changes with molar mass as expected from
the classic Flory—Huggins theory and other more
advanced theories available in the literature.'® 21 The
second stable critical point at high polymer concentra-
tions practically does not change with molar mass,
yielding—in the limit of infinite chain length—a nonzero
limiting critical concentration.!” More recently an in-
dication of a bimodal LCST spinodal in poly(ethylene
oxide)/D2O has been reported.?2 Although not com-
mented on by the authors, the experimental spinodal
curve extrapolated from SANS data shows a bimodal
shape just as in the case of PVME/H20 and PVME/D>O
discussed in this article.

Apart from the high-temperature phase behavior,
aqueous polymer solutions also have been investigated
at temperatures below the normal freezing point of
water.23727 In several systems it is found that water
ceases to crystallize at sufficiently high polymer con-
centration. For instance, in aqueous solutions of poly-
(N-vinyl pyrrolidone) this is probably merely an effect
of vitrification of the highly concentrated and viscous
polymer solutions before crystallization of water can
occur.?%:24 However, in aqueous mixtures of PVME this
is not necessarily the case since the glass-transition
temperature of PVME is quite low (T ca. —30 °C) and
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vitrification probably plays no role for the compositions
and temperatures at which crystallization is stopped.25-26
In these non-crystallizable solutions it is assumed that
a polymer/solvent complex is formed in which water
molecules are bound to the polymer chain. Depending
on the investigated property, polymer/water complexes
containing 2—5 molecules of water have been sug-
gested.25.28.29

The complexity of the phase behavior puts a challenge
to its molecular understanding and theoretical descrip-
tion and prediction. One possible approach is to incor-
porate the specific interactions in the theoretical de-
scription as is done in the statistical association fluid
theory3? or the theoretical approaches of, e.g., Wer-
theim,3! Dormidontova,® and Veytsman.32 In another
approach, taken in this article, emphasis is put on the
experimental (thermodynamical) observations and semi-
phenomenological modeling of the complicated behavior
with a (limited) set of fitting parameters.?3:3¢ In this
phenomenological approach one can start from, e.g., the
simple theoretical thermodynamic expression of Flory
and Huggins for the Gibbs free energy amended with a
semiempirical temperature- and composition-dependent
Flory—Huggins (FH) interaction parameter that is
capable of describing the relevant aspects of the ob-
served thermodynamic behavior. For instance, the
semiphenomenological approach served as a starting
point to catalog different forms of complex LCST phase
behavior according to Types 1, 2, and 3.17 ‘Type 1’ is the
classical Flory—Huggins behavior for which the L—L
critical composition shifts to lower polymer concentra-
tions with increasing polymer molar mass. ‘Type 2’
demixing behavior stands for liquid—liquid demixing
behavior with critical composition that hardly changes
with polymer molar mass and remains nonzero, even
for infinite molar mass. “Type 3’ behavior concerns
bimodal L—L demixing behavior with two stable critical
points, one at low polymer concentration with a classic
Type 1 FH behavior and a second one at high polymer
concentration as for Type 2 behavior.l” Although this
phenomenological approach provides no real insight in
the underlying molecular interactions and mechanisms
responsible for the observed thermodynamic behavior,
it certainly makes it possible to predict, for instance,
the behavior of polymer networks and gels in terms of
the behavior of the corresponding linear polymer.1* A
drawback of this semiphenomenological approach is that
a rather large number of phenomenological parameters
is required in the temperature- and composition-de-
pendent interaction parameter, especially to model the
complicated bimodal phase behavior. In practice, the
parameters are derived from the measured phase
behavior such as cloud point data, spinodal data, or
melting point data. This complicates the estimation of
the parameters in the model as the thermodynamic
variables are coupled in transition points. To estimate
the phenomenological parameters it would be preferable
to have experimental data available in which the
thermodynamic variables pressure, temperature, and
composition can be varied independently. Light, X-ray,
and neutron scattering experiments allow us to perform
such measurements in the homogeneous region of the
phase diagram since the scattering cross-section mea-
sured in a scattering experiment is directly proportional
to the second-order compositional derivative of the Gibbs
energy of the system.3536 Light scattering and X-ray
scattering are in this case less suited: the contrast for
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X-rays is quite low in the system PVME/water or PVME/
D90, and the preparation of highly viscous polymer
mixtures of sufficient optical quality for light scattering
is far from trivial.

In this article we report SANS measurements cover-
ing the whole composition range in the homogeneous
part of the phase diagram, bounded by the LCST at high
temperature and the crystallization/melting of D3O at
low temperature (see Figure 6b). A few SANS studies
on the properties of the homogeneous bulk system
PVME/D2O have appeared in the literature.3738 The
authors focused on semidilute solutions of PVME in DO
and methanol—DyO mixtures in the poor solvent regime.
Moreover, in two SANS studies of PVME/D;O the
composition and properties of the structure of PVME
layers adsorbed at the water/air interface and the effect
of the addition of PVME and salts on the structure and
the tactoid-to-gel phase transition temperature of the
clay N-butylammonium vermiculite were addressed.3%40

The SANS data collected in this investigation serve
to provide values for the polynomial coefficients in a
semiphenomenological Flory—Huggins (FH) interaction
parameter depending on temperature and composition.
With this extended FH interaction parameter the LCST
phase behavior is predicted using the parameter values
derived from the SANS data. Apart from this thermo-
dynamic use the data give us the opportunity to shed
further light on the issue of polymer/solvent complex
formation.

In the next section chemicals and experimental
techniques are described. In the theoretical section the
relationship between SANS scattering cross-sections,
concentration fluctuation theory, and thermodynamic
properties is briefly highlighted. These relationships are
then specified in a Flory—Huggins expression for the
Gibbs energy, amended with a composition- and tem-
perature-dependent interaction parameter. The results
of the current investigation are presented and discussed
in the Results and Discussion, and finally some conclu-
sions and suggestions for further research are presented
in the Conclusions and Outlook.

Experimental Section

Materials and Mixtures Preparation. Poly(vinyl methyl
ether) (PVME, (CH,CHOCHj;),) dissolved in water (mass
fraction of PVME, wpyme = 0.5) was purchased from Sigma-
Aldrich. The mixture was diluted to wpyme = 0.3 and heated
to ca. 50 °C to induce liquid—liquid phase separation. The
phase lean in polymer was removed, and the phase rich in
polymer was further dried at 60 °C under vacuum for 2 days.
The dried PVME was used in the further preparation of binary
polymer mixtures either with D20 and toluene-ds. Deuterium
oxide (D20O) (purity 99.95%) and deuterated toluene-ds (C¢Ds5-
CDg, purity 99.5%) purchased from Merck are used without
further purification.

In the composition range 0.1 < wpmve < 0.85 mixtures of
PVME and D;O are prepared by adding appropriate amounts
of polymer and solvent. Mixture compositions are expressed
in PVME mass fraction wpyme. These mixtures were allowed
to homogenize at room temperatures in closed recipients for
periods up to 2 months for the highest polymer concentrations.
Regularly the mixtures were mechanically mixed in the
recipient. We do not consider higher concentrations wpyme >
0.85 in this study because samples of very good quality could
not be prepared (some air bubbles were unavoidable).

Dilute solutions of PVME in D,O and toluene-ds (wpvme =
0.001 and 0.005) were prepared by mixing appropriate amounts
of polymer and solvent.

Small-Angle Neutron Scattering (SANS) Measure-
ments. Small-angle neutron scattering (SANS) experiments
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were performed on the LOQ instrument at the ISIS pulsed
neutron source, Rutherford Appleton Laboratory, Didcot,
U.K.*! The range of wavelengths used was 2.2 < 1 < 10 at 25
Hz, corresponding to the range 0.006 < ¢ < 1.49 A7l in
scattering vector amplitude ¢ = 47 sin(6/2)/A. The beam size
at the sample position was 10 mm. Scattering intensities were
collected on two 2D detectors. Details about the detectors can
be found elsewhere.*! The two detectors have slightly different
g-resolution, and because the high-angle detector cannot be
placed in the path of the transmitted beam, it is not possible
to compensate for what it records for differences in detection
efficiency to the same precision (particularly with samples that
contain more hydrogen). These two factors manifest them-
selves in the SANS data presented here as a change in the
spacing of the data points and a slight mismatch in incoherent
baseline level, respectively.

The raw scattering data were treated according to standard
reduction procedures using the ‘COLETTE’ program developed
at ISIS.#2 Overhead runs consisting of the empty cell and
transmission runs of the empty and filled cell were also
performed. As expected, in the limited temperature interval
studied the transmissions of the samples do not vary noticeably
with temperature within experimental accuracy and the
transmission measurement time (about 7 min). Therefore, the
transmission of each sample composition was only measured
at room temperature and used in the data reduction for all
temperatures. Raw data were divided by the sample thickness
and the measured transmission and corrected for detector
efficiency. The scattering cross-sections were obtained by
circularly averaging the isotropic scattering datasets. Subse-
quently, the corrected scattering cross-section recorded from
the empty sample cuvette was subtracted from the scattering
data. To convert the data to absolute cross-sections, expressed
in em™!, the scattered intensities were multiplied by a prede-
termined calibration factor. Details are discussed elsewhere.*!

Samples were contained in quartz glass cells (purchased
from Starna and Hellma). Dilute solutions were placed in
closed cells of 2 mm path length, closed with a Teflon stopper.
The highly viscous concentrated mixtures were placed in
demountable but sealed cells with a 1 mm path length to
reduce incoherent scattering effects from hydrogen atoms.
SANS measurements were performed as a function of mixture
composition and temperature. The exposure time at each
temperature was 1 h, and after attaining a new measuring
temperature an equilibration time of ca. 20 min was taken
into account.

Theoretical Section

Scattering Cross-Sections Due to Concentration
Fluctuations. Here we interpret the experimental
scattering cross-sections according to the concentration
fluctuation theory initiated by Smoluchowski,*? Ein-
stein,** and Debye.?> The recorded absolute scattering
cross-sections of the samples contain an incoherent
contribution carrying no structural information and
coherent contributions due to density fluctuations and
concentration fluctuations. The pure hydrogenated PVME
in particular has considerable incoherent and, most
likely, inelastic scattering contributions. To obtain the
scattering related to the concentration fluctuations in
binary mixtures of solvent and polymer (PVME), the
incoherent scattering largely caused by the hydroge-
nated material and the coherent scattering caused by
density fluctuations is removed from the measured
signal by subtracting the scattering of the pure compo-
nents in the appropriate volume ratio*

do
d)solventm(q)

do )| o _
@(Q) B BQ(q) total

conc solvent

(D

PVME

0o
¢PVME8_Q(Q )
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where 00/0Q(q)|x is the absolute coherent scattering
cross-section due to concentration fluctuations (X =
conc), the total scattering cross-section (X = total), the
total scattering cross-section of the solvent (X = D20 or
toluene-dg) and of PVME (X = PVME) and ¢; is the
volume fraction of component i in the mixture.

Of course, in practice, the subtraction in eq 1 will not
be perfect due to experimental uncertainties in the
scattered intensities and in the volume fractions and a
residual background signal may remain; hence, the
experimental scattering cross-section is presented by

0o

_ o
@ Q) conc,exp N aQ(q) +B )

conc

with B being a (small) residual g-independent back-
ground intensity.

The volume fractions of the mixture components are
calculated from the mass fraction and the assumption
that mixing is not accompanied by volume changes (see
Supporting Information).

Scattering Cross-Section from Concentration
Fluctuation Theory. The absolute scattering cross-
section due to concentration fluctuations in a binary

mixture is according to the fluctuation theory given
by?5:36.45

*AG/NET)\ ™!
39 g =0) , 2
8_0‘( ) _ Q2 q cone _ iz 3452 (3)
0Q conc 1+ (gq)2) VO 1+ (SQ)z)

with 90/0Q(q = 0)|conc being the scattering cross-section
in the forward direction and & the correlation length [A],
b = Vy(b1/V1 — bo/Vy) the contrast factor, V the volume
of the unit cell, V; (V3) the volume of a molecule of the
solvent (component 1) (polymer, component 2), b1 (bs)
the neutron scattering length of species 1 (2), AG/N the
free enthalpy of mixing per unit cell, N the number of
unit cells, £ Boltzmann’s constant, and T the absolute
temperature.

The neutron scattering length, by, of a molecule M
consisting of atoms of type i is readily calculated
from36:46

by =Y, (4)

where b; is the neutron scattering length of an atom of
type i taken from the literature.*® For polymer chains
it is only necessary to calculate by for one repeat unit.
The scattering length densities of PVME, toluene-dsg,
and D9O are summarized in the Supporting Informa-
tion.

The compositional curvature is also related to the
average amplitude of thermal composition fluctuations
in the mixture, which for a binary mixture becomes*’~4?

A, = 5)

PAG/NET)| ™
apy”

Finally, for sufficiently dilute solutions of a polydisperse
polymer the scattering arises from isolated polymer
chains. In this case a plot of

Mw2
2| =i 4B
(1 + E2g%3)

(6)

conc,exp
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Table 1. Estimated Residual Background, B, Molar Mass, and Radius of Gyration of PVME in D20 and Toluene-ds.
Results in the Last Column Are Obtained Assuming that a Complex between PVME and D20 Is Formed Containing Two
D20 Molecules Per Repeating Unit of the Polymer

PVME/D>O PVME/toluene-ds PVME-(D20)2/D2O
90/0Q(q = 0)/¢pymE (cm™1) 124 + 6 104 £ 6 123.7+ 6
M, (kg mol™1) 21+ 2 23.0+2 59+ 3
B (cm™) —0.01 £0.2 —0.0007 £ 0.0002
no. of repeating units 362 + 26 396 + 34 601 + 31
/gzg (nm) 134 +£0.5 13.0 £ 0.5 134+0.5
& (nm) 445+ 0.2 4.33+0.2 4.45+0.2

should give rise to a universal curve independent of
concentration from which the weight-average molar
mass, My, and the z-average square radius of gyration,
[32[J, can be determined.

Spinodal Conditions and Scattered Intensity. At
the stability limit or spinodal condition the curvature
of the Gibbs energy becomes zero.?® Without making
reference to any (molecular) theory for the Gibbs energy
of mixing and ignoring the gradient energy contribution
and nonclassical behavior, which both only become
important close to the stability limit,?® a mean field
estimate of the spinodal temperature at a particular
composition can be determined from the extrapolation
as a function of the temperature or inverse temperature
of RZ[AG/(INET)]/d¢22 or the inverse of the forward
scattering cross-sections (36/0Q(q = 0)|conc) ! to zero
value.

Amended Flory—Huggins Gibbs Free Energy of
Mixing Expression. Further information about the
thermodynamics can be obtained when we use a specific
theoretical model for the Gibbs energy. Here we will
adopt the classic Flory—Huggins lattice theory expres-
sion for the Gibbs energy amended with an interaction
function dependent on temperature and mixture com-
position.17:50

The main equation of this theory describes the free
enthalpy of mixing per lattice site (unit cell) of two
monodisperse components as follows

AG ? _
W = 3_11n ¢1 + 8—2111 ¢2 + F(¢2,T) =

i g0+ 2 4, + dibug(dnT) (D
S1 Sa

with ¢o(¢1) being the volume fraction of polymer (sol-
vent), se (s1) the relative chain length or number of unit
lattice cells taken by a molecule of component 2 (1), I'-
(¢2,T) the Flory Huggins interaction function, and
g(po,T), the extended F—H interaction parameter de-
fined by the second equality assumed to be a polynomial
in concentration and temperature. The relative chain
lengths s; in eq 7 are calculated from s; = M;/p;V;N4 with
being M; the molar mass, p; the density of component i,
V; the volume of a lattice unit cell, and Ny Avogadro’s
number.

From the analysis of the experimental results pre-
sented below it turned out that at least a cubic polyno-
mial function was needed to get an acceptable fit of the
data

Imax=3

8(gy,T) = !Z) gl(T)¢2l (8a)

In eq 8a the different coefficients g; depend only on

temperature. A typical temperature dependence capable
of describing a large temperature domain is®°

8n
8 =8pot T + 81T (8b)

where g0, g1, and g2 are constants.

At higher polymer compositions the full expression
resulting from combining eqs 3, 7, and 8 must be used
in the evaluation. In this case the experimental scat-
tering cross-sections for concentration fluctuations make
it possible to determine the coefficients in the extended
Flory—Huggins interaction parameter function defined
in eq 8.

Results and Discussion

Molar Mass and Radius of Gyration of PVME.
The pure components PVME, D20, and toluene-ds as
well as dilute solutions of PVME in D3O and toluene-
dg (wpyme = 0.001 and wpymg = 0.005, respectively) were
measured at 20 °C. The absolute scattering cross-
sections of dilute solutions of PVME in DsO and in
toluene-dg normalized to the polymer volume fraction
were analyzed according to eq 6 to determine M, and
[32[J. The forward scattering cross-sections and the
correlation lengths lead to values of My, [320J, and B
which are summarized in Table 1 together with their
estimated accuracy from the uncertainties in the scat-
tering cross-sections. The values of My, and [32[J in D20
and toluene-dg are equal within experimental error.

Dilute Solutions and Complex Formation. The
formation of molecular complexes between PVME and
D50 has been discussed on several occasions in the
literature. The number of water molecules per PVME
repeating unit in the molecular complex varies from 2
to ca. 5 depending on the literature source and on the
experimental method used to investigate complex
formation.25-29 For example, from IR data Maeda et al.
concluded that depending on the mixture composition,
complexes containing 2.7 or 5 water molecules are
formed.2’=29 On the other hand, from the course of the
melting point of water with polymer concentration a
molecular complex of 2H50 (D20) molecules per PVME
repeating unit has been proposed by Meeussen et al.?>
This molecular complex P(VME/(H30)2) was assumed
to remain stable as long as the nucleation of water does
not occur.?6 In the case that the water molecules are
strongly bonded to the PVME backbone, the complexed
molecule can be considered as a new component with
its proper density, molar mass, and scattering length.
If we assume that two molecules of D2O are complexed
with a PVME repeating unit, the molar mass of this unit
is Mcomplex = (2 X MDgO + MPVME,repeating unit) = 98.134
g-mol~1. An estimate of the molar volume of the complex
can be made based on the additivity of the PVME and
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Figure 1. Plot of the scattering cross-section 90/0Q(q)|x and
estimated experimental uncertainties vs g for PVME/D;O
wpyme = 0.10. The solid lines connecting the data points are
to guide the eye. Plots of the pure components D2O and PVME
90/0Q(q)|p20 (O), 90/3R2(q)|pvme (2); plot of the mixture data do/
0Q2(Q)|totar (O), and plot of the scattering cross-section for
concentration fluctuations according to eq 1 90/3€(q)|conc.exp (@)-

D20 volumes: Veomplex = (2 X MD,0/pD,0 + Moy repeating
wit/ ppyME) = 92.79 em3-mol~1. The density of the complex
is then Meomplex/Veomplex = 1.0576 grem™3.

These data together with the scattering lengths of
D20 and PVME were used to calculate the scattering
length density of the complex. Finally, from the forward
scattering cross-section the molar mass of the complex
and the number of repeating units [VME/(H30)q] in the
chain are calculated; these results are collected in the
last column of Table 1. The assumption that a stable
complex is formed that can be treated as a proper
component leads to a molar mass of the PVME polymer
much larger than the molar mass derived from the
direct measurement in toluene-dg where certainly no
complex is formed. Furthermore, agreement between
the experimental data for PVME in D2O and toluene-
dg treated as normal solutions indicates that surely no
strong complex is formed between PVME and DyO.
Hence, for the conditions of the SANS measurements,
i.e., in dilute solutions at 20 °C, the experimental data
do not support the existence of a stable molecular
complex. Further discussion of complex formation in the
concentrated mixtures is given below.

Concentrated Mixtures of PVME/DyO. Experi-
mental SANS Scattering Cross-Sections. Eight composi-
tions of PVME in D20 covering the whole concentration
range 0.1 < wpyme < 0.85 were measured at different
temperatures ranging from 9 to 35 °C. All experimental
scattering data were analyzed using the Ornstein—
Zernike (OZ) equation (eq 3), and the forward-scattered
intensity 90/0Q(q = 0)|conc, the correlation length, and
the residual background B were determined at each
composition and temperature. The numerical values of
the fitting parameters for all compositions and temper-
atures are provided as Supporting Information ac-
companying this paper. In Figure 1 a typical example
is presented of the total scattering cross-sections of pure
components (PVME and D90) and mixtures (PVME/
D20) and the calculated cross-section due to concentra-
tion fluctuations for a mixture with wpymeg = 0.1. The
results of wpymg = 0.1 are representative for the
mixtures in the composition range 0 < wpyme < 0.7. In
this composition interval the subtraction procedure to
obtain the cross-section due to concentration fluctua-
tions is quite reliable: the residual background intensity
derived from fitting the data is 2—3 orders of magnitude
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Figure 2. Plot of 3[AG/(NET)/9¢s? vs T at given mixture
composition. The extrapolated temperature at 3?[AG/(NET)]/
d¢9? = 0 is the spinodal temperature Tsyin. The error bars are
often smaller than the size of the symbols and are not shown.
(a) wpvme = 0.80, W; wpyme = 0.70, @; wpyme = 0.10, O; wpvME
= 0.20, O; wpymME = 0.30, A and (b) WPVME — 0.60, A; WPVME =
0.50, O; wpyme = 0.40, W.

smaller than the maximal scattering cross-section and
the scattering cross-sections decay to zero as expected
from the OZ theory for concentration fluctuations. For
concentrations in the interval 0.7 < wpyme < 0.85 the
subtraction procedure is not always perfect as in a few
cases larger residual background intensity remains.
Nevertheless, in practically all cases the values of the
background B are still acceptable (<5% of the forward
scattering intensity).

Spinodal Conditions. Independent of any (molec-
ular) model for the Gibbs energy (of mixing) the spinodal
temperatures can be determined from the forward
scattering cross-sections. For each concentration the
values of 32[AG/(INET)1/d¢p2? (or (30/9Q(q = 0)|cone) L) are
plotted versus T as presented in Figure 2. (The alterna-
tive procedure consists of plotting 2[AG/(NET)]/d¢2? (30!
0Q(q = 0)|cone)™ 1) versus T1; in the investigated tem-
perature interval no preference for the T or 7!
dependence was found.) Extrapolating the inverse of the
forward scattering cross-section to zero yields the mean
field estimated spinodal temperature (see Figure 2). All
values for the spinodal temperature as a function
mixture composition are collected in Table 2. The
spinodal data are also presented in Figure 5b. In this
figure the experimental data are compared to the
calculated spinodal curve, obtained from the Flory—
Huggins expression, eqs 7 and 8, which is discussed
below.

Flory—Huggins Interaction Function. In a fur-
ther analysis the free enthalpy of mixing expression of
the Flory—Huggins (FH) theory, eq 7, was used in
conjunction with a cubic dependence on the composition
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Table 2. Spinodal Temperatures, Tgpin, Determined from
Extrapolation of [02AG/(NET)1/5¢2> vs T to 0 as a Function
of the Mixture Composition

estimated estimated
wpvME Tspin/K  uncertainty/K wpyvme Tspin/K uncertainty/K
0.1 306.25 0.03 0.5 305.15 0.02
0.2 307.35 0.07 0.6 302.8 0.1
0.3  308.32 0.06 0.7 298.47 0.04
0.4  304.37 0.05 0.8 305.2 0.3

Table 3. Values of the Parameters in the Composition-
and Temperature-Dependent Interaction Parameter
Given by Eq 8 Obtained from the Compositional
Curvature of the Gibbs Energy Derived from the
Forward Scattering Cross-Sections®

value estimated value estimated
8ij ineq8 uncertainty g ineq8 uncertainty
goo —0.1039 0.0014 820 —0.3454 0.0003
gor  0.00328 K™ 0.000005 K™! g5;  0.00053 K- 0.00003 K1
g1 —0.131 0.003 gs0  3.242 0.008
g 0.00219 K~! 0.00001 K™! g3; —0.00830 K~! 0.00003 K1

@ The parameter values have been obtained from a fit of the
available experimental data excluding the data for which the
residual background intensity is larger than 5% of the determined
forward scattering cross-section.

(eq 8a) for the interaction parameter function and a
linear temperature dependence for the coefficients g; (eq
8b). The fit was performed on the second-order compo-
sitional derivative of the extended Flory—Huggins
interaction parameter g(¢2,7) calculated from the scat-
tering cross-sections

9g(¢,T)
(g, T) = ———— =
g ¢2 a¢22

Vo[ do ! 1 1
S M LA —— =
2(62( 0Q (q ) conc) 31¢1 32¢2) ®

The polynomial coefficients are summarized in Table
3. Again, from the available temperature range we are
unable to distinguish the exact temperature dependence
and both a linear and a reciprocal temperature function
accurately fit the data. To investigate the temperature
dependence in more detail, additional data covering a
larger temperature interval are required.

The concentration dependence of g'"'(¢2,T)is presented
in Figure 3a at two different temperatures. The tem-
perature dependence at constant mixture composition
is presented in Figure 3b. Using the cubic polynomial
(eq 8) the composition dependence of g'"(¢o,T) is fitted
quite accurately up to compositions wpymg ~ 0.7 and
for higher polymer concentrations g(¢s,7) is slightly
underestimated. To improve the data fitting also for
these high compositions one may try a polynomial
expansion of even higher order in ¢. Unfortunately
including in g(¢2,T) powers at concentrations higher
than lyax = 3 does not really improve the results. In
fact, the number of coefficients becomes too large, and
correlations between the coefficients turn out to be
problematic, resulting in fits with undesirable variations
in composition and temperature between data points.
Therefore, we accept the deviations in the high composi-
tion range, and we will comment on this when we
compare the experimental and predicted phase behav-
ior. The underestimation of g(¢9,7) at higher polymer
compositions is also visible in Figure 3b, representing
the temperature dependence. In Figure 3¢ we present
the difference between the experimental and fitted
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Figure 3. (a) Plot of g"(¢,T) vs mixture composition at 7' =
288.2 (O) and 293.4 K (W). Solid lines are the result of the
polynomial fit. (b) Plot of g"(¢9,T) vs temperature at given
mixture compositions (wpvme = w). Solid lines are the result
of the polynomial fit. (c) Plot of g"(¢2,T) (1 — fitted/experimen-
tal) composition at 7' = 288.2 (O) and 293.4 K (W) using the
polynomial fit.

values of g"(¢2,T) as a function of composition for the
same temperatures shown in Figure 3a. Clearly, the
deviations are systematic, showing the same course for
both temperatures, indicating that the polynomial fit
is in fact unable to quantitatively represent the tem-
perature and compositional dependence of the experi-
mental data. Of course, in principle, a properly selected
polynomial expansion for g'"(¢s,7) should be able to
capture the data quantitatively if we take a sufficient
number of coefficients. However, as we noticed, a
practical problem arises: the limited number of experi-
mental data points and their limited experimental
accuracy put restrictions on how many polynomial
coefficients can be determined with sufficient accuracy
without also running into problems with the correlations
between parameters.

The problems associated with the polynomial func-
tions, eq 8, are further illustrated in Figure 4. In this
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Figure 4. Plot of go (a) and g2 (b) as a function of mixture
composition, obtained from fitting the data at constant com-
position with a linear temperature function. The solid lines
are drawn to guide the eye.

figure the result of a different fitting procedure is
presented. Instead of fitting the experimental data
simultaneously, the temperature dependence for each
mixture composition was first fitted with a linear
temperature function g(7) = g¢ + g2°T with gy and g2
constants. For each composition an excellent 7T-fit is
obtained with values for gy and g2 varying with compo-
sition. The composition dependence of the coefficients
go and go is presented in Figure 4, and for both
coefficients two approximately linear composition-de-
pendent regimes of opposite slope and meeting at wpyyg
~ 0.5 can be discerned. In what follows we will use eq
8 in combination with the parameter values given in
Table 3 to predict other thermodynamic properties for
the system PVME/D2O.

Predicted LCST Phase Behavior. Equations 7 and
8 are valid for solutions of a monodisperse polymer in a
single solvent and are used to predict the LCST phase
behavior of PVME/D;O. Spinodal, coexistence curves,
critical conditions, as well as the liquid—liquid—liquid
(L—L—-L) three-phase equilibrium line are calculated
and depicted in Figure 5a using the polynomial function.
The predicted spinodal curve is compared with the
experimental spinodal data, determined directly from
SANS. In Figure 5a and b the predicted phase behavior
for PVME/D2O can be compared to the experimental
phase diagram of PVME/H0: in particular, cloud point
data determined independently by cloud point measure-
ments using SALLS and DSC451 and the three-phase
line estimated from DSC data as discussed earlier.5!

Due to the polydispersity of the PVME sample, the
experimental cloud point data are not coexistence data
and cannot therefore strictly be compared quantitatively
to the predicted binodal, calculated for a monodisperse
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Figure 5. (a) Temperature—composition phase diagram at
atmospheric pressure of PVME/D,O. Experimentally estimated
spinodal temperatures (O, ---); predicted spinodal curve (---),
predicted binodal curve (—), predicted critical points (@),
predicted three-phase line (A—aA—A), predicted two-phase tie
lines (H—M); metastable and unstable extensions of coexistence
lines are depicted by dotted lines. The predictions are based
on the cubic polynomial interaction function in eq 8. (b)
Temperature—composition phase diagram of PVME/H30 show-
ing the experimental LCST cloud point curve (a), the experi-
mentally estimated three-phase line (»), the melting point line
of water (@), and the glass transition of PVME/H:O (W) as a
function of composition. Data are taken from the literature,
and lines are drawn to guide the eye.5?

polymer.®® Nevertheless, using eq 8 for the interaction
function the binodal curve compares favorably and
qualitatively with the experimental cloud point data as
the shape and bimodality of the binodal curve is
predicted in agreement with the experimental results.
Also, the predicted spinodal curve is in qualitative
agreement with the spinodal points directly extrapo-
lated from the scattering cross-sections. However, it is
disappointing to see that the predicted LCST spinodal
deviates considerably from the directly determined
spinodal conditions based on the cubic composition
polynomial even though only a relatively short extrapo-
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lation is required. Also, in the water-rich part of the
phase diagram the difference between the calculated
spinodal and binodal and the experimental data is about
5 °C. These deviations are related to the inability to
accurately fit the experimental scattering cross-sections
with the extended Flory—Huggins interaction function
(eq 8).

Summarizing, the predicted phase behavior is in
qualitative agreement with the experimental data, and
importantly the unusual bimodal phase behavior (called
type 3 in the literature)!*!7 is predicted. However,
quantitative agreement is not reached, which can be
traced back to the inability to quantitatively fit the
values of g""(¢2,T) with the polynomial functions. This
can only be resolved by either having more experimental
data or using a theoretical approach that explains the
complicated temperature and composition dependencies
based on the molecular properties of the system PVME/
H20(D20). It should be noted that the bimodal phase
behavior is not caused by the rather broad molar mass
distribution of the polymer sample (typically M/M, ~
1.5 for these commercial PVME samples). In fact, recent
experiments on carefully synthesized M/M, ~ 1.05—
1.10 as well as further fractionated PVME samples show
the same bimodal phase behavior independent of the
PVME polydispersity.??

Ornstein—Zernike Correlation Length in the
Concentrated Regime. Much has been said about the
dependence of the correlation length on temperature
and concentration in the dilute, semidilute, and con-
centrated regimes of the polymer/solvent phase dia-
gram.?*~61 Some of our data are located at the end of
the semidilute regime, but most data are in the con-
centrated regime, and for certain temperatures the
conditions as a function of composition may change from
good solvent to @-solvent conditions depending on the
temperature distance to the miscibility gap, and the
correlation length will change accordingly. Therefore,
it is difficult to analyze or interpret the data that we
have in the perspective of scaling theories. However, the
data can be set in the context of a general relationship
between the correlation length and the amplitude of the
thermal concentration fluctuations as pioneered by
Debye and further elaborated by others. In the mean
field approximation the following sum rule applies3>:56.60
-1

PAG/INET)

10
oy "o

=g

with & being the critical correlation amplitude.

In Figure 6 the correlation length is presented ac-
cording to eq 10 in a double-logarithmic plot and is
indeed found to be proportional to the compositional
curvature. For sufficiently small values of the Gibbs
curvature large correlation lengths are obtained and all
data roughly coincide and are in agreement with eq 10.
However, for smaller correlation lengths connected with
smaller amplitudes of the concentration fluctuations the
situation is not as simple as that predicted by eq 10:
Data for different concentrations and different temper-
atures appear to cluster together on three distinct power
law dependencies. In the composition interval 0.75 <
wpyMme < 0.85 the data all follow eq 10. However, in the
range 0.1 < wpymg =< 0.7 the data cluster on two
separate straight lines. On the basis of the data in
Figure 6, three separate straight lines were drawn
manually as shown and the exponents were estimated.
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Figure 6. Double-logarithmic plot of the correlation length &
Vs 82[AG/(NkT)]/8¢22: () 0.75 < WPVME = 0.85, (0)0.6 < WPVME
< 0.7,(2) 0.1 < wpyme =< 0.5. The solid lines are drawn to guide
the eye. Three separate straight lines were drawn by hand as
shown, and the exponents in & ~ (RZ[AG/(NET)1/dp22)™" were

estimated. The dashed line is the scaling relation with =
1/2.

Although the correlation lengths are still proportional
to the amplitude of the thermal composition fluctua-
tions, a different exponent is found, i.e., £2 = £,2(32[AG/
(NET)1/3¢p2?) ™" with 1 ~ 0.6 in the range 0.6 < wpyyg <
0.7 and for wpyme = 0.1 and # ~ 0.55 in the range 0.2 <
wpyMmE < 0.5. Thus far this peculiar dependence of the
correlation length is not understood.

Complex Formation in Concentrated Mixtures.
Finally, we return to the issue of the formation of
PVME/water complexes. According to eq 5 32[AG/(INET)]/
d¢o? is a quantitative measure for the average amplitude
of the spontaneous thermal composition fluctuations
[A¢220in the homogeneous mixture and conversely is
also a measure for the energy (in units of £7) stored in
the spontaneous fluctuations or, alternatively, a mea-
sure for the energy required to create a concentration
fluctuation of average amplitude [Ag9%[] The larger the
value of (2AG/NET/d¢2?), the smaller the amplitude of
the spontaneous composition fluctuations becomes on
average (eq 5). In homogeneous mixtures with normal
solution behavior, in which no complex formation occurs
(e.g., solutions of polystyrene in cyclohexane or in DOP),
a typical concave dependence on mixture composition
is found for (02AG/NET/d¢92), with large positive values
at the extremes of the composition interval and reaching
its minimum at some intermediate mixture composition.
The high values at the extremes of the composition
interval indicate that it becomes gradually more difficult
for these concentrations to induce large composition
fluctuations in a normal mixture. In fact, in the pure
component only density fluctuations are possible; the
scattered intensity due to concentration fluctuations is
zero, and correspondingly (02AG/NET/d¢p2%) becomes
infinite.

The situation is quite different in PVME/water mix-
tures. In Figure 7 (32AG/NET/d¢2?) is plotted as a
function of composition at several temperatures for
PVME/D2O mixtures. Just as for normal solution be-
havior, the compositional curvature increases rapidly
at very high polymer concentration, indicating that it
becomes gradually more difficult to induce large com-
position fluctuations in these highly concentrated poly-
mer mixtures. In Figure 7 the expected upswing at the
dilute polymer side of the diagram is not observed
because the smallest investigated polymer composition,
wpvmeg = 0.1, is not small enough to observe this
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Figure 7. Plot of [3>2AG/(NET)]/9¢2? vs mixture composition
at indicated temperatures: 7'= (M) 283, (@) 288, (O) 293, and
(O) 298 K.

phenomenon. However, interestingly and most impor-
tantly, (32AG/NET/d¢2?) does not show the typical con-
cave dependence expected for normal solution behavior
but reaches a maximum in the interval 0.3 < wpvmE <
0.5. This thus indicates that at these intermediate
compositions it again becomes more difficult to induce
composition fluctuations. Thus, the experimental data
reveal that at intermediate compositions the amplitude
of the thermal compositional fluctuations decreases,
which can point to complexation of PVME and D2O.

The maximum value of 2AG/NEkT/d¢2? is higher the
lower the temperature, but notwithstanding this in-
crease, even at the lowest investigated temperature the
energy needed to induce the fluctuations is just about
0.3kT. Thus, the clustering of water and PVME in this
composition interval and at the investigated tempera-
ture is still small compared to the thermal energy.
Therefore, it should be concluded that in the tempera-
ture interval considered in this study the specific
interactions between water/D2O and PVME are still too
weak to speak about the formation of a complex in the
system. Nevertheless, the maximum value increases
with decreasing temperature, and it is conceivable that
at lower temperatures a stable complex between water
and PVME might be formed. Evidently SANS provides
a unique opportunity to investigate the thermal fluctua-
tions, in general, and the presence of association and
even complexation, in particular. This will be the topic
of a further study using neutron scattering.

Conclusions and Outlook

We reported on SANS measurements for mixtures of
PVME and D3O covering the whole composition range
in the homogeneous part of the phase diagram bounded
by the LCST at high temperature and the crystallization
of D20 at low temperatures. The raw SANS data were
treated according to fluctuation theory to obtain the
absolute scattering cross-section for concentration fluc-
tuations. These data were fitted by the OZ equation,
yielding the absolute scattering cross-section in the
forward direction and the Ornstein—Zernike correlation
length as a function of temperature and composition.
The forward absolute scattering cross-sections were
converted in values for the compositional curvature of
the Gibbs’ energy.

Independent of any (molecular) model spinodal tem-
peratures were determined from the experimental val-
ues of the compositional curvature of the ‘Gibbs’ energy.
These values were also used to obtain values for the
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polynomial coefficients in extended FH interaction
functions, g(¢2,7), depending linearly on temperature
and cubicly on mixture composition. At higher composi-
tions the agreement between experimental data and fit
becomes lower. Including in g(¢2,7) higher powers in
concentration did not improve the agreement between
fit and experiment, mainly due to correlations between
the coefficients. The problems associated with the
polynomial functions were further illustrated; using a
different fitting procedure it was found that the com-
position dependence is difficult to fit with a smooth
polynomial but would be better described by two ap-
proximately linear composition-dependent regimes of
opposite slope and meeting at about wpymg ~ 0.5.

The extended FH interaction function was used to
predict the thermodynamic properties of the system.
Spinodal, coexistence curves, critical conditions, as well
as the liquid—liquid—liquid (L—L—L) three-phase equi-
librium line were predicted and are in qualitative
agreement with the experimental data, and importantly
the unusual bimodal phase behavior!” was predicted.
The dependence of the correlation length & on temper-
ature and concentration was shown to follow power law
behavior &2 ~ [(02AG/(NET)]/3¢2?)~" with the exponent
7 depending on the composition (interval). Thus far the
peculiar dependence of the exponent # on composition
is not understood, and further investigation is required
to understand it.

Finally, the issue of the formation of PVME/water
complexes was discussed. On the basis of the values of
the molar mass of PVME determined in D3O and
toluene-ds, it was concluded that in dilute solutions at
20 °C no stable molecular complex between DO and
PVME is formed. Also, in the concentrated polymer
mixtures the scattering results do not provide evidence
for strong complex formation. Even at the lowest
investigated temperature the energy needed to induce
compositional fluctuations was found to be only ca.
0.3%T, and in the temperature interval considered in
this study, the specific interactions between water/D,O
and PVME are too weak to bring about the formation
of a complex in the system.

Evidently SANS provides a unique opportunity to
investigate the thermal fluctuations and the presence
of association and even complexation. It will be of
interest to investigate mixtures of PVME/DyO at lower
temperatures than investigated so far and determine if
the amplitude of the compositional fluctuations will
decrease further so that we can interpret the SANS
experiments in terms of complex formation between
polymer and solvent. Measurements at lower temper-
atures are possible for highly concentrated mixtures, as
it is possible to prevent the crystallization of D3O at high
polymer concentrations.

Furthermore, from a theoretical viewpoint it will be
of interest to investigate if the complicated phase
behavior and the detailed information obtained from the
SANS scattering experiments can be understood using
a theoretical approach that incorporates directly and
explicitly the formation of hydrogen-bonding interac-
tions.
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