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Miscibility of associated polymer blends in
good solvent: 2. One-end-aminated
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Compatibility was investigated for blends of one-end-aminated polystyrene (APS) and one-end-sulfonated
poly(ethylene glycol) (SPEG) in toluene with changing the association strength and the segment interaction
by varying the total polymer concentration. Weight-average molecular weight of APS and SPEG were 5600
and 5700, respectively. Cloud-point concentrations at fixed temperature were measured as a function of the
polymer composition. It was demonstrated that the association strength between the amino and sulfonic end
groups was strong enough to give two peaks to the misibility gap in the space of solvent volume fraction
against the polymer composition, which was theoretically expected for a strong-association system. It was
also found that sulfonic groups introduced to PEG chain ends reduced the miscibility of PS and PEG due to
association between the sulfonated ends. A Flory—Huggins type theory of associated polymer blend solution
could interpret these experimental results qualitatively. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

Associated polymer blends with functional groups can
exhlbxt a wide variety of compatibility and microstruc-
tures' '*. Polymer blends with functional groups at the
chain ends tend to show more regular microstructures
than those with functional groups randomly attached on
polymer chains. A blend system consisting of two poly-
mers which are able to associate with each other by func-
tional groups at one end of the respective polymer chains
may exhibit various types of phase behaviour according
to the association strength of the end groups and seg-
mental segregation strength. At the limit of strong asso-
ciation, the blend is like a mixture of block copolymer
and homopolymer, while at the limit of weak association
it is like an ordinary polymer blend. A strongly asso-
ciated blend may have a two-peak phase diagram with a
deep sharp minimum at the stoichiometric composition
where no macroscopic phase separation can occur'”

In our previous paper'®, we studied miscibility of
blend solutions of one-end-aminated polystyrene (APS)
and one-end-carboxylated poly(ethylene glycol) (CPEG)
with changing the association strength and the segment
interaction by varying the total polymer concentration.
Cloud points were measured for various combinations
of PS or APS and PEG or CPEG. It has been revealed
that associations between amino and carboxyl groups
enhance the miscibility of PS and PEG. However, the
two-peak phase diagram, which is theoreticaily expected
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for a strong-association system, was not observed. This is
probably because the association between amino and
carboxyl ends is not strong enough.

In this study, we take one-end-sulfonated poly(ethy-
lene glycol) (SPEG) as a counterpart of APS to realize a
more strongly associated blend than the previous one,
and study its miscibility in solution to see whether it
exhibits the two-peak phase diagram. Discussion will be
made with the aid of the mean-field theory of associated
polymer blend solutions used in the previous paper.

EXPERIMENTAL
Samples

Polystyrenes (PS) were products of Pressure Chem.
Co. and Toso Co. with narrow molecular weight
distribution. Poly(ethylene glycol) (PEG) with methyl
ether at one end was a product of Aldrich Co. One-end-
aminated polystyrene (APS) was synthesized by amina-
tion of the living end of anionically polymerized PS'.
PEG with a sulfonic group at one end (SPEG) was made
by sulfonatlon of the hydroxyl group at one end of the
PEG'® . Weight-average molecular weight, M,,, polydis-
persity index, M, /M,, and functionality of the samples
with code names are listed in Table 1.

Toluene for use as solvent was purified by fractional
distillation.

Blend solutions were prepared by mixing the two
polymers and the solvent in a glass tube, followed by
frame-sealing under mild vacuum or by sealing at the top
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Table 1 Characteristics of the samples

Samples Codes M., M /ME Funcs  pd
Polystyrenc PSe6 6200 1.04 52
One-end-aminated APS6 5600  1.06 1.00 47
Poly(cthylene glycol) PEG6 5700 1.0 46
One-end-carboxylated CPEG6 5700  1.05 0.96 46
One-cnd sulfonated

SPEG6 5700 1.05 0.99 46

“ M,, was determined by M, with M, /M, where M, was measured by
yapour pressure osmometry

b M, /M, was determined by size exclusion chromatography

Functlondlmes of amino, carboxyl and sulfonyl groups

Degree of polymerization, corresponding to fN or (I-f )N in the
theoretical treatment, defined by [molar volume of polymer)/[molar
volume of toluene]

of the tube with a Tefion sheet fixed by a screw in a metal
holder. The blend solution was homogenized by vibrat-
ing the glass tube with a mixing machine in the one-phase
region. For less viscous blend solutions, the intensity of
the scattered light from the samples under cooling was
measured to determine the cloud point. Solvent con-
centration, C , at the cloud point, which is here referred
to as cloud solvent concentration, was determined at
90°C. Details of experimental procedures have been
described in the previous paper”. Light scattering was not
applied to APS/SPEG blend solutions since the solutions
had low cloud solvent concentrations and were very
viscous so that clouding by phase separation was slow.
Therefore, for the APS/SPEG solutions, the cloud point
was determined visually: keeping a sample at a fixed
temperature of 80°C for 2 h, we judged transparency by
eye to classify the sample as clear, slightly cloudy, and
very cloudy. (The cloud solvent concentration, C ., was
determined by light scattermg at 90°C, the same tem-
perature as in the previous study. SPEG is degradable at
higher temperatures; 80°C was taken as a temperature
where degradation was negligible in the visual long-term
experiments of APS/SPEG solutions. Fortunately, the
temperature dependence of Cy was so small that the
difference in experimental temperature is not serious in
the present study.)

Solvent concentration and polymer composition as
weight fractions were transformed to volume fraction
with density data in the literature'”"”

Experimental results of cloud points will be illustrated
as a quasi-binary presentation. Namely, cloud solvent
concentrations, ¢ .. as volume fractions were plotted
against volume fraction, ®ppg (or ®gprg), of PEG (or
SPEGQG) in total polymers. Denoting the volume of com-
ponent X as v[X], they were defined as ¢ = v{toluene]/
v[total blend solution] and ®prg = v[PEG]/v[total
polymers] (or ®sprg = v[SPEG]/v|total polymers)).

RESULTS AND DISCUSSION
Cloud-point curve
Figure I shows cloud points of PS6/SPEG6 with those
of PSG/CPEGG It has been demonstrated in the previous
paper'® that one-end- -carboxylated PEG (CPEG) sub-
stantially become dimers by association at the chain
ends, reducing miscibility with PS. Similarity in ¢,y
between SPEG and CPEG seen in Figure /, therefore,
suggests the presence of association of sulfonated ends.
Figure 2 shows cloud points for APS6/SPEG6 for which
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strong associations between APS and SPEG are expected.
This blend has a high miscibility with cloud solvent con-
centration being about 30-40%, exhibiting a two-peak
cloud-point curve with the highest miscibility around the
stoichiometric composition ®pgg = 0.5. In contrast, no
such two-peak phase boundary has been observed in
APS/CPEG blend solutions, mainly because of a weak
association between amino and carboxyl groups o

Analysis with Florv—Huggins type mean-field theory
Enhancement of the miscibility at stoichiometric com-
position and the possibility of microphase formation in
associated polymer blends were first theoretically pre-
dlcted by Tanaka and co-workers'*. In the previous
paper™, we extended the theory to describe the mis-
cibility of associated polymer blend soflutions, and
evaluated the free energy of mixing in the framework
of Flory—Huggins type mean-field theory. The solution
can be regarded as a mixture of free polymer chains and
associated polymer chains in thermodynamically good
solvent. Under the quasi-binary approximation, the
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Figure 1 Quasi-binary presentation of cioud points for PS6/CPEG6
(O) and PS6/SPEG6 (@) at 90°C, and comparison of calculated and

cxperimental phase boundaries for evaluation of K,,. . Calculated
with x = 0.112 and K,, = 36. fN = 46; (1 ~f )N = 52
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Figure 2 Quasi-binary presentation of cloud points for APS6/SPEG6
at 80°C: (O) clear: (@) slightly cloudy; (B) very cloudy, after 2h
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effective part of free-energy, AF.q, for determining the
phase equilibrium can be written as':

NAF,;
oMkT

_ 0ulnf, _ Gyind,
S 1-f
N @) {Kaaa}(l;r 2Ing,) . Kbboﬁ(l 1_+f21neb)
+ 2K,50.65 (1 + 1n6,6;)}
+ ONx D, Py, (1)

AF) =

with
0, + 9Kl + fOK 0,0, = ©, (2)
Oy + OKppobs + (1 — f)9Kupboby = Py =1 -0, (3)

where M is the number of total sites of the system, N is
the sum of polymeric indices of polymers a and b, and the
polymeric index of polymer a is given by fN. Volume
fraction of total polymers of a and b in the solution is
¢(= 1 — ¢,), and the fraction of a-polymers in the total
polymers is ®,. Fractions 6, and 6, of the x-polymers
are those dissolved as free chains and those associated
with y-polymer chains, respectively (x, y = a, b). x is the
segment—segment interaction parameter between poly-
mers a and b, and K, is association constant for x—y
pairs. Details of the derivations have been described in
the previous paper.

For a system with N, f, x and Ky, the free energy of
mixing is given as a function of ®, and ¢, so that &, of
coexisting phases for a fixed ¢, can be determined by a
conventional method of thermodynamics. Calculations
with changing ¢, yield the coexisting curve, ®, vs. ¢.
Fractions of free chains and associated chains are also
calculated by equations (2) and (3) for a given solution.
Hereafter, polymer a is assigned to SPEG (or PEG) and
polymer b to APS (or PS).

Polymeric indices were given as the ratio of molar
volume of polymers to molar volume of toluene, shown
in Table 1, so that the y parameter was per site, the size of
which was the volume of a toluene molecule.

In the previous paper, we determined the y parameter
to be 0.112 for PS and PEG, which described the
miscibility of PS and PEG quite well. Using this x value,
the theory well described the phase behaviour of PS/
CPEG and APS/CPEG associated solutions with asso-
ciation constants K,, =480 for CPEG-CPEG and
K., = 53 for APS—-CPEG. To determine K,, for a
sulfonated-end pair, the fitting to the data of PS6/SPEG6
was made with x =0.112 and K,, as a parameter.
Comparison of the fitted curve and experimental values
are presented in Figure I. The obtained association
constant is K,, = 36 for SPEG-SPEG, which is smaller
than that for CPEG-CPEG, although the accuracy of
K,, value determination was generally bad'*.

With these values of x and K,,, coexistence curves
were calculated for APS6/SPEG6 by varying the K,
value to try to reproduce the observed cloud-point curve;
they are shown in Figure 3. Here K,y is assumed to be
zero because there is no association between the amino
ends'. The calculated curves do not give a two-peak

phase diagram as observed. A strong a—b association,
which is needed for the dip in the phase diagram at the
stoichiometric composition, makes the blend too mis-
cible to exhibit phase separation. In order to make the
blend phase-separate with strong a-—b association, the
segment interaction parameter x should be larger, which
leads to phase separation. Actually, if the x value was
taken to be larger, y = 0.2 for instance, the calculated
coexistence curve has two peaks, as shown in Figure 4,
reproducing the experimental observation. For this set of
parameters, fractions of free chains and associates and
the free energy profile at ¢, = 0.2 were calculated as a
function of SPEG composition, as presented in Figures 5
and 6, respectively.

At ¢, = 0.2, where a one-phase region exists around
50% SPEG composition between two-phase regions, the
a—b associate fraction dominates over other fractions
around 50% SPEG. As a consequence, the free energy
has a shallow dip there, and is able to have two common
tangential lines, resulting in the two two-phase regions.

Because of the association between sulfonated ends,
the phase boundary must theoretically be asymmetric,
having a higher peak at a higher SPEG composition. But
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Figure 3 Calculated coexistence curves for APS6/SPEG6 [ fN = 46;
(1 -f)N =47] with x =0.112, K,, =36 and (1) K,, =80 or (2)
K. = 500

Figure 4 Calculated coexistence curves for APS6/SPEG6 [ fN = 46;
(I —fIN =47] with y = 0.2, K,, = 36 and K, = 700
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Figure 5 Fractions of free and associated polymer chains for APS6/
SPEG6 [ /N = 46; (1 — /)N =47] at ¢ = 0.2, with x = 0.2, K,, = 36
and K,;, = 700. (a) Free SPEG 6,; (b) SPEG-SPEG associates 8,,; (c)
SPEG-APS associates ,p; (d) free APS 6y,
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Figure 6 Free energy of mixing for APS6/SPEG6 [ /N = 46;
(1-f)N=47] at ¢, =0.2, with x =02, K,, =36 and K,;, = 700.
Tangential lines indicate equality of chemical potentials in coexisting
phases, with tangential points showing the polymer compositions of the
coexisting phases

actually the blends with lower SPEG content are rather
less miscible than those with higher content (Figure 2).
The theory is not so satisfactory in describing the
experimental observation. The theory requires the y
value to be larger than that estimated from the miscibility
of PS/PEG blend solution, and also fails in describing
the asymmetry of the miscibility. These disagreements
between the theory and the experiment can be attributed
to the dependence of x on solvent concentration and
polymer composition. However, a more important issue
in the theoretical interpretation is that the theory
supposes no mesophase formation but assumes random
mixing. In a system of strong associations between
polymers a and b, the system around the stoichiometric
composition must behave like a diblock copolymer,
possibly forming a mesophase of ordered structure. A
diblock copolymer corresponding to strongly associated
APS-SPEG of the present system is supposed to have
the polymeric index N = 47 + 46 = 93, and the segrega-
tion strength Nx =10-20 in the bulk (for x =
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0.112-0.2), which implies that Nx(1 — ¢,) = 8-16 in
solution of ¢, =0.2. Since the critical segregation
strength for mesophase formation is theoretically pre-
dicted to be about 15, the present associated blend may
form a mesophase around the stoichiometric composi-
tion in the concentrated region. (According to the BLFH
theory®®?2, the segregation strength (Nx)opt at order—
disorder transmon for S =0.51s given by (Nx)opt =
10. 495+41 ON*13 with N* being defined as N*=
Na®v™2%, where a is segment length and v is segment
volume. N* can be rewrltten as N*= N|((r )/M)Mo} /
(ViMy/Nx)? = MNX(()/M)*/ V2, with (r?) being the
mean square end-to-end distance of unperturbed chain,
M the molar mass, ¥ the specific volume of polymer, N,
the Avogadro constant, and M, segment molar mass.
One obtains N*/M = NA(< )/M) 3/ =0.035 for PS
and 0.074-0.15 for PEG® Therefore, N* of the
present case (M = 5600 + 5700) is estimated to be 400—
1700, which gives (Nx)opt = 13-16.) The presence of
the mesophase must change the phase diagram. Non-
random mixing near the mesophase may give a discrep-
ancy from theoretical prediction of the present treatment
even in the disordered phase. Actually small-angle X-ray
scattering suggests the presence of a mesophase in the
present blend near the stoichiometric composition.
Details of the study will be reported elsewhere.
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