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FOREWORD

Apvances IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are reviewed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Volumes in the
Apvances 1IN CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim repro-
ductions of previously published papers are not accepted.
Papers may include reports of research as well as reviews since
symposia may embrace both types of presentation.
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PREFACE

MULTIPHASE POLYMER sYSTEMS have attracted the increasing attention of
polymer researchers in both academic and industrial communities. This
volume contains 19 technical papers presented at a symposium on “Multi-
phase Polymer Systems—Polymer Blends and Composites.” This sympo-
sium was significant because it was the first one to be jointly sponsored by
the American Chemical Society and the American Institute of Chemical
Engineers.

This volume is divided into three parts: (1) compatibility and character-
ization of polymer blends; (2) rheology, processing and properties of heter-
ogeneous polymer blends; and (3) polymer composites.

Broadly classified, the two types of polymer blends are homogeneous
(i.e., miscible or compatible) blends and heterogeneous (i.e., immiscible or
incompatible) blends. At a given temperature, homogeneous blends give
rise to a single phase in which individual components are mutually soluble
in one another. In most cases, compatible blends have mechanical proper-
ties superior to those of incompatible blends. Therefore, in the past, much
effort has been spent on developing experimental techniques (e.g., electron
microscopy, small-angle X-ray diffraction, light scattering, and dynamic
mechanical analysis) to determine the compatibility of a pair of polymers.
Some of the experimental techniques for determining whether or not poly-
mer pairs are truly mixed on the molecular level and yield a single phase
still present questions. Therefore, continuing development efforts are
needed. The first 10 chapters in this volume discuss the compatibility or
characterization of polymer pairs.

Heterogeneous polymer blends have many interrelated variables that af-
fect their rheological behavior, processability, and the mechanical/physi-
cal properties of the finished product. For instance, the method of blend
preparation (e.g., the method of mixing the polymers and the intensity of
mixing) controls the morphology of the blend (e.g., the state of dispersion,
the size of the dispersed phase, and the dispersed phase size distribution),
which in turn controls the rheological properties of the blend. On the other
hand, the rheological properties strongly dictate the choice of processing
conditions, which in turn strongly influence the morphology and, there-
fore, the mechanical/physical properties of the finished product. In this vol-
ume, the next four chapters discuss one or more aspects of these problems.

The use of reinforced polymer composites in many commercial applica-
tions, with either thermoplastics or thermosets as the matrix, has increased
tremendously in recent years and is expected to increase continuously. In

xi
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spite of the great economic incentives for the use of composite materials,
relatively little effort has been spent on understanding the admittedly very
complicated relationships between the processing conditions and the me-
chanical properties, between the processing conditions and the microstruc-
ture, and between the mechanical properties and the microstructure. Con-
tinuing efforts are clearly needed for enhancing our understanding of the
fundamental processing-morphology-property relationships of composite
materials. The last five chapters address these problems.

Research activities on multiphase polymer systems, encompassing poly-
mer blends and composites, have grown rapidly and will continue to do so.
Although I fully recognize that the subjects covered in this volume are far
from complete in covering current research activities on multiphase poly-
mer systems, I believe that this volume represents some important research
activities currently being undertaken by various research groups. I sin-
cerely hope that the chapters collected here will stimulate further research
on multiphase polymer systems.

I wish to express my sincere appreciation to the individual contributors
whose strenuous efforts have made the publication of this volume possible.
I wish also to thank Susan Robinson of the American Chemical Society,
who has undertaken most of the editorial work needed for the publication
of this volume.

C. D. Han

Polytechnic Institute of New York
Brooklyn, NY

September, 1983

xii
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Gel Permeation Chromatography

Use in the Determination of Polymer-Polymer
Interaction Parameters

VENKATARAMAN NARASIMHAN, CHARLES M. BURNS, and
ROBERT Y. M. HUANG

Department of Chemical Engineering, University of Waterloo, Waterloo,
Ontario, Canada N2L 3G1

DOUGLAS R. LLOYD

Department of Chemical Engineering, The University of Texas at Austin,
Austin, TX 78712

The use of gel permeation chromatography for the quantita-
tive analysis of composition in mixed polymer systems is pre-
sented. Equations are developed for the determination of
polymer-polymer interaction parameters for monodisperse
and polydisperse polymers. Typical interaction parameters
determined from the experimental data for the polystyrene-
polybutadiene systems are presented.

POLYMER INCOMPATIBILITY AND SUBSEQUENT PHASE SEPARATION have been
the subjects of growing interest. The phenomenon of phase separation in
mixtures of two polymers in a mutual solvent or two polymers in the solid
state is known as incompatibility and is of considerable practical impor-
tance. Limited miscibility plays a role in the preparative and analytical
fractionation of polymers; in the preparation of plastic films, including
paint and varnish coatings; and in the determination of service properties
of certain systems such as high impact styrene-butadiene products.

Many investigations dealing with polymer-polymer incompatibility
in a common solvent have been conducted in the past 35 years (I-31).
Phase separation between the two incompatible polymers polystyrene (PS)
and polybutadiene (PBD) is of considerable industrial importance and has
been studied in solution (15-18, 24-26, 31) and in the solid state (32-36). In
solution, the binodal equilibrium curve on the triangular diagram has fre-
quently been approximated by cloud point isotherms determined by

0065-2393/84/0206-0003$06.00/0
© 1984 American Chemical Society
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4 POLYMER BLENDS AND COMPOSITES IN MULTIPHASE SYSTEMS

turbidimetric titration. Rigorous determination of the binodal curve, in-
cluding tie lines and the critical point, requires lengthy equilibration and
subsequent analysis of the conjugate phases. The method of analysis is se-
verely restricted by the necessity of maintaining an antioxidant in the solu-
tion to inhibit the cross-linking of the PBD. The antioxidant normally used,
2,6-di-tert-butyl-4-methylphenol, masks the UV analysis of a solution of
the two polymers. To overcome these problems of analysis, we used a gel
permeation chromatograph equipped with both differential refractive in-
dex (RI) and UV absorbance detectors. The antioxidant was separated
from the two polymers by the columns before the polymers entered the de-
tectors. The use of gel permeation chromatography (GPC) for the determi-
nation of composition in the PS/PBD system is not new, although it has not
been reported extensively (20, 37, 38). We successfully used GPC with se-
quential RI and UV detectors to give the compositional analysis of the con-
jugate phases in the incompatible system of PS and PBD with tetrahydro-
furan (THF) as mutual solvent. Application of this method to equilibrated
samples yields tie lines, binodal curves, and plait points. A detailed discus-
sion of the experimental procedure and of the determination of the tie lines,
the plait point, and the binodal curves was given earlier (27, 28, 39).

The object of the present work is to evaluate the polymer-polymer
interaction parameter x o3 from the quantitative analysis of mixtures of PS
and PBD in toluene by using GPC. This parameter is valuable as a means of
characterizing the incompatibility of the two polymers.

In the past, several methods have been used for the determination of
polymer-polymer interaction parameters. These methods were mostly
based on the study of ternary systems consisting of the two polymers in
question and a common solvent. Stockmayer and Stanley (40) calculated
X o3 from light scattering measurements; Sakurada et al. (41) calculated x o3
by measuring the extent of swelling of polymers by a swelling agent; and
Allen et al. (15) and Berek et al. (30) calculated x o3 from the parameters of
phase equilibrium by using polymer-solvent interaction parameters from
two component systems.

We now discuss the theoretical basis for the determination of x o3 from
the phase equilibrium data.

Theoretical Discussions

Scott (6) and Tompa (7) were the first to investigate different mathematical
treatments of the Flory-Huggins theory to derive expressions that would
help in studying the behavior of polymer-polymer-solvent systems. Scott
(6) discussed mixtures of two polymers in the presence of a solvent; that is, a
three-component mixture. He obtained equations that lead to Gibbs free
energy of mixing. Tompa (7) developed equations to express spinodals for
such ternary systems.



Published on May 1, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0206.ch001

1. NARASIMHAN ET AL. Gel Permeation Chromatography 5

Hsu and Prausnitz (42) described a numerical procedure for predict-
ing the compositions of the coexisting phases, for establishing tie lines, and
for tracing the binodal and determining the critical point. These calcula-
tions were also based on the Flory~-Huggins theory.

A simple mathematical scheme can be developed to calculate the in-
teraction parameters starting from the Flory-Huggins expression for the
Gibbs free energy of mixing (AG,,) for a system consisting of two polymers
and one solvent:

AG,
RT

=n;ln¢; + nglngy + n3ln o,

+ (X129192 + X139103 + X230203)
X

(mn; + mgng + mgang) 1)

where n; is the number of moles of ith component in the mixture, ¢, is the
volume fraction of ith component, x;; is the Flory-Huggins interaction pa-
rameter, and m; is the ratio of the molar volume of i to that of the reference
component. Subscripts 2 and 3 denote polymers 2 and 3, and 1 denotes the
solvent. The chemical potentials of each component (8) can be obtained by
differentiation of the Gibbs free energy of mixing with respect to n:

L [1 - <mi2>}¢2 * [1 ) <51£>]¢3

+ x1(02 + ¢3)2 + X203 + X303 (2
Ap m
ﬁ% =lng¢y + [1 - <;:>] ¢3 + (1 — my)é,
+ malxa(ds + 61)% + X393 + x161] 3)
Ap m
Fr oo+ |1 ()] 63+ 1 - mys,
+ malxs(ds + 61)% + x203 + x101] (4)
where
x1 = % (xi2 + x13 = X23) (5a)
X2 = 3 (x12 + Xo3 — X13) (5b)
xs = 3 (x13 + X3 — X12) (5¢)

and my and m3 are the molar volume ratios of the polymers to the reference
volume Vj. The reference volume V) is the molar volume of solvent V;; m,
is, therefore, equal to unity, and
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my = Vg/ Vl (63.)
mg = V3/ Vl (6b)

Equations 2, 3, and 4, mathematically independent, are equivalent to

Equations 5a, 5b, and 5c of Ref. 6, respectively.

At equilibrium the chemical potential of each component must be the
same in both phases. Denoting the two conjugate phases by single and dou-

ble primes, Au{ = Ap{, Apg = Aug, and Aps = Apg. Thus, Equation 2

will give

X162 + 63)% = (82 + 65)%] + xa(b3® — 032) + xa(¢3% — 39

(2 o (1= )es -6+ (1= )@ -6

Similarly, Equation 3 yields

Xo[(®3 + 61)% = (63 + &1) 2] + x3(032 — D32 + x1 (D12 — &1'?)
- L ("’2) <— - ——) 05— 83) + (—1— - 1) @) ©

mg b2 mg
and Equation 4 yields
x3[(82 + 61)% = (@3 + &1')2] + X2 (3% ~ ¢5'%) + X1 (1% — 61 )

— o (3) 4 (2= D)ei- e+ (o - 1) 616D ©

Subtracting Equation 7 from Equation 8 and simplifying yield

1 d>2”>
——In({— 10
my n< o9 (10

Subtracting Equation 7 from Equation 9 and simplifying yield

%065 - 67) + 21 (6] - 6{) = In (%)

%565 — 64) + 2x1(0f — Bf) = El <f;4:) - ln<%> (11)

Substituting the values for x;, xs, and x3 from Equations 5a, 5b, and 5c
yields for Equation 10

xe3[(d2 — 82) — (&1 = &1)] — xusl(@s — ¢5)] + x12[ (b2 — b3

” ’ ”n ’ l ” ’
+ (¢1 — ¢1)] = In(p1/¢1) - —”72"111(4& I$) (12)
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and for Equation 11
x3[(¢3 — @3) + (81 — é1)] + xi3l(d5 — ¢3) — (&1 — ¢1)]

” ’ ” ’ ]' ” ’ ” ’
= xel(es — é3) + (61 - ¢1)] = ;l—sln((bs I$3) — In(é1 /1) (13)

Thus we have two equations in terms of the concentrations of the con-
jugate solutions and the three interaction parameters. Adding Equations 12
and 13 and simplifying yield

1
(63 189) ~ = 1n(65163) ~ (s — x1) 6] - 4)
X23 = 4 ’ ” (14)
(63 — @3 + ¢ — ¢3)

Calculating the interaction parameters from measured equilibrium
concentrations by using the above equations will be discussed in the section
entitled “Results and Discussion.”

Equations can also be developed for the interaction parameters when
dealing with polydisperse polymers. The free enthalpy of mixing function
Z employed in this development is given by Koningsveld et al. (43).

AG, k .
= NRT ¢11n ¢y + El boim ;i In ¢y
!
+ .El b3 ;ms;t In g ; + ¥(dbg, ¢3, T) (15)
i=

where y is the interaction function given by
¥ o= V12 + Y13 + Vo3 = d10ax12(d2, ¥3)
+ $103x13(2, D3) + P2d3X23 (%2, D3)

and where N is the total number of moles; AG,), is the free enthalpy (Gibbs
free energy) of mixing; R is the gas constant; T is the absolute temperature;
¢, is the volume fraction of the low molecular weight solvent; ¢y ; is the
volume fraction of species i in polymer 2; my ; is the relative chain length of
species i in polymer 2; ¢ ; is the volume fraction of species j in polymer 3;
mg,; is the relative chain length of species j in polymer 3; ¢ = L ogis the
volume fraction of the whole polymer 2; ¢3 = L ¢3 ; is the volume fraction
of the whole polymer 3; and x;9, Xx13, and xa3 are the interaction parame-
ters. There are k and [ components, respectively, in polymer 2 and polymer 3
k !
N =mn; + 'El NgiMmgy; + 'El ng;ms; (16)
i= j=

where n is the number of moles of component 1, 2, or 3.
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As in the case of monodisperse polymers, the chemical potentials of
each component can be obtained by differentiation of Equation 15 with
respect to n. Partial differentiation yields the following equations for cases
in which polymer 2 alone is polydisperse and for cases in which polymers 2
and 3 are both polydisperse.

When polymer 2 alone is polydisperse, we get

A 1 1
e 1 (o 1= (o o

d
+ X203 + X303 — {¢1¢2<¢2 a’;” b3 a’f)

0x13 13 0x23 dx23
+ ¢1¢3<¢>2 Fre + &3 ‘(7;;) + ¢2¢3<¢2 3, + ¢3 6¢3>} 17)

Apy N1 g Mginy; _ m2in2i>
RT ~ n, [N{E In ¢pging; + ¢4 <n2 r m; > + ¢3<n2 E—ms

d
+ Polxa(ds + 61)2 + x303 + x107) + ¢2{¢1¢2< X12 (1 - ¢9)

d 0
— ¢ —§2> + ¢2¢3< );23 (I = ¢2) — &3 ai‘f’)
d 0
¢3¢1< X13 (1 = ¢5) — &5 X13>H (18)
0d3
A
R_,;? =In¢; + [1 - <%2>j]¢2 + (1 - m3)o; + ma[x3(dg + ¢1)?
+xedd + i + m {q& 6 <a’“2 (1 = o) - s am)
3| #192( 50 2 3
X23 3X23>
X8 -
+ ¢ ¢3< ( bg) — ¢3 33
0 d
+ @3 ¢1< ai;ls (1 = ¢9) — &3 ;;13>} (19)

When polymers 2 and 3 are both polydisperse,

A 1 1
wi oo 1= () e+ [1- (5 )en s e+

aX12 3X12>

+ X203 + X393 — {¢1¢2<¢2 g + ¢3 3%
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+ ¢1¢3<¢2%§> + ¢3<_3_2<E> + <f>2<153<<i>2axﬁ + ¢3 3X23>}(20)

L% d¢g 0dg d¢3
Ap, _ N {i {
RT n,|N

k
i=1]

In ¢,in, + ¢ <np - EM>
my

' ¢q<n,, _ ):ﬂ,;%ﬂ"iﬂ ¥ 6y xp(bg + 6% + %000 + x160)

q
d d ad
+ ¢p{¢l¢2<%}22 (1 - ¢9) - ¢3 %E) + ¢2¢3<%23 (1 = &)
_ 3x_23> s | gy %)}]
89352) + 42912 (1 = 03) = 0 2 @

forp # q; p = 2, 3; and ¢ = 2, 3 and where x;, xg, and x3 are given by
Equation 5a, 5b, and 5c, respectively.

From these equations, suitable expressions can be derived to calculate
interaction parameters by using phase equilibrium data, as discussed ear-
lier for the monodisperse polymers, and by using information about the
molecular weight distributions obtained by GPC.

Experimental

The system of PS and PBD was selected to demonstrate the case of narrow molecu-
lar weight distributions. The importance of the two polymers in the polymer indus-
try and the commercial availability of these two polymers in narrow molecular
weight distribution samples made this system a logical choice. The characteristics
of the particular polymer samples employed are given in Table I. Toluene was se-
lected because it is a good mutual solvent and because the x5 values for PS-toluene
are published (44).

The procedure adopted for the sample preparation is given earlier (27). Equi-
librium was attained at 23 °C and 1 atm.

A detailed discussion of GPC with sequential RI and UV detectors for the
quantitative analysis of the conjugate phases of the incompatible system of PS and
PBD with THF as solvent is also given earlier (27, 28).

Results and Discussion

The binodal curves, tie lines, and plait points for the two PS-PBD systems
studied are given in Figures 1 and 2.

The polymer-solvent interaction parameter x;, for PS-toluene was
obtained from the work of Scholte (44) and used in Equations 12 and 13 to
solve simultaneously for the interaction parameters x;3 (PBD-toluene) and
x23 (PS-PBD). The results are presented in Tables II and III.
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Table I. Characteristics of Polymer Samples

Sample M, X 10-3 M, X 10-3 M,/M,
PS 37,000 36.0 33.0 <1.06
PS 100,000 100.0 100.0 <1.06
PBD 170,000¢ 170.0 + 17 135.0 £ 13 1.26

Note: Manufacturers’ data were supplied by Pressure Chemical Co. (PS samples) and

Phillips Petroleum Co. (PBD samples).

PBD

%47.1% cis, 44.5% trans, 8.4% vinyl, 0.04% antioxidant,

TOLUENE

PLAIT POINT

060 | Ps
0.50

WTps

Figure 1. Phase diagram for the ternary system PS 100,000/PBD 170,000/
toluene at 23 °C and 1 atm. Solid symbols (@) represent mix point composi-

tions; open symbols (O) represent equilibrium phase compositions; tie lines
connect conjugate points via mix points; W Tps is the weight fraction of PS in
the total polymer; and WTsqy, is the weight fraction of solvent toluene in the

total polymer-solvent mixture.

The results for various tie lines are tabulated in an orderly fashion.

Each table corresponds to a distinct polymer molecular weight; each table
starts with the bottom tie line of the binodal curve, progresses toward the
pure solvent apex, and ends with the tie line at the top of the binodal curve
nearest to the plait point.

For a given system, the value of x5 is generally found to have its low-

est value for the tie lines belonging to the lower portions of the binodal
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curve. The value progressively increases as the plait point composition is
approached. That is, xo3 increases with decreasing total polymer concen-
tration in any particular system. Berek et al. (30) observed xo3 values of the
same order of magnitude with a similar trend in the equilibria of fraction-
ated polypropylene (PP) and PS in toluene. The experimental error in the

TOLUENE

PLAIT POINT

PBD 060 PS

|
0.50
WTpg

Figure 2. Phase diagram for the ternary system PS 37,000/PBD 170,000/

toluene at 23 °C and 1 atm. Solid symbols (@) represent mix point composi-

tions; open symbols (O) represent equilibrium phase compositions; tie lines

connect conjugate points via mix points; W Tpg is the weight fraction of PS in

the total polymer; and WTsgy, is the weight fraction of solvent toluene in the
total polymer-solvent mixture.

Table II. Interaction Parameters for PS 100,000/PBD 170,000/Toluene

Wt % Solvent (mean) X12% X13 X23
82.00 0.402 0.459 0.010
87.43 0.411 0.385 0.019
90.36 0.414 0.427 0.023
90.68 0.414 0.442 0.021

“Ref. 44.
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Table III. Interaction Parameters for PS 37,000/PBD 170,000/ Toluene

Wt % Solvent (mean) X12° X13 X23
77.91 0.385 0.417 0.026
81.39 0.390 0.382 0.029
84.10 0.392 0.376 0.030
88.41 0.398 0.458 0.026
“Ref. 44.

values of x93 was estimated to be less than 0.006 by “propagation of error”
methods.

The plait points of the binodal curves were obtained by extrapolation
of the midpoints of the tie lines to intersect the interpolated binodal curve.
Hence the composition of the plait point could be determined graphically.
The value x93 at the plait point was calculated from the measured composi-
tion by using the following equation (6) (Table IV).

R R R e B

The value of xg3 ot calculated by using Equation 22 is higher than the
value of xy3 obtained for the tie line closest to the plait point. This differ-
ence is to be expected because xo3 decreases with total polymer concentra-
tion. A correlation exists between the location of the plait point and xg3 crit
for the two systems studied. The system of higher molecular weight poly-
mers, which has its plait point at a higher solvent concentration, has a

Table IV. Plait Point Composition

Variable Figure 1 Figure 2

weight percent

Toluene 92.5 90.5

PS 3.75 5.75

PBD 3.75 3.75
volume fraction

¢1 (toluene) 0.934 0.920

¢ (PS) 0.030 0.045

¢3 (PBD) 0.037 0.037

volume ratios
me 847.62 313.62
ms 1787.1 1787.1

interaction parameter
X 23, crit 0.026 0.039
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lower value of x93 rit. In other words, xg3 orit increases as we move from
plait points at a higher solvent concentration toward the plait point at a
lower solvent concentration. It would be possible to predict, with reason-
able accuracy, the relative positions of the plait points of two systems of PS/
PBD with different molecular weights of each polymer from their xg3 crit
values.

Comparing the binodal curves for the two PS/PBD systems shows that
the system with the combination of the higher molecular weight of these
polymers (PS 100,000 and PBD 170,000) has the plait point at a higher
solvent concentration.

Conclusions

GPC provides methods for using data from polydisperse polymers in con-
junction with Scott’s equations for interaction parameters and methods for
eliminating the effects of low molecular weight additives on the analysis of
phases.

The polymer—polymer interaction parameter xo3 was evaluated from
the parameters of phase equilibria of the system PS-PBD-toluene in which
the polymers have narrow molecular weight distributions. We found that,
for any pair of polymers, xy3 increases as the total polymer concentration
decreases and reaches a maximum at the plait point. The values of x,3 at
the plait points (xg3 crit) Were calculated and were found to decrease as the
plait points move toward the solvent apex of the triangular diagram.

Nomenclature

Xij Flory-Huggins interaction parameter for components ¢ and j

AG,, Gibbs free energy of mixing

n; Number of moles of the ith component

o; Volume fraction of the ith component

m; Ratio of the molar volume of component i to that of the reference
component

Ay, Chemical potential of component i

Z Free enthalpy of mixing function

N Total number of moles

¥ Interaction function

Pa; Volume fraction of species i in polymer 2

mg;  Relative chain length of species i in polymer 2
Number of components in polymer 2
1 Number of components in polymer 3
p, q  Polymers 2 and 3 in the polydisperse case
X23,crit  Polymer—polymer interaction parameter at the plait point
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A Polymer Blend Exhibiting Both
Upper and Lower Critical Solution
Temperature Behavior: Polystyrene/
Poly(o-chlorostyrene)

S. L. ZACHARIUS!, W. J. MocKNIGHT, and F. E. KARASZ

Department of Polymer Science and Engineering, University of Massachusetts,
Ambherst, MA 01003

Polymer-polymer interactions of polystyrene (PS) and poly-
(o-chlorostyrene) (PoClS) blends have been investigated by
using a vapor sorption technique. These results, combined
with heat of mixing experiments, indicate that both upper
and lower critical solution temperature behavior are exhib-
ited by this blend. Previous data showed that the miscibility
of the PS/PoCIS system is extremely molecular weight sensi-
tive. This sensitivity is shown to be related to the existence of
a critical double point in the system. Model calculations us-
ing the Flory equation-of-state theory illustrate these points.

POLYMER—POLYMER INTERACTIONS AND THE GENERAL PHASE BEHAVIOR of the
polystyrene/poly(o-chlorostyrene) (PS/PoClS) system were investigated
with experimental ternary solution methods. Ryan (1) studied PS/PoCIS
blends as a function of the molecular weight of PS. The phase behavior of
the polymer blends was investigated by using differential scanning calo-
rimetry (DSC) to measure the glass transition temperature (T,) of the
blends after the blends were annealed at a series of temperatures between
150 and 400 °C. The enthalpy of mixing was also measured at 35 and
68 °C. Because direct measurement of the enthalpy of mixing is not possi-
ble, the required parameters were determined by using differential heats of
solution measurements and Hess’s law. (1)

1Present address: The Aerospace Corporation, Los Angeles, CA 90009

0065-2393/84/0206-0017$06.00/0
© 1984 American Chemical Society
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The results of the annealing studied showed that, when PoCIS of mo-
lecular weight 100,000 was blended with PS of molecular weight equal to
or greater than 32,400, the blend could be phase separated. When the same
PoClIS was blended with PS with a molecular weight equal to or less than
26,700, the blend exhibited one T, and could not be phase separated.

The results of the enthalpy of mixing experiments showed small but
nearly always positive values. The molecular weight of the PS did not sig-
nificantly affect these values.

To explain these experimental results, we postulate that blends with
the higher molecular weight PS have an hourglass-type phase diagram;
that is, the upper critical solution temperature (UCST) and the lower criti-
cal solution temperature (LCST) have merged. The temperature of this
merger was determined to be about 550 K. The blends with the lower mo-
lecular weight PS are single phase systems. As the molecular weight of the
PS decreases, the UCST decreases and the LCST increases to the extent that
both critical points are beyond experimental detection. Although a change
in the critical points is theoretically predicted, this large a change as a
result of such a small change in molecular weight has not been observed
before. A change in the molecular weight of less than 4000 results in separa-
tion of the UCST and LCST by at least 250 °C.

We combined the experimental results of Ryan with experimental va-
por sorption results to conclude that the PS/PoCIS blend does exhibit both
UCST and LCST behavior. In addition, we present theoretical evidence
that the extreme molecular weight sensitivity of the UCST and the LCST is
the result of the existence of a critical double point in this system. Sample
calculations illustrate this theory.

The familiar Flory-Huggins theory (2-4), which is based on a simple
lattice representation for polymer solutions, can only predict the UCST
phenomenon. To predict the LCST phenomenon, the differences in the
equation-of-state properties of both pure components must be taken into
account. Several theories (5, 6), including Flory’s equation-of-state theory
(7, 8), have been developed to describe both the UCST and LCST be-
havior.

The equation-of-state theory considers the role of free volume in poly-
mer solution thermodynamics. During the mixing process, the free volume
of each component is changed. An intermediate value for the free volume is
approached that is characteristic of the mixture. The difference in free vol-
ume is particularly significant when the mixture consists of a polymer and a
solvent. Polymers typically have very low degrees of thermal expansion and
free volume compared to solvents. This difference is reflected in different
equation-of-state properties. The difference in free volume between poly-
mers and solvents is independent of any chemical difference between the
two components.

The change in free volume results in an overall change in the total
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volume of mixing (AV)), the enthalpy of mixing (A H,), the entropy of
mixing (AS,), and, therefore, also the free energy of mixing (AGy). In
general, the overall volume decreases and results in a negative contribution
to both the enthalpy and entropy of mixing. That is,

AI{M7f.v. <0 (1)

and

ASpy,py. <0 ©)
The total free volume (f.v.) contribution is predicted to be positive (9)
AHM7 fv. © TASM7 fv. > 0 (3)

This free volume contribution has an unfavorable effect on mixing. It be-
comes more significant as the temperature increases. The equation-of-state
theory is thus able to predict phase separation as the temperature increases,
LCST. The UCST is a result of a positive A Hy; arising from the breaking of
like contacts and the forming of unlike contacts. This positive A Hy, effect
decreases as the temperature increases.

For a mixture of two polymers, the combinatorial entropy of mixing
will be very small. Therefore, usually a negative enthalpy of mixing result-
ing from specific interactions is necessary to attain miscibility. Only if the
free volume contribution is very small can a small positive enthalpy of mix-
ing be tolerated. McMaster (10) has shown that in this case the polymer—
polymer system can exhibit both UCST and LCST behavior. We believe
that the PS/PoCIS system is such a system.

Experimental

Polystyrene. Two different molecular weight samples of PS with narrow dis-
tributions were used. The lower molecular weight sample and characterization
data were obtained from Pressure Chemical Company. The PS is atactic batch
41220, prepared by anionic polymerization. The number average molecular
weight (M, as determined by membrane osmometry is 15,000 + 6% . The poly-
mer was used as received without further purification,

The higher molecular weight sample and characterization data were obtained
from Goodyear Chemicals. It is anionically polymerized atactic PS sample CDS-S-
6. The M,, as determined by membrane osmometry is 80,800, and 75,300 as deter-
mined by GPC. The weight average molecular weight (M,,) as determined by light
scattering is 82,900, and 82,100 as determined by GPC. The polymer was dissolved
in toluene, filtered through a very fine sintered glass funnel, precipitated into
methanol, and then dried under vacuum at 80 °C for several days before being
used.

Poly(o-chlorostyrene). The polymer was synthesized by free radical poly-
merization (I). The M,, as determined by GPC was 77,700; the M,, as determined
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by GPC was 169,000. The polymer was then fractionated with a preparative GPC.
The fraction used in the vapor sorption measurements had M,, = 100,500 and

M,, = 147,100, as determined by GPC.

Decahydronaphthalene (Decalin). The decalin, obtained from Fisher Scien-
tific Company, was refluxed over LiAlH for 3.5 h at atmospheric pressure and
180 °C. It was then distilled under partial vacuum at 83 °C.

Film Preparation. Films containing PS, PoClS, and their mixtures were cast
from a methylene chloride solution onto aluminum pans. Initial polymer concen-
tration in methylene chloride was approximately 4 % . The ratio of PS to PoClS is on
weight basis. This technique provided a sample that was thin, on the order of 0.1
mm. The solvent was allowed to evaporate at room temperature for several hours.
The films were then dried under high vacuum (10 ~4 mm Hg) at 80 °C for several
days in an abderhalden drying tube. The absence of residual solvent was confirmed
by a constant T,.

Results and Discussion

Vapor Sorption Studies. Vapor sorption technique is used to study
the thermodynamic properties of polymer-solvent systems and polymer
blends (11). A polymer solvent solution is allowed to come to equilibrium
with pure solvent of known partial pressure. As a first approximation, the
activity of the solvent is equal to the relative vapor pressure P/P°, where P°
is the vapor pressure of the pure solvent. For this study, the approximate
activities were corrected for deviation from the perfect gas law by using
Equation 4:

Ina; — In(P/P°) = (P — P°)/{RT(a/RT - B)} ()

where a and 3 are the two van der Waals constants. The activity coefficient
a, of the solvent in a binary or ternary solution is related to the chemical
potential Au; by

Ina, = Au/RT 5
For a binary solution
Am/RT = In¢y + [1 — lUry]éy + x126% (6)

where ¢; and ¢, are the volume fractions of the solvent and the polymer,
with a degree of polymerization r,. The Flory-Huggins parameter is x;o.
For a ternary solution (12, 13)
Ap/RT = Ing; + (1 = Urg)g + (1 — lirs) s
+ (x1202 + x1393) (1 — ¢1) — X230263 ()
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where subscript 1 refers to the solvent and subscripts 2 and 3 to the two
polymers. The value of xy3 of the two polymers can be calculated from
three separate vapor sorption experiments, one with each of the polymer
components separately and a third with the blend.

Polymer-Solvent Systems. Two different molecular weight PS-deca-
lin systems were investigated, PS 15,000 and PS 80,000. The vapor sorption
measurements were made at 80 °C. The T, is 100 °C for both samples of
PS. Once a certain amount of solvent has been absorbed, the PS is suffi-
ciently plasticized so that the experimental temperature is now above T,
and the system is no longer glassy. Equation 6 is used to evaluate the x5
parameter from the equilibrium sorption data of the plasticized systems.
Results are shown in Figures 1 and 2 for PS 15,000 and PS 80,000, respec-
tively. The solid lines represent a linear least squares analysis of the data.
The results are x;3 = —1.00 ¢; + 0.797 for PS 15,000, and x;5 = —0.565
¢, + 0.688 for PS 80,000. The molecular weight of PS has a considerable
influence on the composition dependence of x1, in the investigated compo-
sition range.

Vapor sorption measurements were also made on the decalin/PoCIS
system. The T, for PoCIS is 133 °C. Therefore, the polymer must absorb
more solvent before the T, is depressed below the experimental tempera-
ture of 80 °C. The x;3 parameter for the plasticized system is shown in
Figure 3. The solid line is a linear least squares fit by x13 = —1.42, ¢; +
1.144.

0.9

0.3 L | L | 1 | 1 L ]
[0} 0.1 0.2 ¢
1

Figure 1. The concentration dependence of the x parameter for the system
C10H;8/PS 15,000 as measured by vapor sorption experiments.
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Figure 2. The concentration dependence of the x parameter for the system
C19H;8/PS 80,000 as measured by vapor sorption experiments.

Figure 3. The concentration dependence of the x parameter for the system
C10H18/PoCIS as measured by vapor sorption experiments.
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Polymer-Polymer—Solvent Systems. Three different ternary systems
were investigated: PS 15,000/PoClS/decalin with polymer—polymer ratios
of 25:75, 50:50, and 75:25. The blend of the high molecular weight PS is
an immiscible system, and Equation 7 does not apply. The values of xs3,
calculated by using Equation 7 and the previously determined values of x;,
and x,3, are shown in Table I. The xy3 values show a considerable scatter.
Except for the 25:75 systems the values are small and positive, an indica-
tion for a possible absence of specific interactions. Because the x parameter
for the latter systems is negative, it is difficult to draw a definite conclusion
regarding the presence or absence of specific interactions. The results are,
however, clearly different from those of various other miscible polymer sys-
tems where unequivocally negative values are found for the x parameter
(14-17). This difference indicates a much stronger interaction between
both components of those blends than between PS and PoCIS.

The variation with composition of the x parameter is generally attrib-
uted to a difference in surface-to-volume ratio of the two components (18).
This difference might be quite large for polymer-solvent systems. Our
results on the polymer-solvent systems are in agreement with this view-
point. Accordingly, for two polymers that are very much alike, one does
not expect a significant composition dependence of the x parameter as
found for the PS 15,000/PoCIS system.

A common criticism of mutual solvent techniques in general is that the
solvent effect must be “subtracted out.” The validity of this approach is
questionable. The absolute quantities determined may not be accurate, but
these experiments provide a great deal of qualitative information. The only
alternative for determining polymer—polymer interactions is to investigate
low molecular weight analogs.

Enthalpy of Mixing. According to the equation-of-state theory (7, 8)
or the lattice fluid theory (5), the x parameter consists of two contributions,

Table I. Flory-Huggins Polymer-Polymer Parameter
at 80 °C

Percent PS 15,000 in Film X23

75 0.31
0.07

0.35

0.14

50 0.04
0.23

0.23

0.08

25 -0.43
-0.08

-0.63

-0.94
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an exchange interaction term (Xy3) and a free volume term. The Xy3 contri-
bution dominates the low temperature behavior. It is positive for dispersive
forces and negative when specific interactions like weak hydrogen bonds or
charge transfer complexes are present. The free volume contribution is pos-
itive and becomes increasingly important at higher temperatures. A well-
known schematic representation for x4 as a function of temperature is pre-
sented in Figure 4 (19, 20). Curve 1 shows the contribution to x resulting
from contact energy dissimilarities between components 1 and 2. This con-
tribution is considered in both the Flory-Huggins theory and the equation-
of-state theory. In the absence of specific interactions, curve 1 decreases
with temperature. Curve 2 shows the contribution to x resulting from
equation-of-state parameters for the two components. Curve 3 is the total
of these two contributions. Figure 4 illustrates why the Flory-Huggins the-
ory predicts only the UCST and why the equation-of-state theory predicts
two critical points: one as the temperature decreases, the UCST; and one as
temperature increases, the LCST. Figure 4 also illustrates that two poly-

T

Figure4. Schematic representation of the temperature dependence of the x
parameter. See text for explanation of curves.
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mers with a specific interaction, that is a negative value for x,3, will exhibit
only an LCST. Curve 1 will not be applicable in this situation.

The phase behavior of the system will be determined by the value of
the x parameter. The following is the expression for the critical value of xg3
(12, 13)

Xer & %(1‘2_ 12 4 r3 1/2)2 (8)

where r, and r3 are the degree of polymerization for components 2 and 3,
respectively. The system is miscible for all temperatures for which xo3(T)
< X and partially miscible for all temperatures for which x93(T) > X

The equation-of-state expression for the free energy of mixing can be
written by using the Flory-Huggins expression where the x parameter con-
sists of two terms, an interactional term and a free volume term.

AGy/RT = ($g/r9) In ¢g + (d3/r3) In 3 + x93 (T) d263 9)

where ¢, and ¢3 are volume fractions of components 2 and 3, respectively.
The enthalpy of mixing is related to the free energy of mixing by

AH,, = AG,, - T(OAG,/3T)p (10)
Combining Equations 9 and 10 results in
AH, = —RT%(0x23/0T) s ¢3 (11)

The sign of the enthalpy of mixing is determined by the first derivative of
the x parameter. Prigogine and Defay (21) have shown that AH,, is nega-
tive near an LCST and positive near a UCST, unless an inflection point
exists in the composition dependence of AH,,,.

With this in mind, the implications of Ryan’s results become clear.
Ryan (I) measured the enthalpy of mixing of PS/PoCIS at 35 and 68 °C for
various molecular weight samples of PS while keeping the molecular
weight of PoClS constant. In nearly all cases a small but positive heat of
mixing was found, with no clear dependence on the molecular weight of
PS. These results show that 35 and 68 °C are in the temperature range in
which a UCST is possible. Consequently, blends of PS and PoCIS constitute
an example of miscibility without specific interactions. McMaster (10) has
already shown that this exceptional situation can occur if the exchange in-
teraction contribution is sufficiently small and if the PVT properties of
both components do not differ too much.

Model Calculations. The analysis so far showed that the experimen-
tal results for PS/PoCIS blends clearly point to the possibility of critical
double points in these systems. Although we argued that the enhanced sen-
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sitivity of the phase behavior to a change in molar mass is probably a result
of this fact, such a small change may not indeed create a miscibility region
of over 250 °C. An obvious model to investigate this is given by Flory’s
equation-of-state theory (7, 8).

The theory is based on the assumption that the degrees of freedom of a
molecule in a liquid can be separated into internal and external degrees of
freedom. This assumption was first made by Prigogine (22). The external
degrees of freedom per polymer segment are less than those for a similar
small molecule. This condition is generally denoted as 3c(c < 1) external
degrees of freedom. The internal degrees of freedom depend on intramolec-
ular chemical bond forces. The external degrees of freedom depend only on
the intermolecular forces. Each pure component is characterized by three
equations-of-state parameters: the characteristic temperature (T*), pres-
sure (p*), and specific volume (vg,). On the basis of these assumptions, the
partition function for a system of N r-mers is:

Z(T’ V) = Zint(T) Zext (12)

The partition function associated with the internal degrees of freedom Z,,,
is assumed to be density independent. It is unaffected by neighboring seg-
ments in the liquid and therefore does not contribute to the PVT equation
of state. The external contribution is equal to

Zew = (27l'ka/h2)3Ncr/2Q (13)

where

Q = Qcomb) (4my/3(0"® — ©*13)3Ner exp (- Eo/kT) (14)

In these equations, m is the mass of one segment, k is Boltzmann’s constant,

h is Planck’s constant, V is the total volume, v = V/rN is the volume per

mer, v* is the hard core volume of the mer, Q is the configurational inte-

gral, v is a geometric factor, and E is the mean intermolecular energy.
The first term on the right of Equation 13 is a kinetic contribution that

is omitted in Flory’s original derivation. It was added by McMaster (10).
The resulting equation of state is

po/T = &13/(®18 - 1) — UsT (15)

where the tilde (-) represents reduced parameters: p = p/p*; & = v/v*;
and T = T/T*. The three characteristic parameters, V*, p*, and T*, can
be determined from the experimental values of the thermal expansion coef-
ficient «, the thermal pressure coefficient v, and the specific volume vg,.
With the aid of several combining rules, this theory is easily adapted to
mixtures. The mer volumes v{ and v§ are chosen in such a way that they
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have equal hard core volumes. The total number of volume dependent de-
grees of freedom is 3rNc, where

c = g: vici (16)

where y; is the segment fraction of component i. The additional parameter
¢y introduced by Lin (23), which characterizes the deviation from additiv-
ity of the number of external degrees of freedom per segment in the mix-
ture, has been neglected here.

The characteristic pressure of the mixture is defined as

p* = Yipi + Yapi — 102Xy 17

where 6, is the surface fraction of component 2 and X, is the exchange
energy parameter for unlike interactions. The characteristic temperature is
obtained from

UT* = (Up*)( Tript + ¥2Topd) (18)

Eichinger and Flory (24) have also added an entropic correction parameter
Q)2 to the theory to obtain better agreement between the theory and exper-
imental results. It accounts for the entropy of interaction between unlike
segments. This approach is consistent with Guggenheim’s contention that
intermolecular interactions are not entirely energetic in nature.

By using the above combining rules, the equation of state for the two-
component mixture is found to be identical to Equation 15.

The equation for the free energy of mixing for a multicomponent sys-
tem is

AGy = AHy — TASy (19)

AGu/kT = L Nilny; + I 3riNi(c; = ©) In[@mm;kT)"?/h]
+3 )_Jl riN;c; In[(5}3 - 1)/(®Y3 - 1)]

+ ?Nv*/kT[?l Y 0F (571 - o71)
n j-1

+ .22 .El ¥i0;(X;;/15 — To;Qy)] (20)
i=2i=

The enthalpy of mixing is defined in Equation 10. For a binary system this
is

AHy = No*[¥1pf 07" = 671) + Yap3 (031 — 571 + ¥10:X12/5] (21)
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If the PVT data are independent of molar mass then the enthalpy of mixing
is also independent of the molar mass of the polymer. Equation 22 is the
same for Flory’s original formulation without McMaster’s modification.
The additional term added by McMaster is therefore an entropic contribu-
tion.

The chemical potential of each component in a multicomponent sys-
tem is

App/kT = (OAGy/3Ng) + (9AGy/9%) (35/0NK) (22)

At low pressures, the last term of Equation 23 is very small and can be
neglected. Substitution of Equation 20 into Equation 22 yields
Apr/kT = Inyy + (1 = ri/re)Ys + 3riye(cr — ¢g) In(my/mg)12
+ 3rc) In[(513 - 1)/@Y3 - 1)]
+ ro*/kT[pf (51 = 671) + 03(X12/0 — T5:1Q19)] (23)

for a binary system.
The relation between the Flory-Huggins interaction parameter x;, and
the exchange energy parameter X, is

X12 = 3r1(c1 — ¢g) In(my/mg)V2 + (3rici/¥3)
In[(51 - 1)/(BY3 - 1)] + (v*/kT y3)
[pt B — 671) + 03(X1e/6 — T1Q12)] (24)

The application of the Flory equation-of-state theory requires the
knowledge of the specific volume v, the coefficient of thermal expansion
«, and the thermal pressure coefficient y. With these parameters, the char-
acteristic parameters v*, p*, and T* can be evaluated by using the follow-
ing equations:

vl = vy,[(1 + Ta)/(1 + 4aT/3)]? (25)
D = 0gp/0g (26)

T = (818 - 1)/643 27

T - TI/T* (28)

p* = 2Ty (29)

p = plp* (30)
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The PVT properties of PS have been investigated (26-33), but no PVT
data are available for PoCIS. Only the specific volume is available for PoCIS
(34). The equation-of-state parameters used for PS were those determined
by Flory (33). The coefficient of thermal expansion and the thermal pres-
sure coefficient for PoCIS were estimated to be 5-6% different from the
values for PS. The coefficient of thermal expansion for PoCIS was taken to
be 6% larger than that of PS, because a survey of literature values for other
polymers showed that dense polymers (those with small specific volumes)
tended to have larger coefficients of thermal expansion than less dense
polymers (35-37). The experimentally determined specific volumes show
that PoCIS is more dense than PS. The thermal pressure coefficient was
taken to be 5% less than the value for PS for the same reason. The PVT
data and the characteristic parameters for PS and PoCIS are shown in
Table II.

The last quantity necessary for the full characterization of a mixture of
the equation-of-state theory is X;;, the exchange energy parameter. The ex-
change energy parameter X,3 is expected to be positive for a nonpolar sys-
tem (38). On the basis of the chemical similarities of the two components,
one would expect that the value of Xy3 would also be very small. The small
positive value for the enthalpy of mixing determined by Ryan indicates that
a very small but positive value for Xy; is appropriate for this system. This
suggestion is further supported by the small positive values calculated for
Xo3. With these facts in mind, we calculated spinodal curves for various
values of Xy3.

The simulated spinodals for PS of various molecular weights blended
with PoCIS (100,000) with Xy3 = 0.0225 cal/cm?®, Qg3 = 0, and so/s3 = 1
are shown in Figure 5. The spinodals are located in the PS-rich region of
the phase diagram. This finding is to be expected because the PS is the
lower molecular weight component.

As Figure 5 illustrates, the blends with PS of molecular weight 32,000
or greater have an hourglass-shaped spinodal. When the molecular weight
of the PS is dropped by only 2000, the blend is now miscible for all composi-
tions between approximately 465 and 530 K. A further reduction of 1000 to

Table II. Pure Component Properties at 200 °C

Property PS PoCIS
Vep, cm3/g 1.033 0.877
a x 10-4 K-1 5.80 6.30
v, cal/em3K 0.167 0.157
P*, cal/cm? 120 116
T*, K 8697 8301
Vs, cm¥/g 0.839 0.706

M, variable 100,000
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Figure5. Simulated spinodal for the PS/PoClIS system for the indicated mo-
lecular weights of PS.

PS 29,000 results in a UCST at 380 K and an LCST at 620 K. The LCST is
now above the degradation temperature. Figure 5 demonstrates that under
the right circumstances the equation-of-state theory is capable of predict-
ing the type of mixing behavior that has been proposed for PS-PoClS
system.

The situation is more clearly illustrated in Figure 6. This figure shows
the temperature dependence of x for the PS-PoCIS blend with segment
fraction equal t0 0.5 and Xp3 = 0.0225 cal/cm3. This curve is equivalent to
curve 3 in Figure 4. The x is independent of molecular weight, if we assume
that the equation-of-state parameters are independent of molecular
weight. This assumption is considered reasonable for the molecular weight
range under consideration here. Therefore, Figure 6 represents the x vs T
curve for all PS-PoCIS blends when Xy3 = 0.0225. The critical value of x is
very dependent on molecular weight as shown by Equation 8. The horizon-
tal lines in Figure 6 represent the critical value of x for PS with the indi-
cated molecular weight. The first intersection of a horizontal line with the
curve represents the UCST for that molecular weight system. The second
intersection represents the LCST. When the molecular weight of PS is
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Figure 6. Calculated temperature dependence of x parameter for the PS/
PoCIS system. The horizontal lines represent the critical values of the x pa-
rameter for the indicated molecular weights of PS.

32,000, the LCST and UCST merge at about 490 K. The point at which the
LCST and UCST merge is called the critical double point. Any system with
a PS molecular weight greater than 32,000 has no UCST or LCST; the
blend is immiscible. Clearly, the flatness of the x vs. T curve in the vicinity
of the critical double point is responsible for the large temperature change
in the critical temperatures with very small changes in molecular weight.

All predictions of the equation-of-state theory presented here for the
PS/PoCIS blends have been based on estimated equation-of-state parame-

~ ters for PoCIS. These predictions are intended to give a qualitative picture

of the mixing behavior of the polymer blend. The numbers are significant
only in terms of their relative magnitudes and signs.

In summary, the experimental observations indicate the existence of
both a UCST and an LCST in the PS/PoCIS system. The equation-of-state
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theory has been used to show the connection between the occurrence of a
critical double point and the enhanced sensitivity of the phase behavior to
small changes in molecular weight.
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Phase Equilibria in Polymer Melts
by Melt Titration

M. T. SHAW and R. H. SOMANI

Department of Chemical Engineering and Institute of Materials Science, Univer-
sity of Connecticut, Storrs, CT 06268

The miscibilities of poly(methyl methacrylate) (PMMA) frac-
tions with poly(styrene) (PS) were measured by melt titration
and found to depend on molecular weight, but not as
strongly as anticipated from the Flory equation-of-state the-
ory. The observed miscibility ranged from 3.4 to 7.5 ppm as
the molecular weight of the PMMA fraction changed from
160,000 to 75,000. Fits of these data by the theory resulted in
segmental interaction parameters (X,3) for PS and PMMA of
0.11 and 0.20 cal/cm3, respectively. Efforts to improve the
agreement—obtain interaction parameters independent of
molecular weight—centered on the correction of density and
thermal expansion coefficient for molecular weight, and the
introduction of a segmental entropy parameter (Q;3). None
of these refinements, however, was capable of removing the
molecular weight dependence of X,.

THE SCIENCE AND TECHNOLOGY OF POLYMER BLENDS cover a wide variety of
topics that may often be usefully classified according to the physical nature
of subject blend. Two convenient categories are miscible blends (those with
a single glass transition) and immiscible blends (those with two or more
phases under normal conditions).

Although the miscible blends often prove to be of great commercial
interest, they are relatively rare. For this reason, growing attention has
been focused on blends exhibiting limited miscibility. The phase behavior
and properties of these blends are often sharply dependent on composition,
temperature, and pressure, as well as on the details of the structure of each
component. To unify these observations and to provide a sound basis for
the design of new blends, scientists have developed a number of theories
describing the phase behavior of binary polymer systems. This chapter re-

0065-2393/84/0206-0033$06.00/0
© 1984 American Chemical Society
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ports on a direct experimental assessment of the ability of one of these theo-
ries to handle changes in molecular weight in a mixture of poly(styrene)
(PS) and poly(methyl methacrylate) (PMMA), a system of low miscibility
under most conditions.

Flory, et al. (1, 2) first described the usefulness of the equation-of-
state theory in the analysis of liquid-liquid phase equilibria and the calcu-
lation of the thermodynamic functions of polymer mixtures. The Flory
equation-of-state theory (3-8) has been shown to predict correctly the qual-
itative nature of the phase diagram of polymer-polymer systems. McMas-
ter (5) showed, by using the theory, that the lower critical solution temper-
ature (LCST) should be a common phenomenon in high molecular weight
polymer blends. Also, the dependencies of the phase diagram on factors such
as molecular weight, thermal expansion coefficients, thermal pressure coeffi-
cients, the interaction energy parameter, and pressure were discussed.

The experimental study of phase equilibria of polymer blends is more
difficult than that of polymer solutions or solutions of low molecular
weight compounds. Consequently it has not been possible to catalog for
many polymer-polymer systems the adjustable parameters present in the
theory: the segmental interaction energy parameter X} and the interaction
entropy parameter Q),. In principle, if one has these parameters at hand,
the entire phase diagram and many physical properties of the polymer mix-
ture can be calculated by using Flory’s equation-of-state theory.

In Flory’s theory, the interaction parameters (X3 and Q)y) are be-
lieved to be characteristic of the polymer pair. These parameters are de-
pendent only on the chemical structure of the components and are indepen-
dent of the composition, temperature, and molecular weight. Zhikuan et
al. (9) suggested that both X;, and Q;, may have some molecular weight
dependence. We used the melt titration technique (10-12) to determine the
miscibility, at constant temperature and pressure, of two monodisperse
PMMA samples in PS. The results from the melt titration technique were
used to evaluate the interaction energy parameter for these blends. A sig-
nificant difference was found in the calculated interaction energy parame-
ters for high and low molecular weight polymers. This difference could not
be explained by incorporating the effect of molecular weight on physical
properties (i.e., thermal expansion coefficient and density) of the polymer
(PMMA). By using the average value of the interaction energy parameter
(X19), the effect of the segmental interaction entropy parameter (Q;5) on
the computed phase diagrams was evaluated. These results lead to the con-
clusion that either the interaction energy parameter or the interaction en-
tropy parameter may have molecular weight dependence.

Theory

The Flory equation-of-state theory is based on an assumption first made by
Prigogine (13) that the motions of a molecule in a liquid can be separated
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into fully independent internal and external degrees of freedom. External
degrees of freedom attributable to a monomer in a polymer chain are less
than those for a similar small molecule. Thus, a monomer will only have
3C (C < 1) instead of three degrees of freedom. External degrees of free-
dom are assumed to depend only on intermolecular forces, whereas inter-
nal degrees of freedom are associated with intramolecular chemical bond
forces. Flory assumed that the intersegmental energy arises from interac-
tions between the surfaces of adjoining segments. On the basis of these as-
sumptions, a configurational partition function for the mixture is obtained
and the free energy of mixing is evaluated by using the standard equations
of statistical thermodynamics. The expression for chemical potential is then
found by differentiating the free energy equation. For component 1 in a
binary mixture this expression is given by Equation 1 (14).

Ap m
le In ¢1 + (]. - 1'1/1”2)d)2 21"101 In <Wl>
m; — m Vs -1
- %f10¢2<——11rl—2> + 31’101 In [m}
rnV* 1 1 03X
+ ;cT [Pl <71 - 7) + 2V12 - 92TV1012}
_ TICIEI(d),V) P*TIV*El ((.'b, V) 1
V(I8 1) © KTV? 1
where
<rNT opP l<13 + _}_)(rNT 6T>
E V BNk T V2 Tk 6Nk 9
K(@.V) = n Tl TR -3 ®)
R EEN 2
Nr = N+ N, ®
TiN'
b = 5—— (4)
E 1"1'Nz
i=1
S-TiN'
¢; = 2—1’_1 (5)
E Sierl
i=1
m = ¢ym; + ¢gmy (6)

c = ¢c1 T dycy )
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P* = ¢\ Pf + ¢oP; — ¢10:X;o 8
V* =V} =V; 9)

In these equations, X, is the interaction energy parameter; Qy, is the inter-
action entropy parameter; ¢; is the segmental volume fraction of the com-
ponent i; S; is the surface per segment of component i; V*, T*, and P* are
the characteristic volume, temperature, and pressure, respectively; and V,
T, and P are the reduced volume, the reduced temperature, and the re-
duced pressure, respectively.

To evaluate the chemical potential, the characteristic parameters V*,
T*, and P* are needed. These parameters can be obtained from the physi-
cal properties (density, thermal expansion coefficient, and thermal pres-
sure coefficient) of the pure components by using the relationships

1 1+ Ta P
V¥ = | —— 1
p[l+4Ta/3jI (10)
P* = V2 Ty (11)
. TV4/3
T* = _—__(\71/3—-1) (12)

where p is the density, o is the thermal expansion coefficient, and v is the
thermal pressure coefficient.

Experimental

The melt titration technique, described in detail elsewhere (10-12), was used to
determine the composition of PMMA in PS at equilibrium. A schematic diagram of
the experimental apparatus is shown in Figure 1. The first component, PS, was fed
to an extruder used as a mixer. At constant temperature (150 °C) and pressure, the
second component, PMMA dissolved in methylene chloride, was added slowly at a
constant flow rate. The presence of a second phase (at the cloud point composition
or equilibrium composition) was detected by light scattering in a special die and
optical system. The equilibrium composition was calculated from the location of
the cloud point and the flow rate and concentration of the second component.

One high molecular weight sample of PMMA (M,, 160,000) and one low mo-
lecular weight sample (M,, 75,000) were used as second components. Both samples
were obtained from Polysciences, Inc. The PS (M,, 520,000) was manufactured by
Dow Chemical Co. (trade name Styron).

Results and Discussion

The results from the melt titration technique are listed in Table I. The mis-
cibility of low molecular weight polymer is higher than the miscibility of
the high molecular weight polymer, as expected.
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Figure 1. Apparatus for melt titration technique. (Reproduced from Ref.
10. Copyright 1981, American Chemical Society.)

Table I. Melt Titration Results for PS/PMMA System, and Physical
Properties of the Two Components

Melt
Physical Properties Titration
Results®
a X 104, ~, p,  Temp., $PMMA/

Polymer M, M,.. K1 atm/K g/em? °C PS X 106

PSP 520,000 104 6.0800 7.23 1.01000 150 —
PMMA° 160,000 100 5.0045 7.13 1.13415 150 3.4
PMMA¢ 75,000 100 5.0095 7.13 1.13384 150 7.5

aNot?: Sé/ Sy = 1.0 (Ratio of surface per segment of the two components.)
Ref. 12.

bRef. 10,

cq X 10* = 5.0 + 714/M,,. Vsp = 0.670 + 5.0 X 10~ T + (714 X 10~ 4 T + 4.3)/M,,
(Ref. 15 and 16)

The Flory equation-of-state theory was used to evaluate the interac-
tion energy parameter from the melt titration results. The physical proper-
ties of the two components (the density, the thermal expansion coefficient,
and the thermal pressure coefficient) used to calculate the chemical poten-
tial are given in Table I. At equilibrium the chemical potential of each
component in the two phases is the same. We have two nonlinear algebraic
equations that can be solved for the volume fractions of the two compo-
nents on the two sides of the phase diagram by using a standard nonlinear
optimization routine. A set of interaction energy parameter values was as-
sumed and the equations for chemical potential were solved to obtain the
equilibrium composition. The values assumed for X;, were such that the
resultant equilibrium compositions on one side of the phase diagram (that
is, ¢g4) were close to the result from the melt titration. The interaction
parameters from several trials were then plotted against logarithms of the
calculated volume fractions.

Figure 2 shows the results of these calculations for the PS/PMMA
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(160,000) and PS/PMMA (75,000) systems. The relationship between X,
and log (¢94) is very linear. This linearity allows the interaction energy pa-
rameter for the polymer pair to be easily evaluated by straight line interpo-
lation corresponding to the equilibrium composition (¢94) obtained from
the melt titration technique. From such an analysis, X, is equal to 0.20 cal/
cm? for the PS/PMMA (75,000) system and 0.11 cal/cm3 for the PSY/PMMA
(160,000) system.

McMaster has shown (5) that small differences in physical properties
of the polymer components can have significant effects on the equilibrium
compositions. To understand the difference in the X, for the two polymer-
polymer systems, the effects of molecular weight on the density and the
thermal expansion coefficient for PMMA were incorporated in the calcula-
tion of equilibrium compositions. The interaction parameters were then
reevaluated by using the same procedure.

The results of this exercise were that the incorporation of molecular
weight effects on density and expansivity can account for only a 5% change
in X}, whereas the experimental difference is about 90% . The reason for
this small change is that both PMMA samples have fairly large molecular
weight and the difference in their physical properties is very small (Table
I). The correction of the physical properties for molecular weight does pro-

0.22

0.20

0.8
X2
ol6 -

0.14 -

PMMA (160000)

0.2

0.10 ] L
-6.5 -6.0 -5.5 -5.0 -45

Log ¢,

Figure 2. Interaction energy parameter for PS/PMMA (160,000) and PS/
PMMA (75,000) systems at 423 K.
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duce a quantitatively correct change; i.e., the molecular weight depen-
dence of the interaction parameter was reduced.

The equilibrium composition of each component on the two sides of
the phase diagram is also very sensitive to the interaction entropy parame-
ter, Qp2. The interaction entropy parameter takes into account the entropic
contribution to the chemical potential other than the combinatorial term.
To evaluate the effect, a value for Q3 was assumed, and the corresponding
equilibrium compositions were determined at various temperatures. These
calculations resulted in a phase diagram (binodals) corresponding to each
Qi

Figures 3 and 4 show the phase diagrams for PS/PMMA (160,000) and
PS/PMMA (75,000), respectively. Also shown is the equilibrium composi-
tion obtained from the melt titration technique. If the experimental data
are fit to the predicted binodal curves, a positive value of Q;5 (between 0
and 0.0001 cal/cm3 K) must be assumed for PS/PMMA (160,000) system.
On the other hand a negative value of Q5 (between 0 and — 0.0001 cal/cm?
K) must be assigned to the PS/PMMA (75,000) system. Thus, at least at the
low equilibrium concentrations characteristic of the PS/PMMA system, the
interaction parameters must depend on molecular weight.

3001 | I
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Figure 3. Calculated phase diagrams for PS/PMMA (160,000) system and
experimentally observed cloud point S X) Xz = 0.1591. Log scale is natu-
ral log.
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Figure 4. Calculated phase diagrams for PS/PMMA (75,000) system and
experimentally observed cloud point (X); Xjp = 0.1591. Log scale is natu-
ral log.

Two points concerning the experiment should be added as caveats:
Although the melt titration experiment can handle systems of low miscibil-
ity, the linear mixing rules required for any equation-of-state theory may
not be appropriate at the very low concentration found in this study. Sec-
ond, concerning the solvent, a third component that may influence the
phase behavior of the system (17), several tests have shown that the amount
is very low and will not concentrate in the second phase; however, exact
solvent effects are not known.

Conclusion

The analysis of the results obtained from the melt titration technique by
using Flory’s equation-of-state theory gives two significantly different in-
teraction energy parameters (X;5) and interaction entropy parameters
(Q19) for the PS/PMMA (160,000) and PS/PMMA (75,000) polymer-poly-
mer systems. The calculated difference in X;, could not be explained by
incorporating the effect of molecular weight on the physical properties of
the second component (PMMA). Therefore, we conclude that either or
both X;5 and Q;5 have some molecular weight dependence. A similar anal-
ysis for the system PE/PS is in progress.
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Nomenclature
T} Characteristic temperature for component i
P} Characteristic pressure for component i
Vi Characteristic volume for component i
P, Reduced pressure for component i
V; Reduced volume for component
P Reduced pressure for mixture
V  Reduced volume for mixture
V* Characteristic volume for mixture
P* Characteristic pressure for mixture
T Reduced temperature for mixture
N; Number of molecules of component i
Ny Total number of molecules in mixture
S; Surface area per segment for component i
0; Segment surface area fraction for component i
r; Number of segments of component i
¢; Volume fraction of component i
C; Degrees of freedom for component i
C Degrees of freedom for mixture
m; Mass-per-segment for component i
m Mass-per-segment for mixture
Xjo Interaction energy parameter
Q12 Interaction entropy parameter
Ap; Chemical potential for component i
K Boltzman constant
T Absolute temperature
p Density
a Thermal expansion coefficient
v Thermal pressure coefficient
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A Comparison of Miscible Blend Binary

Interaction Parameters Measured by
Different Methods

J. E. HARRIS, D. R. PAUL, and J. W. BARLOW

Department of Chemical Engineering and Center for Polymer Research,

The University of Texas, Austin, TX 78712

Miscible blends of the polyhydroxy ether of bisphenol-A
(Phenoxy) with a series of aliphatic polyesters were studied
by melting point depression analysis and sorption to obtain
the Flory—Huggins polymer-polymer interaction parameter,
B. The B values obtained from these measurements agreed
well in sign, magnitude, and variation with ester repeat
structure. These values also agreed with B values measured
calorimetrically for mixtures of low molecular weight com-
pounds with structures that are analogous to those of the
polymers. These comparisons suggest that the same mecha-
nisms are responsible for the exothermic heats of mixing mea-
sured directly for the analog compounds and indirectly for
the miscible polymer blends. For this general system, we sug-
gest that hydrogen bond formation between the hydroxyl
group on Phenoxy and the ester moiety is probably responsi-
ble for the exothermic interactions and polymer blend misci-

bility observed.

A PRIORI PREDICTIONS OF WHICH POLYMER PAIRS will form miscible binary

4

mixtures must necessarily involve consideration of component molecular
structure as it influences the thermodynamics of mixing and phase behav-
ior, and of means to quantify the relationship between structure and inter-
molecular interactions, so that calculations are possible. These efforts are
hampered by a lack of good bases for mathematically describing specific
interactions even in mixtures of low molecular weight materials. Another
difficulty is a similar lack of quantitative measurements, primarily result-

0065-2393/84/0206-0043$06.00/0
© 1984 American Chemical Society
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ing from the poor theoretical bases and the inherent difficulties associated
with direct measurements of excess thermodynamic functions (such as the
heat of mixing), for high polymer mixtures.

Despite these difficulties, progress can be made, by a combination of
experimentation and thermodynamic reasoning, toward the initial goal of
characterizing the intermolecular interactions in a thermodynamic con-
text. These interactions can then be related in a quantitative way to the
structural features of the polymer molecules. For example, Cruz et al. (1)
demonstrated a strong correlation between the ability of two polymers to
form a miscible binary and the ability of low molecular weight analogs of
the polymers to show exothermic heats of mixing. Similarly, the presence of
exothermic heat of mixing has been demonstrated for several systems
within the context of the Flory-Huggins equations for mixing as applied to
the observed depression in the melting point of a crystallizable component
in a miscible blend with increasing amorphous component content (2-5).
These results have led to the conclusions that polymer pairs are miscible if
they show exothermic heats of mixing and that entropic contributions to
the free energy of mixing can be safely ignored (6, 7).

Despite these conceptual successes, no quantitative comparison be-
tween the magnitudes of heats of mixing observed for analog compounds
and those observed from melting point depression of the crystallizable com-
ponent in the blend has been obtained in these prior works for a variety of
reasons. Nor has the assumption that the crystals in the blend are thick
enough to avoid melting point depression for morphological reasons (8) been
thoroughly tested by obtaining the excess heat by some other experiment.

This chapter presents a thorough study of interaction parameters ob-
tained for several miscible blends of polyesters with the polyhydroxy ether
of bisphenol-A (Phenoxy) (5) by melting point depression analysis, by a
newly developed sorption technique (9), and by calorimetric measure-
ments of analog compounds. This comparison will demonstrate that,
within experimental error, all three methods give consistent magnitudes
for the interaction parameters. Also, the parameter varies with magnitude
in a smooth consistent manner with the polyester chemical structure. This
variation suggests an optimum density of carbonyl species on the polyester
that maximizes miscibility with Phenoxy.

Materials

Six different aliphatic polyesters were found to be miscible with Phenoxy
by Harris et al. (5). The properties of these materials, their abbreviated
nomenclature, and their sources of supply are given in Table I. Of these six,
only poly(e-caprolactone) (PCL), poly(1,4-butylene adipate) (PBA), and
poly(ethylene adipate) (PEA) possessed sufficiently rapid crystallization
rates to allow melting point depression analyses to be carried out. Simi-
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larly, only four materials, PEA, PBA, PCL, and poly(1,4-cyclohexane-
dimethanol succinate) (PCDS), showed sufficient thermal stability to allow
sorption measurements to be carried out above their melting points.

The structures and sources of the low molecular weight materials used
as analog compounds of the polymers in the calorimetric determination of
heats of mixing are shown in Table II.

Analog Calorimetry

An adiabatic calorimeter, Figure 1, was employed to measure the heats of
mixing for low molecular weight compounds with structures similar to
those of the polymeric materials. This device was operated at 100 °C for all
work. Its description and operation are thoroughly discussed elsewhere (1).
Some insight into the mechanism for Phenoxy/polyester miscibility is sug-
gested by the comparison of the magnitudes of the heats of mixing of the
analog materials shown in Figure 2. Diphenoxypropanol (DPP) has a
chemical structure that closely simulates the Phenoxy repeat unit. The heat
of mixing of DPP with the diethyl adipate analog of a polyester is signifi-
cantly more exothermic than that of diphenoxyethane (DPE). This result
suggests that the formation of a hydrogen bond between the hydroxyl
group on the Phenoxy repeat unit and the ester moiety on the polyester is
responsible for the observed miscibility of Phenoxy with a variety of
aliphatic polyesters.

Phenoxy is not miscible with all aliphatic polyesters. Therefore one
expects that the sign and magnitude of the excess heat of mixing must vary
in a logical way with the composition of the polyester. To the extent that
miscibility of the polymers is dependent only on enthalpic interactions and
to the extent that DPP is a reasonable analog for Phenoxy, the excess heat of
mixing of DPP with various esters should vary with the carbonyl content of
the ester. Some results are shown in Table III. Comparison of these excess
heats with the ester structures in Table II leads to the conclusion that an
optimum concentration of carbonyl content in the ester exists for maximum
interaction with DPP.

A convenient, although empirical, way to express the ester composi-
tion dependence on the heat of mixing with DPP is to first characterize the
heat of mixing per unit volume through a binary interaction parameter, B,
via

AH, = ¢1(1 - ¢1)B (1)

where ¢ is the volume fraction of DPP, and then to watch the variation of
B with the content of carbonyl or aliphatic groups in the ester. This method
is illustrated by the solid line in Figure 6 where a smooth trend exists with a
maximum exothermic interaction occurring for linear esters containing a
volume fraction of about 0.20 carbonyl ester moieties. This method of
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Table II. Model Compound Information

Designation Structure
1
Ppe CH;(CH,),COCH,CH;
|
PB¢ CH;3(CH,),CO(CH,),CHj3
0
BB¢ CH;(CH,)3;CO(CH,;),CHg
| |
DMSe CH;3;CO(CH,),COCHj3
DES¢ CH;3;CH,CO(CH,),COCH,CHj4
| |
DBS¢ CH;3(CH,)3CO(CH,),CO(CH,)3CH;
I I
DEA¢ CH3CH,CO(CH,),COCH,CHj3
I |
DESb? CH;3;CH,CO(CH,)sCOCH,CHj3
|
EPVe C(CH3)3COCH,CHj3
DPP¢ C¢H;0CH,CH—CH,0OC¢Hj5
(MP, 81-2 °C) |
OH
DPE¢ CgH;OCH,CH,0C¢Hj5

(MP, 95-6 °C)

%Source: Pfaltz and Bauer.
Source; Eastman Organic Chemicals.
“Source: Aldrich Chemical Company.
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Figure 1. Schematic of solution calorimeter. (Reproduced from Ref. 1.
Copyright 1979, American Chemical Society.)

characterizing the carbonyl ester content in the ester differs somewhat
from previous work (1), where the content of the ester was simply ex-
pressed by the number fraction of aliphatic carbons to ester groups. It has
the advantage, however, of more properly accounting for the differences in
carbonyl moiety density between carbonyls on polymer molecules (no
chain ends) and carbonyls on the low molecular weight esters.

Melting Point Depression Analysis

The melting point depression of the crystallizable component in a miscible
blend can be used to estimate the interaction parameter B between the
blend components (5, 10, 11) via

-B 9 < 1 1 \Ang In ¢2 < 1 1 >
= - + + o1l - =) @
BT, 1" \T,y " To0/RVe * 7V, T @

where component 2 is the crystallizable component, the polyester; Tp,g is its
equilibrium melting temperature; AHy,/V, is its heat of fusion per unit
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Figure 2. Heats of mixing DEA with DPE and with DPP at 100 °C.

volume of repeat unit for 100% crystalline material; Vj is its molar vol-
ume; and ¢, is its volume fraction in the blend. For miscible blends of high
molecular weight materials, V; and V, are large and Equation 2 can be
rearranged to

— BV,,
H2u

Thg — Ty = Tpo ¢ ()
from which B can be directly evaluated by plotting TSy — T, vs 3. Blends
of low molecular weight materials can be similarly analyzed, if the molar
volumes are known, by plotting the right-hand side of Equation 2 versus ¢3.
Figure 3 shows typical constructions that seem to follow Equation 3 insofar
as a linear dependence is observed. Unfortunately, the molecular weights of
the PBA and PEA used in this study are unknown. However, a rough esti-
mate of these values made from intrinsic viscosities (Table I) suggests that
they lie in the 2000-10,000 range. Table IV shows the B values computed
from the observed depression in melting point, the estimates of molecular
weight, and literature values of AH,,/V,, via Equation 2. As shown here,
the B values computed by using the lower estimate of molecular weight are
roughly 10% lower than those calculated by assuming the higher molecular
weight. This result is a natural consequence of the greater weighting given to
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Table III. Heat of Mixing of DPP With Esters at 100 °C

Volume Fraction Heat of Mixing
Compound DPP (cal/mL)
DMS 0.30 -0.31
0.45 -0.36
0.65 -0.34
DES 0.21 -0.30
0.40 -0.36
0.46 -0.40
0.75 -0.39
DEA 0.26 -0.37
0.43 -0.55
0.57 -0.76
0.65 -0.73
0.76 -0.56
DBS 0.44 -0.25
0.56 -0.28
0.70 -0.19
DESb 0.34 -0.44
0.47 -0.52
0.59 -0.46
PP 0.35 -0.22
0.49 -0.30
0.60 -0.32
PB 0.31 —-0.04
0.49 -0.05
0.66 -0.04
BB 0.31 +0.08
0.44 +0.13
0.69 +0.08
EPV 0.45 +0.32
0.48 +0.25

entropic contributions in Equation 2 because of the lower molecular weight.
At any rate, the B values do not change substantially with molecular weights
greater than 2000. The primary contribution to the melting point depression
is a result of enthalpic interactions that lead to negative B values.

These B values are also shown in Figure 6 to vary with the carbonyl
content of the polyester repeat structure in a manner that is similar in both
trend and magnitude to the B values obtained from heats of mixing data of
the analog compounds. This comparison suggests that DPP is a reasonable
analog compound for Phenoxy and that the mechanisms responsible for
exothermic heats of mixing of analog compounds are also responsible for
the melting point depression observed in miscible polymer blends that have
comparable structures. The additional observation that the B values from
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melting point depression studies are somewhat more negative than those
from analog calorimetry may be indicative of the additional melting point
depression that results from a reduction in crystalline lamella thickness as
suggested by Hoffman and Weeks (8). This may also simply be a result of
the inaccuracies in the measurements of melting point depressions and in
the AHy,/V,, values used.

Sorption Measurements

In principle, many of the difficulties inherent in the melting point depres-
sion method for obtaining polymer-polymer interaction parameters could
be eliminated by following, instead, the deviations from tie line additivity
of the equilibrium sorption of small concentrations of solvent probe mole-

10.0 |
oU
E =
|._
1
°e 5.0
'—.

0 . | ) | A ]
0] o.I0 0.20 0.30

é 2
]

Figure 3. Melting point depressions of PBA (@), PEA (A), and PCL (M) in
Phenoxy. (Reproduced with permission from Ref. 5. Copyright 1982,
J. Appl. Polym. Sci.)

Table IV. Estimated B Values from Melting Point Depression Analysis

AH,,/Vy, _ BTmeVau (°c) Bat To

System To2 (°C)  (callmL) AH,, (cal/mL)
PBA/Phenoxy 61 34.5 -37.5¢ -3.87¢
- 35.0° -3.6°
PEA/Phenoxy 49 31.0 —24.0¢ -2.31¢
—-21.9P —2.04P
PCL/Phenoxy 56 35.0 —22.7 -2.41

“Molecular weight of polyester is assumed to be infinite,
bMolecular weight of polyester is assumed to be 2000,
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cules with blend composition. The governing equation for this method, via
the Flory-Huggins analysis (12), is

Ing; =In¢; + (1 - ¢1) + (1 = é1)%x1p (4)
X1b = X1203 + X1393 — X239393 (6))

where a is the activity of the solvent vapor in equilibrium with the polymer
(a quantity that is simply the ratio of the vapor partial pressure to that at
saturation if the vapor isideal); ¢ is the volume fraction of solvent sorbed in
the polymer blend, ¢4 and ¢4 are the volume fractions of polymer 2 and
polymer 3 on a solvent free basis in the blend, respectively; and the parame-
ters x12, X13, and xg3 are the interaction parameters associated with solvent
1 and polymer 2, solvent 1 and polymer 3, and polymer 2 and polymer 3
interactions, respectively. Of particular interest, the polymer-polymer in-
teraction parameter, X3, is related to B via

B = x93RT/V; (6)

where V is the molar volume of the sorbed solvent and T is the absolute
temperature.

Equation 4 suggests that the interaction parameter contributions will
be most important when the volume fraction of solvent in the polymer, ¢,
is very small or when sorption is carried out in the Henry’s law region to
yield

P,/P? = a; = ¢y exp(l + x1p) (7)

At these operating conditions, the basic problem with conventional sorp-
tion measurements using gravimetric techniques becomes clear. Relatively
large quantities of polymer must be used to accurately measure the small
increases in mass by sorption. The large polymer quantities lead to extraor-
dinarily long equilibrium times because of the poor diffusivity of solvents in
most polymers (13-15).

The solution to this problem is to use a vibrating piezoelectric crystal
as a microbalance (16-18). A very thin, typically 1-um polymer film is de-
posited from solution on the surfaces of a 7-MHz piezoelectric crystal and
carefully dried. The presence of the film increases the mass of the crystal by
about 0.1 mg and decreases its resonant frequency by about 12 kHz. Be-
cause the frequency can be easily measured to within + 1 Hz, the crystal
microbalance is theoretically capable of detecting a weight fraction pickup
of solvent vapor by the film as small as 8 X 10 ~5. More typically however,
uncertainties in frequency change caused by variations in temperature,
pressure, coating uniformity and characteristics, and electronic drift (9)
limit the absolute reproducibility of solvent weight fraction measurements
to about £3 X 104 for weight fractions of solvent in the 6 X 10-4-2 X
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10 -2 range. More detail concerning the entire experimental system will be
published in the near future. Extreme care in all aspects of the measure-
ment technique is required to achieve good reproducibility. If that care is
taken, construction of an entire sorption isotherm in one afternoon is possi-
ble because of the rapidity with which equilibrium is reached.

Very little good quality data exists with which to compare the results
of this method, especially in the region corresponding to less than 5% sol-
vent uptake. Some idea of the quality of results can be obtained by examin-
ing Figure 4. The interaction parameters for polyisobutylene with two sol-
vents, calculated by using Equation 4 on a point by point basis, are
examined and compared with the work of Bonner and Prausnitz (14), who
used a quartz spring balance. Compared with their work, the piezoelectric
microbalance method gives much more consistent values of the polymer-
solvent interaction parameter, x;5. Multiple measurements for x5 gener-
ally replicate within less than +0.05 units as compared to severe scatter
when the quartz spring method is employed. Interestingly, at very low val-
ues of solvent uptake the x5 values appear to become less positive. With
reference to either Equation 4 or Equation 7, this trend suggests that more
solvent is being sorbed at very low levels of sorption than can be adequately
predicted by the Flory-Huggins equation. Hill and Rowen (19, 20) and
Bonner (14) developed theories based on combined localized Langmuir
sorption and bulk absorption to account for this behavior, which is present
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Figure4. Interaction parameters from sorption in polyisobutylene at 80 °C
of benzene (B, (1) and of carbon tetrachloride (O). Closed symbols are
results of Bonner and Prausnitz (14).
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in many polymeric systems. Of particular interest to this work is the obser-
vation that x, is nearly independent of solvent concentration for solvent
uptakes greater than 1%. This is presumably the correct x5 and reflects
the dominance of bulk sorption (12).

Figure 5 summarizes values of x;; measured for Phenoxy-PBA blends
and pure components with two different solvents at 115 °C, a temperature
above the melting temperature of the PBA. Maximum solvent uptakes at all
compositions were less than 7% at this temperature. This uptake corre-
sponds to maximum solvent partial pressures of less than 750 mm Hg, and
the x,; values were found to be independent of solvent uptake for uptakes
greater than 1% . Of particular interest, here, is the positive deviation in
x1p from the tie line constructed through the pure component end points.
This deviation suggests, by reference to Equation 5, that the Phenoxy/PBA
interaction parameter, x93, is negative, and its magnitude can be obtained
as suggested in Figure 5 by constructing the best fit parabola through the
data according to Equation 5. This procedure was used to obtain all of the
X923 parameters for the miscible polyester/Phenoxy blends studied, and
these results using the alternate form, Equation 6, are presented in Figure
6. Interestingly, the maximum deviations from the tie lines in Figure 5 ap-
pear to be independent of the solvent probe used. This result is expected,

VOL.% PBA

Figure5. Interaction parameters from sorption of carbon tetrachloride and
dichloromethane in Phenoxy-PBA blends at 115 °C.
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intuitively and on the basis of Equation 4. It does contrast with previous
work using gas chromatography (21), however, and additional work will
be necessary to adequately resolve this issue.

Summary

Figure 6 summarizes the comparison of polymer-polymer interaction pa-
rameters, B, and their variation with aliphatic carbon content in the ester
structural unit. Within the limits of error, all three methods—analog calo-
rimetry, melting point depression, and sorption—give substantially the
same values for B despite the fact that these measurements were made at
different temperatures ranging from 100 °C, for calorimetry, to 115 °C,
for sorption, and at the melting temperatures of the various polyesters, 49—
61 °C. This observation suggests that the interaction parameter, B, is not
strongly temperature dependent; a situation that is consistent with the idea
that B is negative as the result of hydrogen bond formation and with the
idea that B is primarily an enthalpic parameter with little or no entropic
contribution. The consistency of observations also suggests that a Van Laar
type heat of mixing expression, Equation 1, used in the calorimetry experi-

PES (IMMISCIBLE) PHS (IMMISCIBLE)
¥
| I i | 1 v
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[
Q
S -ib .
o
(&)
@ -2} i
- 3 — —
1 1 1 1 1 1
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VOL. FRACTION ALIPHATIC CARBON

Figure 6. A comparison of B parameters obtained by sorption (O), calo-
rimetry (@), and polymer melting point depression ( A1)Ivs the aliphatic con-
tent of the esters and polyesters examined.
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ments as well as in the Flory-Huggins analysis of both melting point de-
pression and sorption in blends, adequately represents the composition de-
pendence of the heat of mixing to a first approximation. Finally, these
results reaffirm earlier conclusions (1) concerning the direct correspon-
dence between analog calorimetry and polymer-polymer miscibility in a
fairly quantitative manner and reinforce the idea that polymer-polymer
miscibility depends on the presence of an exothermic heat of mixing.

The reasons for the “miscibility window” of ester structure in Figure 6
are still not totally clear, although the shape of the curve does suggest some
competition between exothermic and endothermic contributions to the
heat of mixing. Attempts to model this behavior are currently being made
and the results of this work will be reported.

Nomenclature

Symbol  Units Description

a — Activity of solvent vapor in equilibrium with
polymer

B cal/mL Interaction energy density parameter

AH,, cal/gmole Heat of fusion per mole of crystallizable units in
semicrystalline polymer 2

P mm Hg Pressure of solvent vapor
pe mm Hg Saturation pressure of solvent vapor at tempera-
ture T
R cal/gmole K Ideal gas constant
T K Absolute temperature
Tpo K Equilibrium melting temperature of polymer 2 in
the blend
'me K Equilibrium melting temperature of pure poly-
mer 2
V; mL/gmole  Molar volume of component i
Vou mL/gmole  Volume per mole of crystallizable units in semi-
crystalline polymer 2
?; — Volume fraction of component i in mixture
{ — Volume fraction of component ¢ in mixture on a
solvent free basis
Xij — Flory-Huggins interaction parameter describing
interaction between components i and j in the
mixture
X1b — Flory-Huggins interaction parameter describing

interaction between solvent 1 and the polymer

blend
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Compatibility Studies of Poly(vinylidene
fluoride) Blends Using Carbon-13 NMR

THOMAS C. WARD and T. S. LIN

Department of Chemistry and Polymer Materials and Interfaces Laboratory,
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

Measurements of the degree of mixing at the molecular
level between poly(vinylidene fluoride) and three vinyl
polymers were obtained by using solid state 1°C NMR.
These measurements showed that the specific interactions
were different for different carbons. High resolution solid
state 13C NMR with magic angle spinning, proton dipolar
decoupling, and cross polarization was applied to poly-
(vinylidene fluoride) blends with poly(vinyl acetate), poly-
(methyl methacrylate), and poly(vinyl methyl ether). Non-
decoupled fluorine-19 attenuation of the carbon-13 peak
intensities was observed and indicated the extent of the
mixing process. Varying sample preparation resulted in
different degrees of intermolecular association.

INTEREST IN POLYMER-POLYMER INTERACTIONS in the solid state and the
continued growth in commercial applications of polymer blends have
resulted in the use of a number of experimental techniques to investi-
gate polymer-polymer miscibility (I, 2). However, different methods
reveal different facets of the nature of the mixing process; conse-
quently, no single method has answered all the interesting questions at
the molecular level (3, 4). Thus, we wanted to extend the range of the
potential tools available for analysis in this important area and to com-
pare the results to the previous efforts.

Pulsed proton NMR experiments have been extensively used to
study polymer-polymer miscibility through the measurement of the
spin-lattice relaxation times (T,), spin-spin relaxation times (Tj), and
rotating frame relaxation times (T;,) directly from the time domain
free induction decay (FID) (5-7). However, high resolution frequency
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domain H spectra in the solid state are difficult to obtain because of
direct nuclear dipolar couplings and strong chemical shift anisotropy
that exists for samples in an immobilized matrix. With the development
of magic angle spinning (MAS), heteronuclear dipolar-dipolar decou-
pling (DD), and cross-polarization (CP) techniques, high resolution
solid state NMR instruments for examining some relatively rare nuclear
spins, that is, those on carbon-13 and nitrogen-15, have become com-
mercially available (8-11).

We used the new NMR instrumental advances to examine polymer
blends of poly(vinylidene fluoride) (PVF,) from a molecular, and
unique, point of view. High resolution solid state 13C NMR previously
was used to study polymer-polymer miscibility through the measure-
ment of T, Ty, T;, and other relaxation parameters, in particular the
cross-polarization transfer rates and nuclear Overhauser factors (12,
13).

For most solid organic polymers, the use of MAS in combination
with high power 1¥C-1H dipolar decoupling and cross polarization will
result in high resolution carbon-13 NMR spectra. With all three tech-
niques applied, however, polymers that contain an abundance of other
types of nuclei with strong nuclear magnetic moments have spectra
that usually will be quite broad, or in some cases completely feature-
less, as a consequence of dipolar coupling between carbon-13 nuclei
and the other nuclei. For instance, when PVFj is analyzed without si-
multaneous decoupling of the fluorine-19, the 13C frequency domain
spectrum is completely devoid of peaks. Perhaps, therefore, a powerful
method for investigating the miscibility of polymer blends containing
PVF, might be the study of the intermolecular dipolar interactions be-
tween the 19F nuclei in the PVF, and the 13C nuclei in the second
polymer. Strong internuclear distance dependence would be expected
for such forces. The major advantage of this experiment over the pre-
vious 1H-19F work (7) would be the quantitative and specific identifi-
cation of all of the sites of interaction. If a polymer was indeed immis-
cible with PVF,, then its 1I3C-NMR signal intensities in the “blend”
simply would be directly proportional to those shown by the pure poly-
mer; the intensity reduction would be accounted for by sample dilu-
tion. On the other hand, if a polymer was extensively and intimately
intermixing with PVF,, then its 13C-NMR signal intensities in the blend
would be additionally attenuated by the 1°F coupling, if we assume an
absence of 1°F decoupling.

Magic angle spinning is primarily a technique for overcoming the
effect of 13C chemical shift anisotropies that result from multiple orien-
tations of the nuclear moment with respect to the applied field. How-
ever, MAS can also decouple weak dipolar interactions, those interac-
tions with strengths (in Hertz) less than that of the frequency of the
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spinning (11, 12). The spinning rates in our experiments were about
2.0 kHz, and a limit of the resolution of estimations of the intimacy of
mixing was in the range of 3-4 A. Beyond this limit MAS decoupling
will reduce any signal attenuation tendencies of 1°F on 13C.

MAS prevents the 13C-19F dipolar coupling effect from being a
simple broadening of the observed 13C peaks. Once MAS is established,
varying the spinning rate does not affect the lineshape of the central
band; however, the location and intensity of spinning sidebands and
the intensity of the central peak are modified. This central band
lineshape is independent of the 13C-19F internuclear distance. The es-
sential concept is that the central band intensity will vary with the in-
ternuclear distance. An account of this analysis may be helpful (27).

Our purpose was to demonstrate a new approach to the study of
polymer-polymer miscibility at the molecular level. In this regard, a
series of polymer blends with PVF, that had been extensively explored
by other techniques (I4-19) was desirable. Future work will be di-
rected toward other, less investigated blends, especially as functions of
composition and temperature, and to further evaluations of the instru-
mental factors affecting this work.

Experimental

Sources and Characterization of Homopolymers. The PVFy (M,, 100,000),
poly(methyl methacrylate) (PMMA) (M,, 800,000), and poly(vinyl methyl ether)
(PVME) (M,, 18,000) were obtained from Polysciences, Inc. Our solution 13C
NMR spectrum of the PMMA showed it to be 75% syndiotactic. The pure PMMA
was compression molded for the solid state NMR studies. The PVME solution 13C
NMR spectrum showed it to be 50 % syndiotactic. The PVME was packed neat into
the NMR rotor.

Poly(vinyl acetate) (PVAc) (M,, 70,000) was obtained from Aldrich. It was
about 65% syndiotactic according to its 13C NMR spectrum in solution. It was also
compression molded for solid state NMR studies.

Preparation of Blends. The PVFo/PMMA blends were prepared in three
ways: with a melt extruder and with two mutual solvents, methyl ethyl ketone
(MEK) and dimethyl formamide (DMF). The PVFy/PVAc and the PVFy/PVME
blends were both produced by using DMF as the common solvent.

Extruded blends were prepared on a CSI-MAX mixing extruder at 190 °C;
residence time at 190 °C was relatively short (minutes). Blends using MEK as the
common solvent were made by first dissolving the individual polymers at about a
2-g/100 mL concentration, then appropriately mixing these solutions. When
mixed, the solutions were clear in all proportions studied. These mixtures were
poured into aluminum pans and subsequently air-dried for 2 days, followed by fur-
ther drying in a vacuum oven for 24 h at room temperature. Blends using DMF as a
common solvent were made by the same procedures as those using MEK, except
that the mixtures were first dried in air for at least 1 week, then further dried in a
vacuum oven for 48 h at room temperature.

Melted-and-quenched PVFo/PMMA samples were prepared from solution
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blends by first heating the dried blends in a vacuum oven at 190 °C until the PVF,
crystals totally melted, then immediately immersing the materials into liquid nitro-
gen for 5 min.

Films from all the above preparations were punched to form circular discs
that were weighed and stacked into the MAS rotor.

NMR. The DD/MAS solid state 13C experiments were carried out at 15.0
MHz on a JEOL-60Q spectrometer with a Kel-F “bullet” type rotor and approxi-
mately 2.0-kHz spinning speeds at room temperature. For pure PVME and the
PVFy/PVME blends, a single 90° pulse sequence was used (90° pulse = 7.6 us). For
pure PVAc and the PVF/PVAc blends, and pure PMMA and the PVFo/PMMA
blends, matched spin-lock cross-polarization transfer of protons of 33 kHz with
0.75- and 3-ms single contact times were employed, respectively. Contact times,
pulse delays, and the number of scans per spectrum will be discussed later.

All the spectra were obtained from 1000 FT, with zero filling to a total of 4000
points. A spectral width of 8000 Hz and an acquisition time of 64 ms were selected
for all the spectra. Appropriate pulse delay times were used to ensure full relaxation
between scans.

NMR Signal Intensities and Number of Accumulations. The NMR signal in-
tensities are assumed to be directly proportional to the number of total accumula-
tions for each sample. However, when a large number of scans are stored by using
only time domain accumulations, considerable deterioration of the accumulation
efficiency may exist because of the limited computer bit number. The JEOL-60Q
instrument employed a technique of progressive decrement of the A to D converter
bit number to avoid data overflow. The dynamic range of the spectra was thereby
reduced, which would make the assumption of signal-to-noise ratio (S/N) less reli-
able, especially for the weak peaks. Thus, to avoid this problem, all the spectra
were carried out at conditions such that the final A to D converter bit number re-
mained at least five bits. Table I gives 13C NMR signal intensities of PMMA ob-
tained at various number of accumulations. The table shows that with our experi-
mental conditions, the assumptions concerning S/N remained effective.

The spectra were externally referenced to liquid tetramethylsiloxane (TMS),
on the basis of substitution of hexamethylbenzene (HMB) as the secondary refer-
ence and assigning 132.3 and 16.9 ppm to the shifts of the aromatic and aliphatic
carbons, respectively, of HMB relative to liquid TMS.

DSC. Thermal analysis of PVF and its blends was carried out on a Perkin-
Elmer DSC-2 differential scanning calorimeter at a heating rate of 20 °C/min.
Melting points were taken as the temperature at which the last detectable trace of
crystallinity disappeared (14).

Results

Figure 1 shows the high resolution solid state 13C NMR spectra of pure
PMMA, PVAc, and PVME. Peak assignments were made according to the
respective solution spectra in the literature (20-22). Except for the methy-
lene carbon of PMMA, all of the carbon resonances were separable from
one another at half peak height.

Figure 2 gives one example of how pure PMMA signals were attenu-
ated when placed in a blend with PVF,. Spectra a, b, and ¢ were obtained
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’\ (a) PMMA

(b) PVAc

S S B S S S R S S S S S S
200 150 100 50 0
PPM DOWNFIELD FROM TMS

Figure 1. The 15.0 DD-MAS solid state 13C NMR spectra of (a) PMMA—

obtained from 1000 FID accumulations with a CP contact time of 3ms and a

pulse delay time of 3 s, (b) PVAC —obtained from 1492 FID accumulations

with a CP contact time of 0.75 ms and a pulse delay time of 3 s, and (c)

PVME—obtained from 4800 FID accumulations with a single 13C 90° pulse
of 7.6 us and a pulse delay time of 2 s.

for PMMA, a 50:50 MEK blended PVFy/PMMA, and a 50:50 MEK,
melted-and-quenched PVFy/PMMA blend, respectively. The number of
accumulations (scans) of b and ¢ were selected to ensure that the three spec-
tra would have equal sensitivity (signal-to-noise ratio) if there was no inter-
mixing between PVF, and PMMA.

Sample calculations involving the chosen number of accumulations
and the residual PMMA signal intensities in the blends are found in Table
II. All calculations are based on the following assumptions: the absolute
signal intensity was directly proportional to the number of nuclei (weight
of PMMA) and to the number of accumulations; the sensitivity (S/N) was
proportional to the number of nuclei and to the square root of the number
of accumulations (23); and, finally, the data handling capabilities of the
instrument computer were not limiting as the number of scans increased.
Thus, for any particular carbon in a blended polymer the ratio of expected
signal intensity to observed signal intensity will provide the percentage of
attenuation that was ascribed to 19F in the immediate vicinity of that car-
bon, if all other factors of data reduction are assumed constant.

Tables III, IV, and V present an analysis of the data in terms of the
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Figure 2. Signal intensity attenuations of PMMA in the PVFo/PMMA blends.
Each is a 15.0-MHz DD-MAS-CP 13C NMR spectrum. (a) PMMA, (b) 50:50

PVFy/PMMA blend (MEK), and (c) 50:50 PVFo/PMMA blend (MEK,
melted and quenched).

200

Table II. Calculations of the Residual NMR Signal Intensities

65

PVFy/PMMA
Samples PMMA PVF,/PMMA (quenched)

Weight, mg 463.2 411.9 390.6
Weight fraction of

PMMA 1.0 0.50 0.50
Number of

accumulations 640 3238 3600
Relative sensitivity

(calculated) 1.0 1.000 1.000
Relative signal

intensities

(calculated) 1.0 2.250 2.372
Signal intensities (experimental)
(arbitrary unit)

carbonyl 3521 5935 3466

methoxyl 4294 5770 3572

quaternary 4844 7463 4948

a-methyl 1937 2999 2660
Residual signal intensities (%)

carbonyl 100 75 42

methoxyl 100 60 35

quaternary 100 69 43

a-methyl 100 69 58
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residual intensities of the various solid state !3C signals of PMMA, PVAc,
and PVME, respectively, when each was blended with PVF,. The calcula-
tions were based on peak heights. Essentially the same results were ob-
tained when peak areas were substituted for peak heights. The melting
points of PVF, in the blends as determined calorimetrically are listed in the
tables. Also, various compositions and thermal and solvent histories are in-
dicated in the first two columns.

Values in these three tables that exceed 100% may do so for several
reasons. Minor mass balance errors undoubtedly account for some scatter.
For PMMA and its blends, repeated experiments indicated agreement in
the 5-10% range as is shown in Tables VI and VII. In other cases weak,
incompletely resolved peaks (e.g., the methylene carbon of PVAc) are esti-
mated to have somewhat larger uncertainty. Some of the relevant instru-
ment pulse sequence parameters that had to be considered and may be rele-
vant in this regard will be discussed in conjunction with Tables VII and
VIII. The values greater than 100% are generally observed on all of the
carbon peaks in the DMF cast films, regardless of blend; melting points of
PVF, were also found to be higher in each case. This behavior was quite
consistent and may be a result of a modification of the crystal form of the
PVF, (at least four are known) that occurred on casting from DMF. Per-
haps a modification of relaxation times, particularly T}L, might then result
in larger initial 13C magnetization in each recorded pulse, which would
lead to enhanced peak intensities for the case materials at equal calculated
S/N ratios.

Discussion

Shifts of NMR Frequencies. As a result of the interactions between
PVF; and the other polymers in the miscible blends, some shifting of vari-
ous NMR peaks away from their initial frequencies as is observed in FTIR
studies might be expected (15). However, because of the inherent resolu-
tion limitation of NMR instruments in addition to the decreased sensitivity
obtained with the miscible blends (signal attenuations), no significant
NMR chemical shifts were induced by blending. The stereochemical mi-
crostructure of the vinyl polymers would help to obscure any such shift as
well.

NMR Signal Attenuations and Degrees of Intermixing. Tables III,
IV, and V, show that the magnitudes of 13C signal attenuations of PMMA,
PVAc, and PVME in the blends with PVF, were in very good agreement
with the melting point depressions of PVF, in the blends. The method of
melting point depression has become accepted as an indicator of the degree
of blend miscibility; for example, this number can be directly related to the
polymer-polymer free energy interaction parameter (14, 24). Clearly, a
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Table VIII. Residual NMR Signal Intensities of PMMA in the 25:75
PVF,/PMMA Blend, Calculated from the CP Spectra with Various
Contact Times

CpC t
Tmtac Residual ®C NMR Peak Intensities (%)
(ms) Carbonyl Methoxyl Quaternary a-Methyl
1 68 59 68 77
3 63 (52) 50 (45)0 54 (47)a 70 (66)a
5 52 60 45 60

Note: Pulse delay time = 3s.
@ Calculated from Table II.

macroscopic, thermodynamic observation is all that may be obtained in
this case. In comparison, NMR signal attenuations of any polymer blended
with PVFy, as observed in our work, indicate to some extent the spatial
proximity of that polymer to PVF,. We will show that intermolecular dis-
tances for 13C-19F dipolar coupling as observed by the present method were
in the range of 3 to 4 A. At least for the blends that were examined, the
methods of melting point depression and NMR signal attenuations pro-
vided consistent indications of the extent of compatibility from very differ-
ent experimental approaches. The data in Tables III, IV, and V for the
three series of blends are discussed individually.

PVF,/PMMA Blends. Without any thermal treatment, MEK was a
better common solvent for blending than DMF; attenuation of 13C reso-
nances was nil in the latter case. Although the mixtures of PVF; and PMMA
in DMF were clear, the dried samples of all compositions cast from DMF
were totally immiscible as measured by both the NMR and DSC studies.

Melting and quenching the blends appeared to improve miscibility ac-
cording to the NMR work; PVF, crystallinity was undetected by DSC in
some of these samples. The differences in NMR signal attenuations between
the MEK-blended and the DMF-blended samples with the same composi-
tion became smaller after the melting and quenching process, although the
miscibility remained poorer than that of the melt-extruded blends with the
same compositions.

For solvent-blended samples in the composition ranges studied, as the
PVF, content increased, the PMMA 13C signal attenuation became greater.
For the melt-extruded blends, the one with medium PVF, content (50 % by
weight) showed the highest degree of 13C signal loss.

PVFy/PVAc Blends. Compared to the PVFy/PMMA blends that
used DMF as common solvent, the PVFy/PVAc blends made from DMF
solutions had much better miscibility, as indicated by the NMR results in
Table IV. Carbon-13 NMR signal attenuations of PVAc passed through a
minimum as the PVF, content was increased. The loss of miscibility at the
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higher PVF, content probably was a result of the higher degrees of PVF,
crystallinity in those blends.

PVF,/PVME Blends. In Table V, a summary of observations on the
PVFy/PVME blends is presented. Although both pure materials dissolve
readily in DMF, the cast films were concluded to be totally immiscible by
both the NMR and DSC results; this finding confirms previously observed
data (19). The coincidence of signal intensities that are enhanced rather
than diminished by the DMF casting sequence and elevated PVF, melting
point is especially noticeable in Table V.

NMR Signal Attenuations of Individual Carbons. The nature of the
miscibility of both the PVFo/PMMA and the PVFy/PV Ac blends previously
has been attributed to a weak intermolecular “acid-base” association. In
particular, an interaction was postulated between the acidic protons of the
PVF, and the basic carbonyl groups for both PMMA and PVAc (15, 19).
Knowing that the definition of miscibility in these NMR experiments has to
be confined to approaches of dissimilar nuclei to within about 4 A, we
might observe differing extents of NMR peak attenuations for each carbon.
Depending on how much less than 4 A the contact actually was on the
average, we could calculate an estimate of the specificity of interatomic
mixing.

Table II shows that, for the PVFy/PMMA blends, four resolvable
peaks occurred in the spectra of PMMA; the methoxyl carbon signal was
the most attenuated, and the a-methyl carbon signal was the least attenu-
ated. This difference in signal attenuation became more pronounced in the
melt-and-quenched and the melt-extruded blends.

In the PVF,/PV Ac blends, the signal intensities of the two main chain
carbons of PVAc seemed to be less attenuated than those of the two side
chain carbons of PVAc, especially for the samples with higher PVF, con-
tents. However, the initial peak intensities of the two main chain carbons
were much weaker than those of the two side chain carbons (see Figure 1),
partially because of the effects of tacticity. Thus, in view of the accuracy of
the measurements, the uncertainty of any conclusion concerning the two
main chain carbons is higher.

NMR Signal Attenuations and Magic Angle Spinning Rates. The di-
rect nuclear dipolar coupling constant, D, between a 19F nucleus and a 13C
nucleus in a rigid lattice depends on both the internuclear distance r and
the orientation of r with respect to the external magnetic field B,:

h’yC‘YF (3 00520 - 1)
472 13

where v and yp are the magnetogyric ratios, and 6 is the angle between r
and B,.

D(ISC _ IQF) =
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If 7 is considered in angstrom units, then

56815.2 /3 cos2 6 — 1
D(3C — 19F) = : < >
(**C F) 3 2 Hz
that is,
2 - o
D = 56815.2 <3L520~—1> Hz ifr = 1A
2 - o
D = 7101.9 <3°°—S20—-—-1—> Hz, ifr = 2 A
2 _
D = 2104.2 <3ﬂs—-20——1> Hz, ifr = 3 A
2 - o
D = 887.7 <%-—1> Hz, ifr = 4 A

Both spin diffusion (among °F) and molecular motions can reduce D to
some degree. The maximum value of D would be realized when the angle
dependent term in brackets is unity.

Distance influences dipolar coupling, and this fact shows that the
MAS itself can decouple long-range weak dipolar interactions; faster MAS
decouples those of shorter range (i.e., estimations of miscibility in this
study are limited by the chosen MAS rate). On the other hand, an investi-
gation of NMR signal attenuations of polymer blends containing PVF; over
a wide range of MAS rates would generate an average concentration profile
of the spatial distribution of those 19F nuclei in the vicinity of any resolv-
able 13C nucleus. Unfortunately, because of the limitations of our equip-
ment, the only comparison was at the spinning rates of 2.0 and 2.3 kHz.
Some results for the melt-extruded PVF,/PMMA blends are shown in Table
I1. No significant spectral differences were seen at these two spinning rates.
Because of the inverse third power dependence of the dipolar coupling on
the internuclear distance, the expected effect is only (2.3/2.0)1/3 = 1.048 in
magnitude. Consequently, the results are not surprising, given the limited
frequency range. MAS rates as high as 15 kHz have been achieved by using
helium as the driving gas (25). This result suggests that if the NMR signal
attenuations were compared at, for example, the MAS rates of 16 and 2
kHz, then a factor of two in the decoupling-distance relationship might be
achieved to aid in the understanding of the internuclear distance questions.

NMR Signal Attenuations and Relaxation Times. The technique of
13C-1H cross polarization is not only used to rapidly polarize carbon mag-
netization (by ~ T y/T,c) but also to achieve greater total nuclear mag-
netic alignment with the applied field than would otherwise be possible.
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Maximum enhancement of 13C polarization at the end of the CP contact is
by a factor of M, = yy/vc M,,, where M, is the polarization that would be
generated in B, after waiting several relaxation times, T;c. However, this
optimal enhancement of M,, can be achieved only if T}, > CP contact
time >> Tcy (where Ty is the cross-relaxation rate) (10, 26). If 13C nu-
clear spin alignment varied with the composition of PVF, polymer system,
then unfair comparisons of attenuation might result. An equivalent state-
ment would be that the 13C relaxations might begin at different spin tem-
peratures and attenuation calculations thus might be mistaken.

Both the T}, and the Ty are modulated by molecular motion. Thus,
average molecular mobility for a component in a pure polymer and in a
polymer blend (especially highly miscible examples) conceivably might be
different. Therefore, when we compare the NMR signal intensities from
the CP spectra of a polymer and of its blends, these relaxation parameters
have to be considered. In fact, any change of these relaxation times is an
indication of the miscibility. The choice of CP time is especially important;
comparing NMR intensities of a polymer and its blends from CP spectra in
which the same contact time was specified could be misleading depending
on T}, and Tcy. Further investigation of this point was required to have
confidence in the results.

Tables VI and VII list the 13C-NMR peak intensities of the PMMA and
the melt-extruded 25:75 PVFy,/PMMA blends, respectively, obtained from
spectra in which various CP contact times and different pulse delays were
employed. Runs 1 and 5 were carried out at exactly the same conditions to
show the reproducibility of our experiments. Run 3 used the same CP con-
tact time as runs 1 and 5 but employed a longer pulse delay time. The
results show that for both the PMMA alone and the blends, 3 s of pulse
delay time is certainly long enough to ensure full repolarization of the pro-
tons between the scans.

From Tables VI and VII, the spin-locked magnetization relaxed faster
in the blends than in the pure PMMA polymer (i.e., Tﬁ is shorter in the
blend than in the homopolymer). The CP contact time we used in all the
examples for the PMMA and its blends was 3 ms, which is not the optimum
for all systems investigated. Only when there are regions of CP contact
times such that the optimum CP sensitivity enhancement can be achieved
(T% > CP time > Tcy) for both the homopolymer and its blends, will
the 13C-19F coupling be the exclusive factor that would cause NMR signal
attenuations. Further investigation of this point has shown that 3-ms con-
tact time is close enough to optimum so that none of our conclusions are
altered. Details of these new experiments will be published elsewhere. The
residual NMR signal intensities (Table VIII) of PMMA in the 25:75 melt-
extruded PVF,/PMMA blend were calculated from Tables VI and VII for
the CP spectra obtained at various CP contact times. Table VIII reveals
that the residual 13C NMR peak intensities calculated from the spectra with
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3-ms contact time are greater than those found at an earlier date on the
samples under the same experimental conditions (shown in Table II). In-
formation in Table VIII came from the spectra recorded for the blends
about 5 weeks after their preparation, whereas the facts reflected in Table
IIT were calculated from spectra obtained for the blends within 2 days of
their preparation. The aging of the blends is apparent from this data.

Of further interest in Table VIII is that although the absolute values of
the numbers are different, the same trend was found in each contact time
series when various carbons were compared. Further exploration of the ki-
netics of the events suggested by Table VIII is warranted.
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Effect of Molecular Weight on Blend
Miscibility
A Study by Excimer Fluorescence

STEVEN N. SEMERAK and CURTIS W. FRANK
Department of Chemical Engineering, Stanford University, Stanford, CA 94305

Excimer fluorescence from a guest polymer blended with a
nonfluorescent polymer host is used to study the influence of
the molecular weight of the two components on the miscibil-
ity. The ratio of the excimer to monomer emission intensities,
Ip/Iy, for poly(2-vinylnaphthalene) (P2VN) is measured in
blends with polystyrene (PS). Differential scanning calorim-
etry (DSC) is employed to establish conditions for miscibility
in 35 % P2VN/PS blends from which a criterion for miscibil-
ity in low concentration systems may be inferred. Increases in
Ip/Iy above the values expected for miscible systems that oc-
cur with increased host molecular weight or guest concentra-
tion are analyzed using Flory-Huggins theory. An interac-
tion parameter of 0.020 * 0.004 is consistent with the
fluorescence results over a relatively narrow concentration
range.

THE STUDY OF POLYMER BLENDS has received considerable attention (1-5)
because of the variety of bulk properties that may potentially be obtained
at a Jower cost than the production of a new homopolymer or copolymer
(6). As a consequence, existing characterization procedures for polymer
blends have been improved and new techniques have been developed.
These techniques have been extensively reviewed elsewhere (1-5) and will
not be considered again.
Criteria to be satisfied by any new method are the following:

1. Concentration sensitivity sufficient to allow the study of
blends containing 0.5% or less of the minor polymer compo-
nent. The study of low concentration polymer solutions has
formed an invaluable part of polymer physics. Similar stud-
ies of low concentration polymer blends most likely will be
equally fruitful.

0065-2393/84/0206-0077$07.00/0
© 1984 American Chemical Society
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2. Detectability of phase sizes of 10 nm. This small-scale mor-
phology may significantly influence the mechanical proper-
ties of a blend (7).

3. The ability to characterize both miscible and immiscible
polymer blends. The former case requires a measure of the
coil size of the dispersed polymer or the second virial coeffi-
cient. In the latter case, such quantities as the phase size, vol-
ume fraction of each phase, and the nature of the interface
between phases are desired.

4. Simplicity of sample preparation, compatibility of prepara-
tion and measurement techniques with the processing and
environmental conditions encountered normally, and appli-
cability of the characterization technique to a broad range of
polymer blends.

Growing evidence indicates that excimer fluorescence provides a tool
that can meet all of these requirements. An excimer may be formed be-
tween two identical aromatic rings in a coplanar sandwich arrangement, if
one of the rings is in an electronically excited singlet state (8-10). Excimers
have a lifetime in the range of 10-100 ns, and their fluorescence spectra
exhibit a characteristic broad Gaussian shape at lower energy than the flu-
orescence of an isolated aromatic ring. The fluorescence of such an isolated
chromophore is called monomer fluorescence, to distinguish it from exci-
mer fluorescence. A convenient experimental measure of excimer fluores-
cence is the ratio of excimer to monomer emission intensities, Ip/Iy;, ob-
tained under photostationary state conditions.

The process of intermolecular excimer formation may be directly used
in the study of low concentration polymer blends by mixing a small amount
of a fluorescent aryl vinyl polymer (called the guest) with a nonfluorescent
polymer (called the host) that is transparent to the wavelength of UV light
required to excite the guest. Because aryl vinyl polymers contain one chro-
mophore for each repeat unit in the polymer, they are readily detectable at
low concentration. Furthermore, for a given extent of phase separation of
the guest polymer, the largest number of intermolecular excimer-forming
sites (EFS) will be generated when the guest is an aryl vinyl polymer. The
minimum detectable phase size in such an experiment is of the order of the
intermolecular distance in the pure chromophore-bearing compound. Fi-
nally, a variety of aryl vinyl polymers can be readily synthesized.

The objective of this chapter is to examine the dependence of Ip/Iy, for
a particular guest polymer upon the molecular weight of the host. By low-
ering the host molecular weight, it should be possible, at some point, to
reduce or even eliminate immiscibility with a particular guest.

This chapter complements and extends two previous studies in which
fluorescence spectroscopy (11) and differential scanning calorimetry (DSC)
(12) were used to examine the blend thermodynamics. In these studies,



Published on May 1, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0206.ch006

6. SEMERAK AND FRANK Molecular Weight and Blend Miscibility 79

three different poly(2-vinylnaphthalene) (P2VN) guests (molecular weights
21,000, 70,000, and 265,000) were blended with eight different polysty-
rene (PS) hosts (molecular weights 2200-390,000). In the earlier work, the
guest concentration was quite low, 0.3 % or less. In the present study, how-
ever, concentrations up to 30% are considered. The significant contribu-
tion of this work is the demonstration that, for all concentrations exam-
ined, a single interaction parameter for the P2VN/PS pair may be extracted
from the fluorescence data. Also, by combining the results of DSC and flu-
orescence spectroscopy, the absolute phase behavior of all the P2VN/PS
blends has been determined.

Experimental

The polymer samples, solvent casting procedure, and spectrofluorimeter have been
described previously (11). The only exceptions in the present work were that blends
containing 3 and 30 wt % P2VN (21,000) were examined under frontface illumina-
tion to minimize self-absorption. In addition, the 3 and 30 wt% blends were dried
for only 9-12 h, rather than the standard 16-h time, to eliminate crazing.

Blend samples that were examined by DSC were prepared in the same manner
as those prepared for fluorescence work. All DSC samples were annealed at 453 K
for 20 min to remove any residual toluene casting solvent and to allow the sample
to flow into the bottom of the pan. DSC thermograms for the samples were ob-
tained with a Perkin-Elmer DSC-2 calorimeter operating at a heating rate of 20
K/min.

Review of Fluorescence Studies of Blends Containing Aryl Vinyl
Polymers

We present a brief review of earlier blend work to place the excimer
fluorescence technique in perspective and also justify the selection of P2VN
as the guest polymer for detailed study.

Before 1979, only a few systematic studies of the excimer fluorescence
of blends containing aryl vinyl polymers were reported. Although PS was
the first polymer to be studied in pure films or in solution (13-16), no stud-
ies of PS in polymer blends were made during this period. Poly(1-vinyl-
naphthalene) (P1VN) was the next polymer to be studied in pure films (17,
19) and in solution (14, 18, 19). Fox et al. (19) gave brief qualitative results
of the excimer fluorescence of poly(methyl methacrylate) (PMMA) blends
containing 0.01-40% P1VN. At about the same time, pure films (19, 20)
and solutions (19-21) of P2VN were first studied.

The P2VN excimer fluorescence of several P2VN/PS blends was also
recorded (20, 22-24). These blends were prepared by polymerization at
393 K of styrene that contained about 0.1% P2VN (20) or by film casting
from a benzene or chloroform solution containing P2VN and PS in the ratio
0.2:100 (w/w) (22-24). Frank (23) noted that solvent-cast P2VN/PS blends
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containing 1% or more P2VN were visually immiscible. Such immiscible
systems were not included in this study of P2VN excimer fluorescence from
P2VN/PS blends at temperatures near the glass transition temperature of
PS. In a study of the effect of P2VN molecular weight on the P2VN excimer
fluorescence of solvent-cast P2VN/PS blends, Nishijima et al. (24) found
anomalously high excimer fluorescence for P2VN molecular weights above
140,000 that they attributed to phase separation.

Preliminary studies on the pure-film and solution fluorescence of
poly(4-vinylbiphenyl) (PVBP) (25), poly(2-vinylfluorenone) (26), poly(N-
vinylcarbazole) (PVK) (27, 28), poly(acenaphthylene) (PAN) (19, 21, 29),
and poly(vinylpyrene) (30-32) were reported. Of these polymers, only
PVBP (25) was studied in polymer blends. These benzene-cast blends con-
tained 0.2% PVBP in PS or PMMA, and the PVBP excimer fluorescence
was unaffected by the polymer host. However, the PVBP molecular weight
was not given in this study (25).

Except for the comments by Frank (23) and Nishijima et al. (24) on
the possibility of phase separation in the polymer blends, all the pre-1979
studies of aryl vinyl polymers in blends (19, 20, 22-25) tacitly assumed that
the fluorescent guest was miscible with the host. This assumption also ap-
peared in related studies of chromophore-bearing polymers in blends with
nonfluorescent hosts. A typical example of a copolymer guest study is the
work of Reid and Soutar (33) on the depolarization of the fluorescence of 1-
vinylnaphthalene-co-methyl methacrylate copolymers dispersed at low
concentration in PMMA. North and Treadaway (34) examined the interac-
tion between a polymeric guest (PVK) and a low molecular weight guest
(anthracene), both dispersed at low concentration (<0.1%) in a PS or
PMMA host. Despite the importance of the “miscible-blend” assumption in
these reports, the morphology of the blends was generally not verified by
other experimental or theoretical means.

By 1979 the focus of studies of aryl vinyl polymer blends had shifted
away from the details of the photophysics of the blends and moved toward
the morphology of the blends. Frank et al. (35, 36) studied P2VN excimer
fluorescence from a series of poly(alkyl methacrylate) hosts containing
0.2% P2VN. When the fluorescence ratio Ip/I); was plotted versus the sol-
ubility parameter of the methacrylate hosts, a smooth curve possessing a
distinct minimum was observed. Similar results for methacrylate blends
containing PVBP and PAN were also reported (36).

The fluorescence behavior of 0.2% PVK dispersed in PS, PMMA, and
poly(isobutylene) was studied by Chryssomallis and Drickamer (37). The
spectrum of PVK, in contrast to P2VN, consists of the emission from two
excimers and does not show any monomer (i.e., N-ethylcarbazole) emis-
sion. The ratio of the low energy excimer intensity to the high energy inten-
sity, Ips/Ip;, declined in the following order at atmospheric pressure: PVK/
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poly(isobutylene), neat PVK, PVK/PMMA, and PVK/PS. All these blends
were reported to be clear.

In a similar study of PVK/PS and PVK/PMMA blends, Johnson and
Good (38) found that Ipe/Ip; for PVK/PMMA was lower than for PVK/PS,
a contradiction of the previous report. Moreover, for a PVK molecular
weight of 84,000, Johnson and Good (38) reported that the 0.2% PVK/
PMMA blend was optically hazy. They concluded that Ipy/Ip; should in-
crease with increasing miscibility for blends containing less than 10%
PVK.

In spite of the disagreement, both PVK blend studies (37, 38) show
that the spectral parameter Ipy/Ip, is only about two or three times larger
for neat PVK compared to low-concentration PVK blends. By comparison,
Ip/Iy for neat P2VN was found (36) to be 10-20 times larger than Ip/I), for
low concentration P2VN blends. A large spectral change between neat
guest polymers and their low concentration P2VN blends. A large spectral
change between neat guest polymers and their low concentration blends
with miscible hosts is essential for good sensitivity to phase separation.
P2VN is superior to PVK in this regard.

Results

Fluorescence Spectroscopy and Optical Clarity. SELECTION OF
BLEND SysTEMS FOR STUDY BY THE EXCIMER FLUORESCENCE TECHNIQUE. A
general goal of this work was the continued development of the excimer
fluorescence technique for the study of low concentration (0.5% or less)
blends. The ideal blend system for this study should be miscible over some
part of the low concentration range and immiscible at other concentra-
tions. At the outset, however, it was not known how low the experimental
detection limit of the excimer fluorescence technique would be.

The first task was to select the guest polymer from P2VN and PS, the
most widely studied aryl vinyl polymers. Despite the disadvantage of being
relatively exotic, P2VN was chosen as more suitable for a study of phase-
separated blends. In addition to the potentially large spectral changes pos-
sible upon phase separation, P2VN (39) possesses a larger total quantum
yield (0.13) in solution than the alternative polymer, PS (40, 41) (quantum
yield, 0.025). Moreover, the longest wavelengths at which P2VN and PS
may be excited efficiently are 290 and 260 nm, respectively. This difference
permits the use of a wider variety of host polymers and solvents with P2VN
relative to PS. Finally, recent calculations of conformational statistics (42,
43) have shown that the rotational dyad structure of P2VN is similar to PS,
so that there is no disadvantage in choosing P2VN.

The host polymers were selected as follows: First, all host polymers
were required to be in the glassy state at room temperature, to minimize
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the complications induced by different local viscosities on the photophysics
of the guest. Second, host polymers that were shown earlier (35) to be
grossly incompatible with P2VN were ruled out. At this point, a major
question arose on the absolute miscibility of the P2VN blends. Clearly, if
the excimer fluorescence technique alone were to be used, the results could
only be interpreted in a relative way. However, the only way that an addi-
tional technique such as DSC would be helpful in determining the miscibil-
ity of low concentration blends requires a P2VN blend with a large margin
of miscibility, so that a 35% blend would still be miscible. Detection of
miscibility for the high concentration blend by DSC would imply that the
low concentration blend was also miscible. The problem with this absolute
procedure is that it requires an extraordinarily miscible blend system,
which is generally nonexistent among commercially available polymers
having molecular weights above 10,000.

This problem was solved by using the experimental parameter of host
molecular weight. By lowering the host molecular weight to about 1000, a
number of high concentration P2VN blends made with these host oligo-
mers were found to be miscible by DSC. As a result, the miscibility of all
the P2VN blends studied has been placed on an absolute basis, in contrast
to the earlier studies. (11, 12).

The choice of PS as the host polymer was dictated primarily by the
availability of well-characterized, low molecular weight samples. Further-
more, PS is commonly chosen to provide a glassy matrix at room tempera-
ture for studies of the luminescence of small molecules. PS absorbs light
very weakly at 290 nm (44): the optical density, log)y (Iy/I), of PS relative
to P2VN (45) at 290 nm is 10-4:1, so that only about 3% of the exciting
light is absorbed by PS in a 0.3 wt% P2VN/PS blend. Finally, the glass
transition temperatures of the PS hosts lie between 368 and 388 K for M =
100,000 and are always greater than 298 K even for the lowest molecular
weights.

As in the majority of previous fluorescence studies of polymer blends
(19, 22-25, 33-38), our samples were prepared by solution casting. In this
procedure, a film of a solution of the two polymers in a common solvent is
spread onto a flat surface and the solvent is allowed to evaporate. Solution
casting avoids the harsh conditions of shear mixing and allows the prepara-
tion of small (9 mg) samples. A drawback of solution casting, however, is
that the blend morphology may be affected by the casting solvent. For ex-
ample, different casting solvents can produce both miscible and immiscible
blends of PS with poly(vinyl methyl ether) (PVME) (46, 47).

Gelles and Frank (48) used the excimer fluorescence of PS in such
blends to observe a substantial increase in the ratio Ip/I); for visibly phase-
separated blends relative to miscible blends. The casting solvents employed
were tetrahydrofuran and toluene, respectively. On the other hand, the
previously mentioned studies of PVK blends revealed no clear-cut differ-
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ence between the casting solvents dichloromethane (37) and benzene (38).
Similarly, a fluorescence study on the relaxation behavior of solvent-cast
P2VN/PS blends (23) reported no difference between the casting solvents
chloroform and benzene.

Consequently, all of the blends we used were prepared from a single
casting solvent, toluene. Toluene was selected as the casting solvent be-
cause this choice permitted a direct comparison of our results with a num-
ber of previous P2VN blend studies (22-24, 35, 36) in which the casting
solvent was benzene or toluene.

ErFect oF MoLEcuLAR WEIGHT AT Low P2VN CONCENTRATION.
Figure 1 presents the fluorescence results obtained previously (11) on the
effect of PS host molecular weight on Ip/Iy, for the three P2VN samples
examined. These results are reported in a modified form to emphasize the
relationship between the fluorescence behavior and the visual appearance.
The interesting features of these results are the independence of guest Ip/Iy,
on host molecular weight for P2VN (21,000) and the significance of the
increase in Ip/Ij; in both P2VN (70,000) and P2VN (265,000) for host mo-
lecular weights greater than 4000.

The fluorescence intensity ratio is given by

b e f1oM] o
I  Oul M
where Qp is the ratio of the fluorescence decay constant to the total decay
constant for the excimer, and Q,, is the analogous ratio for the monomer
species (48, 49). Also, in the equation, M is the probability that a photon
absorbed by the P2VN guest will decay along a monomer pathway and is a
function of the concentration and segregation of the P2VN in the blend. In
separate work (50) we have shown that the factor Qp/Q), for the P2VN/PS
pair can be assumed to be independent of the molecular weight of the PS
host. Thus, the quantity (1 — M)/M is the only factor that influences I,/I),
in the blend studies reported in this chapter.

An immiscible blend will have a larger value of Ip/I); than a miscible
blend of the same bulk composition (48). In an immiscible blend most of
the chromophores are located in the guest-rich phase; therefore the average
value of M is low, and Ip/I,, is large. Thus, the fluorescence data for P2VN
(70,000) and P2VN (265,000) indicate that blends with PS (2200) are more
miscible than those with PS (390,000). The absolute miscibility of PS
(2200)-containing blends must be determined by another technique, how-
ever, because the a priori calculation of the value of Ij,/I); for a miscible
blend cannot yet be made with sufficient accuracy.

Optical clarity is one such alternative technique that is simple and that
may be directly applied to blends prepared for fluorescence studies. The
appearances of the members of the three series of blends are indicated by



Published on May 1, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0206.ch006

84 POLYMER BLENDS AND COMPOSITES IN MULTIPHASE SYSTEMS

305 1 L] IllIll' 1 LI lll'Il L 1]
P2VN
| (265,000) i
- ’+- ]
AT
2 ¢
Iv IM*
*
_R./ P2VN
I5F 5@ (70,000) 7,
74 e |
b0
W= / —
|« 9 i
R,
0.9 —/+/¢ I . _
| M P2VN
TE i (21,000) |
M %
| R™
0.7} .
+ %_ I '—%_O
05} =
Lt Lol Ll Lltt
10° 10* 10° 10°

PS MoL Wr

Figure 1.  Effect of PS host molecular weight on I /1y for blends contain-

ing 0.3 wt % P2VN. The molecular weights of the P2VN samples are given in

parentheses. The excimer and monomer intensities are measured at 398 and

337 nm, respectively. Iy /Iy is uncorrected 501 spectral overlap and was mea-

sured under backface illumination. Key: O, optically clear blends; and @,

optically cloudy blend. (Reproduced from Ref. 11. Copyright 1981, Ameri-
can Chemical Society.)

the plotting symbols in Figure 1: open circles for films that were optically
clear and had no apparent phase separation, and filled circles for films that
ranged from slightly bluish to those with regions of white. Phase separation
has definitely occurred for blends of P2VN (265,000) with PS molecular
weights of 35,000, 100,000, 233,000, and 390,000. The increase in Ip/Iy
for P2VN must be associated with this phase separation.
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The P2VN (70,000) results are ambiguous, however. Although the in-
crease in Ip/I); is similar to the increase for P2VN (265,000), all the blends
are optically clear. Possibly the fluorescence behavior is caused by P2VN
coil expansion in the low molecular weight PS. However, experiments at
very low P2VN concentrations (0.003 %) indicated that Ip/I; was constant
at 0.9 = 0.3 for all eight PS hosts. Thus, the increase in Ip/I; for P2VN
(70,000) in Figure 1 must be a result of phase separation into domains that
are very small.

Finally, all of the P2VN (21,000) blends are optically clear and Ip/Iy,
does not significantly change with change in host molecular weight. Thus,
these blends are assumed to be miscible.

In spite of the convenience of the use of appearance as a characteriza-
tion tool, another technique must be applied to determine the miscibility of
the optically clear blends. Later, we will show by DSC that all P2VN/PS
(2200) blends are miscible. For the moment, these blends will be assumed
to be miscible so that a procedure for quantifying the fluorescence data can
be described. First, R, the value of I/I; for a miscible blend having the
same P2VN concentration as the other blends under study, is recorded. Sec-
ond, the average relative error in Ip/I);, W, is determined from all points in
the figure that contains the fluorescence data under consideration. Then,
the value of R*, which corresponds to Ip/I) for a blend that has just be-
come immiscible, is defined as

R* = (1 + 2W)Rpie 2

The molecular weight of the host at which the blend becomes immiscible is
given by M*, which is located on the figure at the point where Ip/I), equals
or exceeds R*.

The values of R* and M* obtained from Figure 1 are listed in Table I.
In each case, R,,; was chosen to be the value of the ratio for the PS (2200)
blend, because these blends were assumed to be miscible. Note that M* =
8000 for the P2VN (265,000) guest, as compared to the PS molecular
weight of 35,000 at the point of turbidity. This and other fluorescence stud-
ies will demonstrate the earlier conclusion that the fluorescence method is
more sensitive to immiscibility than the method of optical clarity.

Table I. R* and M* for 0.3 wt% P2VN/PS Blends

P2VN W, %

Mol. Wt. R’ Relative Error R*e M*
21,000 0.58 13 0.73 > 390,000
70,000 0.90 4 0.97 7,000

265,000 1.40 7 1.60 8,000

% I397/I337 measured under backface illumination, uncorrected for overlap.
b Although the ratio of the PS (35,000) blend is slightly greater than R*, this is not consid-
ered to be significant because I, /Iy, decreases for molecular weights greater than 35,000.
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Of course, the fluorescence method described in this chapter is exceed-
ingly more sophisticated than the use of simple appearance as a diagnostic
tool. Therefore, the direct comparison of the two methods could be mis-
leading. In fact, for systems in which the refractive index difference be-
tween the two components is sufficiently large, sensitive light scattering
measurements may be used to determine the molecular weight, the radius
of gyration, and the interaction parameter for polymers in dilute solution.
Although scattering from dust particles presents a significant problem for
solid state mixtures, light scattering has been used to follow the kinetics of
phase separation (51). However, similar phenomena have also been studied
by using excimer fluorescence with comparable sensitivity (52, 53).

In spite of the differences in power at the levels at which they are em-
ployed, comparison of the excimer fluorescence results with the appear-
ance does provide a link, albeit crude, between the molecular level interac-
tions and the bulk morphology. Any information of this type is useful in
establishing the limits of applicability of a new method such as the excimer
probe.

ErrecT OF P2VN CONCENTRATION FOR TWO EXTREME PS MOLECULAR
WeicHTs. The point of immiscibility for polymer blends having variable
guest concentration can also be quantified by the fluorescence ratio tech-
nique. The critical concentration, defined as C*, is located at the point
where Ip/I); equals or exceeds R*. However, because the values of I/, for
miscible blends may vary with guest concentration, miscible blends must
be prepared in conjunction with the blends of interest over the same guest
concentration range.

To explore the relationship between cloud points determined by light
scattering and C* given by the fluorescence ratio, we prepared two series of
blends by using the P2VN (70,000) guest over the concentration range of
0.01-10 wt% P2VN. A polydisperse PS host with M,, 158,000 was used in
the first series of blends (11), and the monodisperse PS (2200) host was used
in the second series. We obtained values of R, from the latter series after
assuming that these blends were miscible.

The fluorescence results for the PS (158,000) and PS (2200) blends are
compared in Figure 2. The lower half of this figure includes the 0-1%
P2VN (70,000) concentration range. Blends for both PS hosts are optically
clear in this concentration range. However, the value of the ratio for PS
(2200) blends containing 0.6 wt% P2VN or less is constant at 1.07, and the
corresponding value for PS (158,000) is always above 1.2. The relative er-
ror in Ip/Iy, W, is about 6% in the concentration range below 1 wt%
P2VN. If R ;. is assumed to be 1.07 for blends below 0.6 wt% P2VN con-
centration, the value of R* is found to be 1.20. Thus, C* for the PS
(158,000) blends is found to be 0.01 wt% P2VN (70,000). By contrast,
these blends do not become optically cloudy until a concentration of 3 wt %
P2VN.
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Figure 2. Effect of conceniration on Ip/I
with PS (2200) (O) and PS (158,000) (T1). See Figure 1 for details.

The fluorescence ratio of the PS (158,000) blends rises smoothly be-

87

for P2VN (70,000) blended

tween 1 and 10% P2VN concentration, as shown in the upper half of Fig-
ure 2. Although values of Ip/I); for the PS (2200) blends lie below those for
the PS (158,000) blends, the ratios become difficult to distinguish at 10
wt% concentration. The relative error in the ratio increases to nearly 15 %
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of I/l at 10 wt % P2VN. The distinction between the blends can be made
visually at 10 % , however, because the PS (2200) blends are optically clear.

Errect OF MoLECULAR WEIGHT AT MODERATE P2VN CONCENTRA-
TION. From the fluorescence data and the appearance of the 0.3 wt%
P2VN (21,000)/PS blends, we infer that they are miscible for all PS molecu-
lar weights. However, higher concentration P2VN (21,000) blends were
expected to be immiscible and exhibit an increase in Ip/I}; with an increase
in PS molecular weight. To check this prediction, 3 and 30 wt% P2VN
(21,000) blends were prepared with the molecular weight series of polysty-
renes. The fluorescence ratios of the 3- and 30-wt% blends are plotted
against PS molecular weight in Figures 3 and 4, respectively.

The dependence of I/I;; on host molecular weight for the 3- and 30-
wt% blends is somewhat different from that for the 0.3-wt% blends. Al-
though the ratio is still lowest for very low host molecular weights, it in-
creases almost linearly with log (Myy) between M, 2200 and 390,000.
Points of inflection in the ratio are barely discernible in Figures 3 or 4.
Although values of Ip/Iy for the 0.3- and 3.0-wt% blends with PS (2200)

1.3 T T TTrr T T T TITI] T 111111
% /
-
11 | * /+ -
I VL
) R
Iy /
/ *
49
0o 9 M .
RN N AN AR
10° 104 10° 108

PS MoL Wt

Figure 3. Effect of PS host molecular weight on I /Iy for blends contain-

ing 3.0 wt % blends of P2VN (21,000). The excimer and monomer intensities

are measured at 398 and 337 nm, respectively. The ratio is uncorrected for

spectral overlap and was measured under frontface illumination. The aver-

ages of two data points taken from one film of each blend are shown. Open
circles denote optically clear blends.
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Figure 4.  Effect of PS host molecular weight on Iy /Iy for blends contain-
ing 30 wt% P2VN (21,000). See Figure 3 for details.

are nearly equal, at 0.67 and 0.92, respectively, the value of 5.0 for the 30-
wt% blend with PS (2200) is remarkably large.

The increase in the ratio with the increase in host molecular weight for
the 3-wt% blends of Figure 3 can be attributed to phase separation. All
these blends were optically clear, however, as was observed for the 0.3
wt% P2VN (70,000) blends. Thus, the domain size must be small. If the 3
wt % P2VN (21,000)/PS (2200) blend is assumed to be miscible, R* is found
to be 1.05 and M* to be 18,000.

The data of Figure 4 for the 30 wt% P2VN (21,000) blends are inter-
preted in the same manner as Figure 3. All 30% blends were optically
clear. Again, these results suggest that the domains in the phase-separated
blends were very small. However, if the 30 wt% P2VN (21,000)/PS (2200)
blend is assumed to be miscible (as confirmed by later DSC results), then
R* is 6.6. This value is larger than the fluorescence ratios for all 30 % blends
and indicates that all the blends are miscible, within experimental error.
This result seems inconsistent, because the 3-wt% blends were found to be
immiscible above M* 18,000.

The inconsistency may be explained in two ways: First, the relative
error of 16% for the ratio data in Figure 4 is quite large. This large relative
error leads to a large value of R*. This R* value could probably be reduced
with additional data, in which case a value of M* less than 18,000 would be
expected. Second, it is possible that the excimer fluorescence technique be-
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comes less sensitive to differences in miscibility when the concentration of
the guest polymer is large. This explanation is supported by the data of
Figure 2, in which curves for miscible and immiscible blends appear to
merge above the guest polymer concentration of 10% .

In a final test of miscibility of the 30 wt% P2VN (21,000) blends, the
samples prepared for the fluorescence experiments were annealed for 20
min at 453 K and reexamined visually. After the heating, blends with PS
hosts of molecular weights greater than or equal to 9000 appeared cloudy
and bluish. Thus, an estimate of M* 9000 was made for the unheated 30
wt% P2VN (21,000)/PS blends.

Summary. All fluorescence and appearance results are collected in
Table II. The PS molecular weight at which immiscibility first appears is
listed for studies involving variable PS molecular weight, and the P2VN
concentration where immiscibility first appears is listed for studies involv-
ing variable P2VN concentration. In every case, the fluorescence technique
has superior (or at least equal) sensitivity to blend immiscibility relative to
the visual technique. The absolute miscibility of the blends containing PS
(2200) has been assumed in the past sections. In the next section we will use
DSC to verify this assumption.

Differential Scanning Calorimetry (DSC). Two conditions limit the
types of polymer blends that can be successfully studied by DSC. First, the
T, values of the constituent polymers must differ by at least 50 K to ensure
sufficient resolution so that the two T, values of an immiscible blend can be
distinguished. Second, at least 20% of the minor component of the blend
must be present, or its contribution to the heat capacity of the blend will be
too small to be detected.

Table II. Immiscibility of P2VN/PS Blends as Determined by
Appearance and Fluorescence Techniques

Blend Appearance Fluorescence
Variable PS Molecular Weight M M*
0.3 wt% P2VN (21,000) >390,000 >390,000
3.0 wt% P2VN (21,000) > 390,000 18,000
30.0 wt% P2VN (21,000) >390,000 >390,000
30.0 wt% P2VN (21,000), heated to 453 K 9,000 —
0.003 wt% P2VN (70,000) >390,000 >390,000
0.3 wt% P2VN (70,000) > 390,000 7,000
0.3 wt% P2VN (265,000) 35,000 8,000
Variable P2VN Concentration o c*
P2VN (70,000)/PS (2200) >10% >10%
P2VN (70,000)/PS (158,000) 3% 0.01%

Abbreviations: M, blend cloudy at and above the stated PS molecular weight; M*, blend
has ratio > R* at and above the stated PS molecular weight; C, blend cloudy at and above the
stated P2VN concentration; C*, blend has ratio > R*(C) at and above the stated P2VN con-
centration.
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Typical DSC thermograms for the unblended polymers PS and P2VN
are displayed in Figure 5. The temperature at which the heat capacity first
begins to increase sharply is T;; the local maximum in heat capacity is de-
noted Ty. The thermogram above Ty has a slope slightly lower than the
slope of the thermogram below T,. The difference between Toand Ty, AT,
is characteristic of the particular polymer under study. The value of T is
obtained as the average of T; and T,. These temperatures for PS and P2VN
are listed in Table III.

Because the T, values of pure P2VN and PS (2200) differ by 78 K, DSC
would seem to be an ideal independent method for determining the state of
miscibility of the P2VN/PS (2200) blends. Unfortunately, only one of the
many blends previously studied contains more than 20 % P2VN. Moreover,
any P2VN/PS blend to be studied by DSC must be annealed for 20 min at
453 K. These conditions prohibited the direct study of any blend listed in
Table II.
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Figure5. DSC thermograms for P2VN and PS (2200). Samples were heated

at 20 K/min. The bottom curve is true; each additional curve has been dis-

placed + 0.1 cal/g-K from the curve immediately beneath it. The upward

and downward arrows indicate the points of deviation from the glassy and

rubbery regimes, respectively. See Table 111 for temperatures. (Reproduced
from Ref. 12. Copyright 1983, American Chemical Society.)
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Table III. Transition Temperatures for Pure Polymers and

Polymer Blends
Polymer T, T, AT T’
PS (2200) 328 345 17 337
P2VN (21,000) 403 426 23 415
P2VN (70,000)? 415 435 20 425
35% P2VN (21,000)/65% PS
(2200) 343 383 40 363
35% P2VN (70,000)/65% PS
(2200) 344 383 39 364
35% P2VN (265,000)/65% PS
(2200)° 343 358 15 351

aTg = (Tl + T2)/2.
bThe temperatures for P2VN (265,000) are nearly the same as for P2VN (70,000).
°T3 = 366, Ty = 400, AT’ = 34, and T, = (T3 + T4)/2 = 383.

Indirect measurements are possible, however, because previous visual
examination of P2VN/PS blends had shown that either heating or an in-
creased P2VN concentration caused increased immiscibility. Thus, if a 35
wt% P2VN blend were found to be miscible by DSC, then this finding
would imply that an unheated blend containing less P2VN would also be
miscible. Consequently, a series of 35 wt% P2VN/PS (2200) blends was
prepared and examined by DSC to determine indirectly the state of misci-
bility of the P2VN/PS (2200) blends at lower concentration.

DSC thermograms for the 35 wt% P2VN/PS (2200) blends are shown
in Figure 6. The P2VN (265,000) guest will be considered first. Two transi-
tions are observed: the lower is attributed to the PS (2200) host and the
upper is attributed to the P2VN (265,000) guest. In this figure, T, and T,
were determined in the same manner as for the pure polymers, and T; de-
notes the first point on the curve above T, at which the slope is the same as
that of the curve below T;. Because no local maximum occurs in the heat
capacity above T3, T, was located at the point where the high temperature
heat capacity showed a downward deviation. As shown by the values of
T1-T, listed in Table I1I, the lower temperature transition is observed to be
14 K above the T, of pure PS, and the higher temperature transition is 42 K
below the T, of pure P2VN. Moreover, the 34-K spread between T3 and T,
in the P2VN (265,000) blend is larger than the 20-K spread between T; and
T, for pure P2VN.

Because two T, values were recorded, we conclude that the 35 wt %
P2VN (265,000)/PS (2200) blend is immiscible. However, the shift in the
values of T, from the pure-polymer values and the broadening of the glass
transition interval for the P2VN component suggest that the immiscibility
is not severe. This conclusion is confirmed by the appearance: although the
blend was clear when first solvent cast, it became cloudy and bluish when
it was heated in preparation for DSC.
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Figure 6. DSC thermograms for blends of PS (2200) containing 35 wt %

P2VN. The molecular weight of the P2VN in each blend is given in parenthe-

ses. See Table 11I for temperatures. (Reproduced from Ref. 12. Copyright
1983, American Chemical Society.)

The upper two thermograms in Figure 6 for the P2VN (21,000) and
P2VN (70,000) blends are nearly identical. Because no local maximum oc-
curred in the heat capacity above T, Ty was located at the point where the
high temperature heat capacity showed a downward deviation. Values of
T, and T for the P2VN (21,000) and P2VN (70,000) blends are identical,
and both blends have the same value of T,, 364 K. As a check, we have
applied the empirical Fox equation commonly used to predict the T, of co-
polymers and of miscible blends.
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+
7 R 3)
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where w4 and T4 are the weight fraction and glass transition temperature,
respectively, of homopolymer A. This equation yields 363 K, in excellent
agreement with the value obtained experimentally.

In summary, both the 35 wt% P2VN (21,000)/PS (2200) and P2VN
(70,000)/PS (2200) blends are miscible because only one glass transition is
apparent in the DSC thermograms. Moreover, these blends were optically
clear even after being heated in preparation for DSC.

On the basis of DSC results for 35 wt% P2VN/PS (2200) blends, we
conclude that the unheated blends containing <35% P2VN (21,000) or
P2VN (70,000) in PS (2200) are miscible. These results confirm almost all
the assumptions made about the miscibility of the PS (2200)-containing sys-
tems listed in Table II. The sole exception is the 0.3 wt % P2VN (265,000)/
PS (2200) blend. Both it and the 35 wt% blend are optically clear before
heating, but the 35 wt% blend becomes cloudy after heating and shows
two transitions by DSC. If the 0.3-wt % blend were immiscible, contrary to
assumption, then the value of M* given in Table II would be too large. In
our discussion, we will assume that M* 8000 is an upper limit for the 0.3
wt% P2VN (265,000) blends.

Discussion

The simplest possible theory for the thermodynamics of mixing of two poly-
mers is the Flory-Huggins lattice treatment (54, 55). Although this ap-
proach has limitations (11), binodal calculations presented earlier were
useful in correlating the fluorescence results for the low concentration
blends (11). In our present study, we have again referred to these calcula-
tions for explanation of the moderate concentration results. For conven-
ience, the calculated binodals are reproduced in Figures 7-9 for the P2VN
guests having M, 21,000, 70,000, and 265,000, respectively.

The usual method of presentation is to give temperature (or interac-
tion parameter) vs. concentration and hold the host molecular weight con-
stant. These binodals are plotted as P2VN concentration vs. PS host molec-
ular weight and the interaction parameter is held constant. A range of
interaction parameters from 0.005 to 0.025 was selected because these
seemed most consistent with the appearance and fluorescence behavior of
the blends. The dashed lines in Figures 7 through 9 represent the bulk con-
centration of guest polymer in the films studied. As the molecular weight of
the polystyrene host increases, the concentration of guest in the guest-lean
phase at the binodal decreases rapidly. The films in which the host molecu-
lar weight is sufficiently large may show phase separation if the guest con-
centration at the binodal is less than the bulk guest concentration.

We first consider the 0.3-wt% P2VN (21,000) blends that were earlier
concluded to be miscible. Because none of the binodals calculated for the
different interaction parameters intersects the dashed line indicating the
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Figure 7. Binodal compositions calculated for P2VN (21,000)/PS blends.

Results for the P2VN-lean phase are shown as volume percent P2VN vs. PS

molecular weight. The interaction parameter for each curve is given, and the

critical point is indicated by the filled circle. The dashed lines denote 0.3, 3,

and 30 wt% P2VN. (Reproduced from Ref. 11. Copyright 1981, American
Chemical Society.)

bulk film concentration, an upper limit of about 0.027 is established for x4 5
(11). Next, the 3-wt% P2VN (21,000) blends for which M* is 18,000 are
considered. By following the 3-wt% P2VN line in Figure 7 to the PS molec-
ular weight equal to M*, x45 = 0.021 is obtained. Finally, the fluorescence
data from the 30-wt% P2VN (21,000) blends in Figure 4 are considered.
The observation that M* > 390,000 is surprising, because the increase in
P2VN concentration from 3- to 30-wt% was expected to reduce M* below
18,000. Disregarding the fluorescence data for the 30-wt% blends in favor
of visual observations made on heated 30-wt% blends, Table II shows that
M = 9000 at the point of immiscibility. Reference to the 30-wt% P2VN
line in Figure 7 yields x4 = 0.018. This value is taken as an estimate for
the interaction parameter of the unheated 30-wt % blends.

The approach just illustrated for the P2VN (21,000) blends is subject
to several uncertainties. First, the method depends heavily on the accuracy
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and reliability of R, the value of the fluorescence ratio of a miscible
blend of the appropriate P2VN bulk concentration. Second, excessive over-
all error in Ip/Iy for a given set of blends will artificially increase M* and
lower x4p. Finally, if the P2VN sample is polydisperse, the initial increase
in the fluorescence ratio above R,;. may be a result of the P2VN compo-
nents of the highest molecular weight, which makes the proper P2VN mo-
lecular weight for the binodal calculations uncertain. Nevertheless, the un-
certainty introduced by these factors does not obscure the question of
whether a consistent interaction parameter can be extracted from the fluo-
rescence data for the P2VN/PS pair.
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Figure 8. Binodal compositions calculated for P2VN (70,000)/PS blends.
See Figure 7 for details. (Reproduced from Ref 11. Copyright 1981, Ameri-
can Chemical Society.)
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Figure 9. Binodal compositions calculated for P2VN (265,000)/PS blends.
See Figure 7 for details. (Reproduced from Ref 11. Copyright 1981, Ameri-
can Chemical Society.)

Several sets of data are available for determination of x,p for the
blends with P2VN (70,000). The first set consists of the host molecular
weight dependence of Ip/I; in Figure 1. The observed value of M* = 7000
for 0.3-wt% P2VN (70,000) blends leads to an interaction parameter of
0.022 from Figure 8. The second set is the “cloud-point” concentration,
C*, determined from the concentration study in the PS (158,000) host to be
0.01 wt% or less. Figure 8 shows that x4z must be greater than 0.015. Fi-
nally, the data for 0.003-wt% P2VN (70,000) blends can be used to set an
upper boundary on x4p. If these blends are all miscible as previously stated,
then extrapolation of Figure 8 shows that x4 must be less than 0.017. This
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value is in good agreement with the restriction that x4p = 0.015, which
was derived from the cloud-point concentration study.

The last blends to be compared with binodal predictions are the 0.3
wt% P2VN (265,000) blends, for which fluorescence data are shown in
Figure 1. The observed value of M* = 8000 leads to an interaction parame-
ter of 0.012 from Figure 9. This comparatively low value of x5 may be
rationalized by noting that the DSC study of the P2VN (265,000)/PS (2200)
blend did not conclusively show miscibility, as had been the case for the
P2VN guests of lower molecular weight. If the miscible value of I/, for a
0.3-wt% P2VN (265,000) blend were less than 1.4 (e.g., 1.3) then the re-
sulting interaction parameter would increase to 0.018. Regardless of the
miscibility of the PS (2200)-containing blend, the calculations show the
sensitivity of x,p in this case to the error in the miscible value of Ip/Iy;.

The values of the interaction parameter x5 for seven P2VN/PS blend
systems are compiled in Table IV. All these P2VN/PS blends are satisfacto-
rily characterized by x,p = 0.020 *+ 0.004. We have explained the low
value of x4p for the P2VN (265,000) blends. However, an alternative pro-
posal is that kinetic effects during solvent casting because of the slow diffu-
sion of the P2VN (265,000) guest relative to other P2VN guests may cause
xag to be low for P2VN (265,000) blends. This discrepancy may also reflect
differences in the polydispersity of the P2VN guests. If we consider all the
possible grounds for error, it is remarkable that a single value of x,p ex-
plains the data for the variety of P2VN/PS blends studied. More extensive

Table IV. The Interaction Parameter x 45 for P2VN/PS Blends
Solvent Cast from Toluene at Room Temperature

P2VN P2VN Conec., PS
Mol. Wt. wt % Mol. Wt. XaB"
21,000 0.3 variable? <0.027
+0.005
21,000 3.0 variable? 0.021
-0.004
21,000 30.0 variable? =~0.018¢
70,000 0.003 variable? <0.017
70,000 variable 158,0004 >0.015
+0.003
70,000 0.3 variable? 0.022
-0.002
+0.006°
265,000 0.3 variable? 0.012
—0.002

?Determined by fluorescence ratio method; see Egs. 1 and 2 in Ref. 11 for definition of

XAB
A b 2200; 4000; 9000; 17,500; 35,000; 100,000; 233,000; 390,000; M, /M, < 1.1.
°Determined by appearance of heated blends.
IM, M, = 2.0.
x > 0.012 if PAVN (265,000)/PS (2200) blend is immiscible. See text.
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measurements over a larger concentration range are necessary before any
conclusions on the possible concentration dependence of the interaction pa-
rameter may be drawn.
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Structure-Property Relationships of
Polystyrene/Poly(vinyl methyl ether)
Blends

S. L. HSU, F. J. LU, and E. BENEDETTI

Department of Polymer Science and Engineering, University of Massachusetts,
Ambherst, MA 01003

Various incompatible and compatible poly(styrene) (PS) and
poly(vinyl methyl ether) (PVME) blends have been prepared
by varying composition, solvent, and thermal history.
Fourier transform infrared spectroscopic analysis of these
samples has revealed definite spectral features that are sensi-
tive to compatibility. The vibrations most sensitive to change
in molecular environment are the CH out-of-plane vibration
in PS and the COCHj3 vibrations of PVME. Furthermore, by
using a combination of vibrational and mechanical spectros-
copy we have followed the segmental orientation of the two
components when samples are stretched macroscopically.
The orientation of chain segments achievable for the individ-
ual components depends strongly on the degree of compati-
bility, composition, and temperature of measurements.

THE PHASE SEPARATION BEHAVIOR OF POLYMER BLENDS and associated prop-
erties have been the subjects of a large number of theoretical and practical
studies (I). We have primarily used vibrational spectroscopy to character-
ize microstructures of polymer blends and their changes when samples are
deformed macroscopically. We have given particular attention to the
structure—property relationship of the poly(styrene) (PS) and poly(vinyl
methyl ether) (PVME) blends. The unusual compatibility behavior of this
binary mixture is particularly interesting. Solvent, molecular weight, com-
position, and temperature can affect the compatibility of these two poly-
mers (2-9).

In the first area of study, vibrational spectroscopy was used to search
and characterize specific molecular interactions existing in compatible PS/

0065-2393/84,/0206-0101$06.00/0
© American Chemical Society
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PVME blends. With exceptions, the favorable intermolecular interactions
in most compatible blends are generally not clearly understood. Vibra-
tional spectroscopy is an attractive technique for such studies. When prop-
erly assigned, the position, intensity, and shape of vibrational bands are
useful in clarifying conformational and environmental changes of polymers
at the molecular level. Because intrachain energy is so much higher than
interchain nonbonded interactions, perturbation of spectroscopic features
of a single molecule as a result of nonbonded interaction is generally quite
small. In most cases, small differences in the vibrational spectra are diffi-
cult to observe directly and can only be shown in the difference spectra.
The advent of Fourier transform infrared spectroscopy (FTIR) has made
analysis of chemical mixtures by computer calculated difference spectra
quite convenient and accurate.

In the second area of study, we have used a combination of vibrational
and mechanical spectroscopy to follow the segmental orientation of the in-
dividual components when samples are deformed macroscopically. Un-
doubtedly, the overall properties of polymer blends are correlated to the
sample morphology that, in turn, may vary with the composition or the
degree of interpenetration of the components. In many polymers, the IR
spectra exhibit absorption bands that can be assigned to vibrations of chain
segments in the various phases. Furthermore, these vibrational bands may
be characteristic of the details of local conformation. If band assignments
are established and, additionally, if the directions of the transition mo-
ments with respect to the chain axis are known, vibrational spectroscopy
offers the advantage that stress-induced changes in orientation, conforma-
tion, and packing can all be measured.

In this study, we have prepared compatible and incompatible films
cast from various solvents. In addition, phase separated binary mixtures
can be prepared at temperatures above the lower critical solution tempera-
ture (LCST). The IR data obtained from these samples have revealed spe-
cific features characteristic of localized structure and environment of indi-
vidual components in compatible and incompatible binary mixtures.
Furthermore, the degree and the rate of change of segmental orientation
have been measured as a function of composition, temperature, strain rate,
and compatibility.

Experimental

The atactic PS and PVME were obtained from commercial sources. PS of weight
average molecular weight (M,,) 233,000 with polydispersity equal to 1.06 was ob-
tained from Pressure Chemical Corporation. Other narrow molecular weight dis-
tribution atactic polystyrenes of M,, 175,000, 50,000, and 37,000 were obtained
from Polysciences. PVME was also obtained from Polysciences. PVME molecular
weights (M,, = 99,000 and M, = 46,000) were determined by gel permeation
chromatography (GPC) in our laboratory with poly(styrene) as the standard. Sol-
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vents of spectral grade were obtained commercially and used without further puri-
fication.

Thin films of the PS/PVME binary mixtures (15, 50, 64, and 84 % of PS) were
prepared from solutions (approximately 3-5% by weight) by casting onto potas-
sium bromide windows. Compatible films were obtained from toluene solutions.
Incompatible films were cast from chloroform or trichloroethylene (TCE). The sol-
vents were completely removed by drying in vacuum ovens at 70 °C for at least
72 h. The morphology of the samples may be affected by differences in concentra-
tion, extreme thinness of film prepared, and solvent evaporation rate (5). Further-
more, vibrational band shape and relative intensities can depend on index of re-
fraction or film thickness due to dispersion effects (10). We tried to remedy these
errors in analysis by preparing films under identical conditions.

IR spectra were obtained with Nicolet 7199 FTIR instrument. Usually 300
scans of 2-cm~! resolution were signal averaged and stored on a magnetic disk
system. Entire or partial spectra can then be accessed for further analysis.

The hydraulic stretcher used to deform sample films and its interface to the
spectrometer have been described elsewhere (11).

Results and Discussion

To date, qualitative and quantitative data from vibrational spectroscopy
have been largely used in analyzing composition or for the elucidation of
localized structures. As a result of the significant amount of conformational
and packing disorder in polymers, even for those of highest crystallinity,
detailed spectroscopic information related to the effects of intermolecular
interactions in solid polymers is difficult to obtain. Therefore, with few
exceptions, the vibrational spectra obtained thus far reflect regular or ir-
regular structure of a repeat unit or a single chain. In a few systems, strong
intermolecular interactions such as hydrogen bonding can significantly af-
fect the band positions or intensity. In most cases, however, spectroscopic
perturbations that arise from interchain forces are simply too small to be
observed with a high degree of confidence. The initial goal in these blend
studies is to search and characterize features sensitive to composition or de-
gree of phase separation.

From previous studies (12, 13), vibrations involving the oxygen atom
usually exhibit greatest sensitivity to blend compatibility. In the IR spec-
trum of PVME, a strong doublet at 1085 and 1107 cm ~! (room tempera-
ture) with a shoulder at 1132 cm ~! showed the greatest change in relative
intensity when the sample was blended with PS. The intensities were also
sensitive to changes in temperature. Although the exact assignment of these
bands is not understood, one can obtain some information from normal
vibrational analysis of model compounds. Snyder and Zerbi (14) carried
out a normal vibrational analysis for a series of aliphatic ethers. They
showed that model compounds, such as methyl ethyl ether, diethyl ether,
and 1,2-dimethoxyethane, exhibit intense bands in this region. In those
cases, only one component involves essentially pure C-O stretching. The
other contains a significant amount of C-O stretching with contributions
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from methyl rocking and C-C stretching in the potential energy
distribution.

Space-filling models show that considerable rotational freedom exists
for the ~-OCH3; group about the main chain. However, the exact relation-
ship between structural differences and changes in the IR spectrum re-
mains unclear. Therefore, at present we can only demonstrate that the rel-
ative intensity of this doublet is sensitive to the compatibility or
incompatibility of PS/PVME blends.

Previously it had been established that high molecular weight PS/
PVME binary mixtures containing ~20-80% PS (M,, > 17,500) dissolved
in chloroform or TCE can be used to cast incompatible films (2-4). For the
same binary mixtures dissolved in toluene, compatible blends can be pre-
pared. Although the frequencies of the doublet in the 1100-cm ~ ! region do
not change, the relative intensities of the two bands do differ in the two
types of samples. In these cases we have removed the PS contribution at
1070 cm~! (in-plane bending) from the mixture by difference spectros-
copy. The 1028-cm ~! band of PS was used as an internal standard. Sub-
traction is accomplished when this band is completely eliminated. As can
be seen in Figure 1, for compatible blends such as the binary mixtures ob-
tained from toluene, the intensity of the 1085-cm ~! band is slightly greater
than the 1107-cm ~! component. For incompatible blends obtained from

165 1145 125 1105 1085 1065 1045 1025
WAVENUMBERS

Figure 1. IR spectra of 50: 50 PS/PVME blends in the 1100-cm ~! region.
Key: —, film cast from toluene solution; and ---, film cast from TCE.
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chloroform or TCE, the reverse is true. Allara (10) pointed out that when
the index of refraction of the individual components differs significantly,
spectral differences can arise from the changing bandshape that results
from dispersion effects and may not be associated with the magnitude or
specificity of intermolecular interactions. Because we could not easily de-
termine optical coefficients of the individual components and their blends
in our experiments, we used the same binary PS/PVME mixtures to prepare
various samples. Only then could we be sure that the spectroscopic differ-
ences were dependent only on compatibility and not on composition.

In the IR spectrum of PS, a number of bands showed small changes in
position or shape when PS was blended with PVME. The band most sensi-
tive to phase compatibility is located near 700 cm ~ 1. This band is generally
assigned to the CH out-of-plane bending vibration (12). It is found at 699.5
cm ! for film cast from toluene solutions containing equal amounts of PS
and PVME. This is to be compared to the peak maximum located at 697.7
cm~! in neat PS. For incompatible blends of PS/PVME, such as the film
cast from TCE solutions, the peak maximum is usually found at an inter-
mediate position between the two extremes. These differences are shown in
Figure 2. Similar changes in frequency for this vibration have also been
observed for PS blended with poly(2,6-dimethylphenylene oxide) (PPO)
(12).

T T T

707 703 699 695 691 687 683
WAVENUMBERS

Figure 2. IR spectra of 50:50 PS/PVME blends or PS in the 700-cm ~! re-
gion. Key: A, film cast from toluene; B, film cast from TCE; and C, PS only.
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We carried out additional experiments to substantiate that the spectro-
scopic differences found for PVME or PS are indeed associated with com-
patibility. Unlike the samples containing 50 wt % of PS, the binary mixtures
containing 15% PS are compatible with PVME for all molecular weights
and solvents. For binary mixtures containing 15 wt % of PS, the IR spectra
obtained for films cast from toluene and TCE solutions are identical.

PS/PVME blends possess a lower critical solution temperature. Above
this critical temperature a compatible blend can phase separate. For the
sample containing equal weight parts of PS and PVME, the initially trans-
parent film (compatible) will turn slightly bluish at ~ 130 °C and then op-
tically opalescent at ~ 150 °C (incompatible). If quenched at this stage, the
two phases (one rich in PS, the other rich in PVME) would remain sepa-
rated. However, if the binary mixtures were allowed to cool slowly, the
two phases would return to the compatible state. IR spectra were obtained
for binary mixtures that contained equal parts of PS or PVME and had
different thermal histories. The spectroscopic differences observed for ei-
ther PVME or PS in compatible or incompatible samples are entirely con-
sistent with the results presented in Figures 1 and 2. These experiments fur-
ther substantiate that these vibrational bands can be used to characterize
the compatibility of the two components. The molecular or structural basis
for miscibility is a subject of intense scientific interest driven by the need to
be able to predict a priori which polymer pairs will form miscible mixtures.
This kind of spectroscopic information provides a basis to deduce the type
and strength of intermolecular interactions in PS/PVME blends.

In the second area of study, we are more interested in the microstruc-
tural changes during deformation. The mechanical properties of polymer
blends may depend on the conformation and internal organization of indi-
vidual components. The properties may also depend upon the degree of
interpenetration of the two components. In many cases, the structure-
property relationship of polymer blends may be assessed by the relative ori-
entation of the polymer segments associated with each phase. For an ideal
polymer mixture, the property function is a linear combination of the prop-
erties of the pure components. In the other extreme case, when macrophase
separation occurs, the blend may show very poor mechanical properties
because it has large domains that have poor interfacial bonding.

As we have mentioned, the IR spectra obtained for PS or PVME con-
tain a number of absorptions that are assignable to localized structure. Fur-
thermore, if the transition moments of these absorptions can be assigned,
IR spectroscopy provides an opportunity to measure microstructural
changes when the samples are deformed macroscopically. In our experi-
ment, macroscopic mechanical properties in terms of stress—strain curves
can be measured simultaneously with microstructural response in terms of
polarized IR spectra.

We chose to follow the four bands at 540, 700, 906, and 1028 cm ~! to
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characterize the orientation of polystyrene (15). Because the IR spectrum
of PVME is not well understood, we chose the very localized CH stretching
vibration at 2820 cm ~! as a standard to calculate the orientation of PVME
segments. The two components oriented differently, even in the compati-
ble blend, as shown in Figure 3. The polarization of polystyrene bands in-
creased with sample elongation, as expected. However, it was difficult to
capture and compare orientation behavior of PVME unless the samples
were deformed at an extremely high rate. The different orientation func-
tion measured for the two components is unexpected because Cooper et al.
(16) found the segmental orientation of both components in poly(e-capro-
lactone)/poly(vinyl chloride) (PCL/PVC) blends to be similar. In fact, the
identical orientation functions measured for the two components may be
part of the criteria to determine compatibility at the molecular level. In a
subsequent study of PS and PPO blends, Lefebvre et al. (17) demonstrated
that the orientation of the two components may differ substantially, as we
found for the PS/PVME blends. The fact that the relative orientation mea-
sured for the two components in the blend is strongly strain-rate dependent
suggests the existence of different relaxation rates. This fact should be in-
corporated in the modeling to relate our macroscopic and microscopic
measurements.
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Figure 3. Orientation functions measured for PS and PVME in a 50:50
compatible blend. Key: O, PS; and B, PVME.
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Usually PS is a brittle polymer when stressed. However, its deforma-
tion behavior in blends is quite interesting. As can be seen in Figure 4,
highly oriented PS segments can be obtained at room temperature. How-
ever, the orientation behavior of PS greatly depends upon composition,
molecular weight, draw rate, temperature of measurement, and the degree
of compatibility of the two components. In Figure 4 we have shown the
dichroic ratio measurements of the polystyrene bands for various samples.
The orientation function of the polystyrene in blends measured at room
temperature is similar to the orientation function measured for polystyrene
drawn at 100 °C (5). Both sets of values are significantly higher than PS
drawn at 110 °C (5). Undoubtedly, the orientation that can be achieved is
strongly dependent on the temperature of measurement. Generally it is ac-
cepted that the lack of segmental orientation obtained for samples drawn
or extruded above the glassy transition temperature is a result of the in-
creasing chain mobility. The glass transition temperature (T,) of PVME,
is usually found at — 25 °C. On the other hand, T, of PS is approximately
100 °C. The T, of compatible blends is usually found between these two
extremes. For the samples we prepared, the T, actually measured is some-
what below room temperature (55% blend, T, = 18 °C). As in the case of
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Figure 4. Orientation behavior Zj neat PS and PS in PS(55)/PVME(45)

blends. Key: 01, 540-cm~! PS band in blends; M, neat PS drawn at 110 °C;

v, 1028-cm ~ 1 band of PS in blends; and @, 1028-cm ~ ! PS band for neat PS
drawn at 100 °C.



Published on May 1, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0206.ch007

7. HSUET AL. PS/PVME: Structure-Property Relationships 109

neat PS, we found that the orientation function of the components in
blends decreased significantly when the temperature was raised above the
T,.

) Even though we could not compare the orientation obtained for PS or
PVME segments easily, we were able to show dramatic differences be-
tween the orientation obtained for PS in compatible or incompatible
blends. Because, as we have demonstrated earlier, compatible or incom-
patible blends can be prepared by varying solvent or thermal history of
mixtures of the same composition, the orientation functions measured for
the polystyrene bands shown in Figure 5 are most interesting. Clearly, the
orientation of polystyrene is higher in compatible mixtures.

In this initial study we have demonstrated that vibrational spectros-
copy can indeed be useful in characterizing conformation and environment
of individual components in polymer blends. Furthermore, if we allow suf-
ficient time resolution, FTIR can also be used to follow orientation changes
of individual components when samples are deformed macroscopically.
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Figure 5. Orientation behavior of the 700-cm~1 PS band in 50:50 PS/
PVME blends. Key: M, phase separated blends; and O, compatible blends.
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Segmental Orientation in Multicomponent
Polymer Systems

CARL B. WANG! and STUART L. COOPER

Department of Chemical Engineering, University of Wisconsin,
Madison, WI 53706

The technique of IR dichroism was used to characterize seg-
mental orientation in several multicomponent polymer sys-
tems. Compatibility at the molecular level usually leads to
similar segmental orientation of the blend components. In
contrast, different orientation behavior is observed for com-
ponents in those incompatible blends that exhibit large-scale
phase separation. Orientation characteristics for the blends
of poly(vinyl chloride) (PVC) with poly(e-caprolactone)
(PCL), PCL with nitrocellulose (NC), PVC with a seg-
mented polyurethane, and PVC with butadiene acrylonitrile
rubber are described. Studies of the temperature dependence
of segmental orientation show that the orientation achieva-
ble is strongly dependent upon the viscoelastic state of the
blend. The orientation of the soft and hard segments of a
polyether urethane-urea was shown to depend on domain
morphology as affected by hard segment weight fraction,
hard and soft segment length, and hard domain urea con-
tent.

THE USE OF ORIENTED PLASTICS AND FIBERS has grown recently because of
the improved mechanical properties that orientation can impart to poly-
meric materials. The field of study in which strain is related to orientation
of polymers has also grown to include a large number of experimental
methods (I, 2). Among the various techniques, IR dichroism can be used to
measure the average orientation of particular chemical bonds or groups on
the polymer chain by monitoring changes in the IR spectrum during
stretching of the polymer. Additionally, in multiphase polymer systems, IR
dichroism can be used to study the deformation of chain segments in each
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domain by following the absorption of functional groups residing on seg-
ments in different phases.

Dichroism is based on the fact that IR absorption by molecules occurs
only at a specific angle, represented by a transition moment vector M. The
absorption A of plane polarized light by a chemical species is proportional
to the square of the dot product of the transition moment vector and the
electric vector E, which reside at an angle 3 with respect to each other.

A~ M- E)? = k(M| |E[)?cos® 8 @)

Thus, incident light that is perpendicular to M is not absorbed. If a poly-
mer is elongated such that the M vectors are preferentially oriented, the
amount of absorbance of plane polarized light parallel to the direction of
stretch (A;) will differ from the absorbance of plane polarized light perpen-
dicular to the direction of stretch (A,). The ratio of these two absorbances
defines the dichroic ratio D,

D = Ay/A; 2
which varies from zero to infinity (unity represents random orientation).

In the case of uniaxial stretching, the orientation of the polymer chain
can be related to the stretch direction through an orientation function f (3),

_ D() + 2) <D - 1>
f‘(Do—l D +2 @)
where Dy is the dichroic ratio for perfect orientation, which is related to the

angle o between the transition moment vector, M, and the chain axis by the
following equation:

Dy = 2cot? a (4)

In IR dichroism experiments, samples are typically stretched to a de-
sired strain level and then allowed some degree of stress relaxation. Absorp-
tions Ay and A, are then recorded by placing the sample in the sample beam
of a spectrophotometer at a 45° angle. This angle minimizes machine po-
larization effects. A polarizer is placed between the sample and mono-
chromator, and the parallel and perpendicular spectra are recorded by ad-
justing the angle between the polarized beam and the sample.

For dynamic experiments, a differential dichroism method may be
used. The sample is strained in the common beam of a double-beam spec-
trophotometer and the transmitted radiation is split into two beams polar-
ized parallel and perpendicular to the direction of stretch. The recorded
output is the difference between the two absorptions. The orientation func-
tion is calculated by using Equation 5:
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1= (30 i) ®

where A is the unpolarized absorption of the undeformed sample and [
and I, are the stretched and unstretched sample lengths. The term
Ao(l/ly) ~ 12 equals the unpolarized absorption of any strain level as-
suming constant volume deformation.

Materials and Sample Preparation

Poly(e-caprolactone) (PCL) and the poly(vinyl chloride) (PVC) were
obtained from Union Carbide. Nitrocellulose (NC) (Hercules Inc.) con-
tained 2.25 + 0.60 nitro groups per anhydroglucose ring. Polyether
polyurethane was prepared by the B. F. Goodrich Company (ET-38-1).
The hard segment is composed of the 4,4’-(dicarbonylamino)diphenyl-
methane chain extended with 1,4-butanediol, and poly(tetramethylene
oxide) (PTMO) is the soft segment. The sample code ET-38-1 repre-
sents the polyether soft segment (ET); the weight percent of 4,4'-
(dicarbonylamino)diphenylmethane present (38%); and approximate
soft segment molecular weight in thousands (1). The poly(butadiene-co-
acrylonitrile) (BAN) used was from Scientific Polymer Products Co.
The number after BAN indicates the weight percent of acrylonitrile in
the copolymer. The segmented polyether polyurethane-ureas (PEUU)
were synthesized in this laboratory by a two-step condensation reac-
tion. The molar ratios of 4,4’-(dicarbonylamino)diphenylmethane, eth-
ylenediamine (ED), and PTMO, and the soft segment (PTMO) molecu-
lar weight were altered in different syntheses to produce samples with
systematically varied hard segment content and block length. A poly-
mer made from 3 mol of 4,4’-(dicarbonylamino)diphenylmethane, 2
mol of ED, and 1 mol of 1000 molecular weight PTMO is designated
as PEUU-46-1000; The first two digits represent the weight percent of
the hard segment content and the second group of digits is the soft seg-
ment molecular weight.

All samples for this study were prepared by spin casting from
polymer solutions and were about 75-125 um thick. For each blend
sample, the ratio specifies the weight percent composition of each com-
ponent. Table I summarizes the sample preparation conditions and the
type of apparatus used for the dichroism experiments.

Results and Discussion

NC/PCL Blends (4, 5). In this blend system, dynamic differential
dichroism was used to follow chain orientation while the sample was
elongated at a constant strain rate. Measurements were performed by
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Table I. Summary of Sample Preparation Method, IR Dichroism
Technique, and IR Apparatus Used

Casting IR
Casting Temperature Dichroism
Sample Solvent °C) Technique®
PVC/PCL blends THF 25 D
NC/PCL blends THF 25 D
ET-38-1/PVC
Series 1 blends THF 25 C
ET-38-1/PVC
Series 2 blends THF/dioxane 60 C
BAN31/PVC blends THF 25 C
BAN44/PVC blends THF 25 C
PEUU copolymers N,N’-dimethyl
acetamide 70 C

D = differential; C = conventional. The IR apparatus used was the Perkin-Elmer 180
IR e(slpectrophotometer except for PEUU copolymers, for which the Nicolet 7199 FTIR was
used.

using different IR peaks, which allowed a comparison of the molecular
orientations for each blend constituent. In addition, a cyclic experiment
was employed where the film was strained to a predetermined elonga-
tion, relaxed at the same strain rate until the stress was reduced to
zero, and then elongated to a higher level of strain and so forth. The
experimental data indicated an orientation response in the cyclic defor-
mation similar to the single cycle process.

The orientation of the two components of a compatible, amor-
phous, 50% NC blend is shown in Figure 1. The films have been
strained to 25, 50, and 75% in successive cycles; each strain increment
is followed by a relaxation to zero stress. The orientation of the PCL
and NC was followed by observing the carbonyl (1728 cm~!) and NO,
(1660 cm 1) stretching peaks, respectively. Figure 1 shows that the ori-
entation of the two chains follows similar paths. The similarity suggests
that the local environment is very much the same for both blend con-
stituents.-

The orientation functions for the NO, and carbonyl of the 25%
NC blend are shown in Figure 2. The PCL crystallinity is approxi-
mately 40%, and has a rod-like superstructure (3). The NO; orienta-
tion is similar to that observed for the NO, orientation in 50% NC, ex-
cept that its magnitude is somewhat lower.

The orientation function of the PCL carbonyl in semicrystalline
samples has both crystalline and amorphous components. If it is as-
sumed that the orientation of the amorphous PCL can be represented
by the orientation of a compatibly blended second polymer such as



Published on May 1, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0206.ch008

8.

WANG AND COOPER Segmental Orientation by IR Dichroism 115

0.1 ! !
' 7/
7
% ,/
- /’ e _
/’ s

5 005 —
o
(8]
2
o]
[T — —
4
o
|—
< |
= 0.l
(o]

0.05— N _

| |
oo 25 50 75

% ELONGATION

Figure1. Carbonyl (top) and NOy (bottom) orientation function vs elonga-
tion curves for 50% NC/50% PCL in a cyclic IR dichroism experiment.

NC, then the orientation of the crystalline PCL can be calculated by
making the following assumptions:

1.

2.

The amorphous and crystalline contributions to the dichroic differ-
ence AA and to the initial unpolarized absorption A, are additive.
The extinction coefficients are the same for the carbonyl in both
phases. Therefore, the total orientation function is a linear function
of the component orientations, i.e.,

f = ocfe + dafa (6)

where ¢ is the volume fraction, and the subscripts ¢ and a represent
the crystalline and amorphous phases, respectively.
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Figure 2. Carbonyl (—), NOg (—-—), and calculated crystalline (---) ori-
entation function vs elongation curves for 25% NC/75% PCL.

3. The volume fraction ¢ is not affected by the applied deformation.

Equation 6 has been applied to single cycle 25% NC orientation
data, and the calculated crystalline orientation is shown in Figure 2.
The crystalline volume fraction was calculated on the basis of compo-
nent densities and the differential scanning calorimetry (DSC) heat of
fusion measurements (4). As expected, the crystalline PCL orientation
was much higher than the orientation for the amorphous PCL and
NOg;. As the stress is relieved, the amorphous chains recoil back to
their high-entropy random-coil conformation. However, the crystallites
have oriented as units, and the residual stress exerted on the crystals by
tie molecules tends to maintain or increase their orientation.

The usefulness of Equation 6 goes beyond analyzing semicrystalline
polymer blends. The NC may be viewed as a molecular probe. A small
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amount of a compatible polymer suitable for IR analysis may be mixed
with a semicrystalline polymer and can give a direct measure of the amor-
phous orientation. A polymeric probe would also be useful in phase-sepa-
rated systems such as block copolymers where suitable IR bands are not
available because of band overlap or a lack of known transition moment
vector directions. The probe molecule should be of comparable molecular
weight, however, to equalize the effect of chain relaxation on the orienta-
tion function (discussion under “BAN/PVC Blends”).

PVC/PCL Blends (4, 5). Figure 3 shows that the PCL chains in the
75% PVC blend orient in essentially the same way as the isotactic segments
and the other folded-chain PVC segments represented by the 693-cm !
peak.

However, the syndiotactic segments of extended chains (613 cm~1)
are obviously situated in a different local environment. These more rigid
segments form into microcrystalline phases that orient as units to much
higher degrees than the amorphous isotactic sequences.

ET-38-1/PVC Blends (6). As determined from DSC and Rheovibron
data (5), Series 1 samples are partially compatible and Series 2 samples are
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Figure 3. Carbonyl and C-Cl orientation function vs elongation curves for
75% PVC/25% PCL.
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incompatible. In this study, the hydrogen bonded N-H(NHg) and
C=0(COg) groups were used to follow the orientation of the urethane
hard segment, and the orientation of the soft segment was followed by us-
ing the nonhydrogen bonded or free C=0(COy) groups. We assumed that
isolated 4,4’ -(dicarbonylamino)diphenylmethane segments in the soft seg-
ment domains will orient in a similar fashion to the polyether segments.
Both of the C-Cl stretching peaks at 637 and 691 cm~! originate from
amorphous phase PVC chain segments. Orientation of the PVC phase was
followed by using the 637-cm~! peak because it is both stronger and
sharper than the 691-cm~! peak.

Orientation functions for the NHg and COpg of each of the Series 1
samples are very similar (Figure 4). This similarity is a result of the fact that
both groups reside in the hard segment domain. The COf orientation is
observed to be greater than those of the NHy and COg at low strain,
whereas the inverse is true at high elongations (Figure 4). Similar behavior
is also observed for Series 2 samples (not shown). This observation suggests
that microphase separation in the polyurethane occurs in both blend sys-
tems. Initially, the stiffer hard segment domains are less affected by
stretching and the coiled soft segments are easily oriented because they are
above their glass transition temperature (T,). As the film is elongated, the
soft segments apply increasing shear stress to the hard segments and cause
them to orient into the stretch direction. The dichroism data were taken

SER. | - 50750

SER. 1-75/25'

e
s -
/ 4

SER.1 -37.5/62.5

ORIENTATION FUNCTION

. L ! !
0 100 200 300 O 100 200 300
% ELONGATION

Figure 4. Orientation function vs elongation curves of Series 1 blends of
ET-38-1/PVC. Key: —, NHpg; ---, COp; and ——, COF.
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after 10 min of stress relaxation. Consequently, the soft segments tended to
disorient toward a more random conformation via an entropy-driven
mechanism. The accompanying retractive force exerts a tension on the
hard segments and causes them to become further aligned in the stretch
direction. For Series 1 samples, at low strain, the C-Cl orientation is simi-
lar to that of the COg (Figure 5). However, the orientation functions of C-
Cl and COp are well separated for the corresponding samples in Series 2.
The similarity suggests that the local environment is very much the same
for both PTMO and PVC in the Series 1 compatible blends.

For the 37.5/62.6 blends, the match of C-Cl and COfy orientation for
Series 1 samples at low strains indicates the segmental compatibility be-
tween PTMO and PVC phases (Figure 6). However, at higher strains the
C-Cl orientation is observed to be higher than those of COp in both series
of blends. For the Series 1 samples, the PTMO-PVC compatible matrix
apparently is PVC-rich and shows similar orientation of C-Cl and COp
only at low strains. In the Series 2 samples the PVC and polyurethane
chains reside in two interconnecting matrices, and the more rigid PVC seg-
ments show higher orientation at all strain levels.

BAN/PVC Blends (7). DSC, Rheovibron, stress-strain, and transi-
tion electron microscopy (TEM) results indicate that BAN 31/PVC blends
are substantially compatible but BAN 44/PVC blends are incompatible (6).
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Figure 5. Orientation function vs elongation curves of Series 1 and 2 blends
of ET-38-1/PVC (fco, and f¢_c; for 62.5/37.5 and 50/50 compositions). Key:
—, COgp; and —, C-CI,
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Figure 6.  Orientation function vs elongation curves of Series 1 and 2 blends
of ET-38-1/PVC (fco, and f¢c_¢; f((l)r 37.5/62l.5 composition). Key: —, COp;
and --, C-Cl.

In this study the C=N group (peak at 2237 cm~1) was used to follow the
orientation of the BAN chain segments. Orientation of the PVC phase was
followed by using the C-Cl peak at 637 cm~ 1,

During the stress relaxation period following sample stretching, the
preferential orientation of the chain is influenced by segmental relaxation.
For the PVC blends studied, separate experiments showed that the extent
of segmental relaxation was determined by how close the testing tempera-
ture was to the T, of the corresponding phase. The relaxation of chains in a
compatible blend is affected by the molecular weight of the individual
components. For example, in the deformation of a blend of different mo-
lecular weight polystyrenes, the lower molecular weight species may relax
more rapidly and cause a lower orientation (8). However, for the polymer
blends in this study, the influence of molecular weight on the segmental
orientation is less prominent because components of comparable molecular
weight were used.

Figure 7 is the schematic diagram showing the T, range (between the
onset and end temperature, as indicated by a slope change on the DSC
thermogram) and the temperatures (vertical dashed lines) where the IR di-
chroism experiments were carried out for each BAN 31/PVC blend. In this
series of nearly compatible blends, the unusually broad transition regions
suggested that some degree of heterogeneity exists in the corresponding
amorphous phase. Probably this phase contains a truly miscible BAN 31-
PVC matrix as well as “microdomains” of either BAN 31 or PVC. Conse-
quently, the measured chain orientation is a combination of the segmental
orientation from both the matrix and the microdomains.

Figure 8 shows orientation functions (f) plotted against percent strain
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for the 50/50 blend of BAN 31/PVC. As the temperature was raised, the
extent of segmental relaxation increased and lowered the f values. In the
miscible BAN 31-PVC matrix, both components were considered to be
similarly oriented because their local environments were indistinguishable.
However, the contributions to the f values from the relatively pure PVC or
BAN microdomains are rather different and depend upon the test tempera-
ture. For example, in the transition region (e.g., 1, 10, and 20 °C), the
BAN 31 microdomains are easily aligned and not significantly disoriented
within the experimental time scale. This ease of alignment tends to increase
the overall BAN 31 chain orientation. In contrast, any PVC microdomains
present are too rigid to undergo significant orientation. Hence, in the
1-20 °C range, fcy is greater than fc_¢. At ~ 30 °C, the BAN 31 microdo-
mains exhibit substantial disorientation within the given stress relaxation
period so that fcy is comparable to fc_¢;. At somewhat higher temperatures
(e.g., 70 and 78 °C) the PVC microdomains may be oriented so that fcy is
observed to be lower than fc_¢.

As DSC and Rheovibron data have shown, blends of BAN 44/PVC
contain two amorphous phases; one is mainly BAN 44 and the other is a
compatible BAN 44-PVC mixture. Because of poor interfacial bonding, ef-
forts to uniformly deform the specimens failed and IR dichroism experi-
ments could not be carried out at temperatures lower than ~ 50°C (Figure
9). The orientation function versus percent strain curves are shown in Fig-
ure 10 for the 50/50 composition. Because of the essentially relaxed state of
the BAN 44 phase, which is well above its T,, the PVC orientation as mea-
sured by fc_c is higher than the corresponding values of foy. The fon at
52°C, however, is greater than the data taken at higher temperatures be-
cause that sample was tested within the transition zone of the PVC-rich
phase, which does contain some BAN 44.

The experimental results for NC/PCL, PVC/PCL, and ET-38-1
blends suggest than an amorphous compatible blend may exhibit the char-
acteristics of a single homopolymer, not only in its glass transition behavior
and mechanical properties, but also in the uniform way in which the poly-
mer chains orient. In contrast, a phase-separated binary mixture of poly-
mer segments will exhibit a different orientation for each component. For
example, when the incompatible high-density polyethylene/isotactic poly-
propylene blends were deformed, the component that constitutes the con-
tinuous phase always orients to a higher degree than the component in the
dispersed phase, regardless of which polymer dominates the composition.
Furthermore, the polymers are not joined by covalent bonds in a polymer
blend, and thus the discrete phases may experience different extents of ap-
plied deformation, depending upon the interfacial cohesion between the
separated phases. An example has just been shown for the incompatible
BAN 44/PVC blends.

However, some hypothetical polymer blend situations may not conform
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to the aforementioned model. First, two incompatible polymers might
form an interpenetrating network such that the phases effectively act me-
chanically in parallel. Thus their orientation functions would be related to
their respective moduli and could possibly be quite similar. Second, if the
backbone motion in a compatible polymer blend is effectively restricted by
entanglements, the segmental orientation of such a chain would vary in-
versely with the segment length between entanglement points. This theory
predicts that the individual chain of a compatible blend will exhibit similar
orientation only if the corresponding segment lengths are comparable. In a
compatible poly(phenylene oxide) (PPO)/PS blend, the stiffer chain com-
ponent (PPO) had a higher orientation function (9).

PEUU Copolymers (10). GENERAL ORIENTATION CHARACTERIS-
Tics. Several functional groups were used to follow segmental orientation
in the soft and hard segment domains of the PEUU samples. They include
the following: (1) the average orientation of the symmetric and asymmetric
CH stretching bands, which are a measure of soft segment orientation; (2)
the C=0 band (COp yr) at 1731 cm !, which is a measure of the average
orientation of the nonhydrogen bonded urethanes either at the hard do-
main interfacial zone or of hard segments solubilized in the polyether ma-
trix; (3) the C=0 absorption band (COp yr) at ~1708 cm~1, which fol-
lows the orientation of hydrogen bonded urethane at the interface; (4) the
C=0 band (COg ya) at ~ 1635 cm ™!, which is a measure of the orienta-
tion of urea linkages within the hard domains; and (5) the NH band at
~3317 em~ !, which characterizes the hard segment orientation.

Figure 11 shows the typical relationship between the orientation func-
tion (f) and the percent elongation for PEUU samples as represented by the
two samples containing 46 wt % hard segment. Upon deformation, the soft
segments, as monitored by fcy, orient into the stretch direction. The orien-
tation behavior of the hard segments is more complicated. A negative value
of fco, , or fum, indicates that the hard segments within the domains first
orient transversely to the stretch direction. In contrast, both the urethane
carbonyls orient positively; this orientation suggests that hard segments at
the interface become aligned into the stretch direction. This phenomenon
can be explained by suggesting a morphological model of polyurethanes
consisting of interlocking hard and soft domains (11). In the unstrained
state, the soft segments are essentially in the isotropic random coil confor-
mation. Urethane segments are, however, aligned approximately perpen-
dicular to the long direction of the hard domains, thereby making the hard
domains locally anisotropic. Overall, the hard domains are randomly ar-
ranged so that the bulk sample appears mechanically and optically iso-
tropic. In Estes’ model (8) the individual hard segment may be initially
oriented to different extents; this extent of orientation depends on the rela-
tive orientation of the long dimension of the domain to the stretch direc-
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tion. The orientation of such an assembly of randomly oriented lamellae
gives rise to an average negative orientation of the urethane chain segments
because the chain axis is perpendicular to the long axis of the domain. Be-
cause the NHg absorption combines NH groups participating in either the
interurea, interurethane, or hard-to-soft segment hydrogen bonding, it is
not surprising that the average bonded N-H orientation function (fnm,) is
less negative than the bonded urea carbonyl function, fco, ,, (Figures 11
and 12).

Sorr SEGMENT ORIENTATION STUDIES. Figure 13 summarizes the soft
segment orientation plotted against percent elongation for all the PEUU
materials studied. As the hard segment content and block length were re-
duced, lower soft segment f values were observed. The storage modulus
(E’) at room temperature, as determined by DMA, also shows a trend con-
sistent with the orientation behavior; that is, a higher E’ correlates with
higher domain rigidity and less segmental disorientation during the 5-min
relaxation period. Both factors result in higher f values.

During the stress relaxation period following sample stretching, the
orientation of the chain segments will be influenced by molecular relaxa-
tion processes. The extent of segmental relaxation will be affected by the
relative rigidity of the corresponding phase at the testing temperature
(room temperature for this work). Consequently, the strained soft seg-
ments with a T, much lower than room temperature tend to disorient to-
ward a more random conformation via an entropy-driven mechanism.
The accompanying retractive force exerts a tension on the urethane junc-
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tions at the interface between the hard domains and the soft segment ma-
trix and causes them to become further aligned into the stretch direction.
The hard domains are less affected by the PTMO relaxation, because of
their relatively high rigidity. Thus, for each PEUU sample, the soft seg-
ment orientation (fcy ) was observed to be lower than the orientation of the
nonhydrogen bonded urethanes (fco, ) (Figure 13).

Harp SEGMENT ORIENTATION STUDIES. To study the influence of
block length on segmental orientation, it is instructive to compare IR di-
chroism results on samples containing similar hard segment concentra-
tions.

Stress hysteresis data showed that PEUU-46 samples contained highly
interlocking hard segment domains. However, both the DSC and Rheovi-
bron results also indicated that PEUU-46-2000 had higher phase purity and
degree of order in both the hard domains and the polyether matrix phase.
Figures 11A and 11B show that fco,, and fnu, of PEUU-46-1000 are less
negative than those of PEUU-46-2000. The hard segment lamellae in the
2000 MW sample apparently have better domain cohesion. This improved
cohesion arises because PEUU-46-2000 has a higher fraction of urea groups
and degree of interurea hydrogen bonding. Therefore the domains in the
longer segment material are not disrupted into microdomains containing
bundles of hard segments oriented preferably along the stretch direction
until higher strain levels.

Similar trends in orientation behavior for soft and hard segments
within domains or at the interface are observed for sample pairs PEUU-36-
1000 and 2000 (not shown) and PEUU-25-1000 and 2000 (Figures 12A and
12B). In contrast, an initially positive fxu, in PEUU-25-1000 is observed.
This positive f arises from the relatively small contribution of the urea link-
ages to the average hard segment orientation. (PEUU-25-1000 has the low-
est urea content among the polyurethaneureas studied.)

Conclusions

For amorphous compatible blends of PCL and PVC or NC, PCL oriented
in essentially the same manner as NC and the isotactic segments of PVC.
Syndiotactic PVC segments showed much higher orientation functions;
these higher functions imply the existence of a microcrystalline PVC phase.

The PCL orientation functions for semicrystalline blends were sub-
stantially higher than for the amorphous component NC or isotactic PVC
segments. The crystalline and amorphous PCL orientations for a 25% NC
blend were determined by assuming that the NC orientation behavior was
representative of the segmental orientation of the amorphous phase chain
segments of PCL.

For the polyurethane (ET-38-1)/PVC blends, the IR dichroism results
suggest that segmental compatibility between polyether (soft segment of
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ET-38-1) and PVC depends on the details of the sample preparation
method. Samples cast from tetrahydrofuran (THF) were more compatible
than those cast from THE/dioxane. The aromatic urethane segments that
exhibit microphase separation in the pure PU are not solubilized by blend-
ing with PVC by any of the sample preparation methods used.

For the blends of BAN/PVC, IR dichroism measurements are strongly
dependent upon the viscoelastic state of the blends. The compatibility be-
tween BAN and PVC, the extent of structural heterogeneity, and the pres-
ence of ordered PVC microdomains significantly affect the orientation
characteristics of the individual polymer chains.

The orientation behavior of segmented PEUU copolymers is depen-
dent upon the hard domain morphology and the viscoelastic state of the
soft segment matrix. The hard segments within rigid domains initially ori-
ent transverse to the stretch direction whereas the soft segments orient par-
allel to the stretch direction.
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Properties and Morphology of Poly(methyl
methacrylate) / Bisphenol A Polycarbonate
Blends

ZACK G. GARDLUND

General Motors Research Laboratories, Polymers Department, Warren, MI
48090-9055

Poly(methyl methacrylate) (PMMA) and bisphenol A poly-
carbonate (PC) blends prepared by melt extrusion techniques
have been investigated by dynamic mechanical analysis and
scanning electron microscopy. Partial miscibility was estab-
lished by a comparison of the experimentally determined
glass transition temperatures (T,) with those predicted by the
Fox equation for a miscible pair of polymers. At PC concen-
trations less than 50 wt % , the PC is dispersed in a continuous
PMMA matrix; at higher PC concentrations, both polymers
form continuous phases. A correlation has been observed be-
tween the morphology and the storage modulus at 130 °C, a
temperature between the T, values of the pure polymers. The
partial miscibility is discussed in terms of possible n—-m com-
plex formation between the n electrons of the ester group of
the PMMA and the w electrons of the benzene rings of the PC.

THE BLENDING OF BISPHENOL A POLYCARBONATE (PC) with numerous poly-
mers has been the subject of some interest in recent years. The polymer
blends have contained aliphatic polycarbonates (I, 2), polyethylene (PE)
(3, 4), polypropylene (PP) (5), polystyrene (PS) (3), polysulfone (6), and a
variety of other polymers and copolymers (4, 7). The major effort has been
in the area of PC-PE blends (8, 9). Paul et al. (10-14) have done detailed
studies of the effects of polyester structure on blend miscibility.

We have been interested in the interactions between PC and poly-
(methyl methacrylate) (PMMA), a polymer that although not a linear poly-
ester does have a large density of pendent ester groups. A preliminary re-
port on this research has been published (15). In this chapter, we will
consider the interactions between bisphenol A PC and PMMA, over a wide
range of compositions, as reflected by changes in dynamic mechanical re-
sponse and morphology.

0065-2393/84/0206-0129$06.00/0
© 1984 American Chemical Society
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Experimental

Injection molding grade PMMA was obtained from Rohm and Haas Company,
and an additive-free bisphenol A PC was obtained from General Electric Com-
pany. As determined by gel permeation chromatography in tetrahydrofuran with a
PS standard, the PMMA had a number average molecular weight (M,) of 99,000
and a molecular weight distribution (MWD) of 2.1, and the PC had M, of 14,000
and MWD of 2.2. Mixtures of the resins were made on a weight percent basis and
were dried in a vacuum oven at 90 °C. The mixtures were extruded under dry
conditions and granulated before a second run through an injection molding ma-
chine in an extrusion mode. Molten resin was run onto a sheet of aluminum foil,
covered with a second sheet of foil, and immediately compression molded. The
plates were preheated to 250 °C and a 5-min warmup was used, followed by a 3-
min press at 630 MPa. The plates were then cooled in a press at 210 MPa. Samples
with cross-sectional dimensions of between 7 X 104 and 12 X 10~% cm? and
lengths of 5.3 cm were used for dynamic mechanical analysis (DMA) at 11 Hz. The
sample was placed in the jaws of the tension arms and the sample was cooled to
- 150 °C before analysis was begun. Dynamic mechanical response was estab-
lished by means of a Toyo Baldwin Co. Rheovibron DDV IIC. The Rheovibron
was controlled by a Hewlett Packard 9825A desktop computer, Hewlett Packard
6940B multiprogrammer, and Princeton Applied Research Model 5204 Lock-In
analyzer. The control program was developed in cooperation with IMASS, Inc.
Data were recorded on tape and plotted by a Hewlett Packard 9245A plotter
printer. Scanning electron microscope (SEM) analysis was done with an Interna-
tional Scientific Instruments Model DS130 on surfaces of cryogenically fractured
samples that had been sputtered with Au-Pt.

Results

Dynamic Mechanical Properties. The dynamic mechanical proper-
ties, storage modulus (E’), loss modulus (E”), and tan 8, of the blends and
of the pure polymers were measured at 11 Hz over the temperature range
of —150 to +160 °C. The data for PMMA are shown in Figure 1. In this
figure, as in all the mechanical spectra figures, the results are shown as
smooth curves. These curves are based on tan § data that was taken at
1-2 °C temperature intervals. The E’ and E” data were calculated at 5 °C
intervals with the exception of moduli that were calculated in the area of a
transition. In these areas the smallest temperature increments, usually
1 °C, were used. The spectra for pure PMMA are typical and have been
described by numerous authors, albeit usually at a different frequency.
The « or glass transition appears at 130 °C, as determined by tan §, and at
107 °C in the E” spectrum. The 3 transition, which is generally accepted
(16) to arise from rotation of the methyl ester side group, is a broad shoul-
der in the tan 6 spectrum and a broad shoulder in the E” spectrum center-
ing around 25-50 °C. The spectra for bisphenol A PC are shown in Figure
2. The glass transition is located at 150 °C by tan 6 and at 143 °C by E”.
The § transition is seen as a shoulder in the region of 75-100 °C and has
been attributed to packing defects in the glassy state (17). The v transition
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Figure 1.  Storage modulus, loss modulus, and tan & for PMMA at 11 Hz.

results in a broad peak in both E” and tan § between —100 °C and ~ 75
°C. The v peak is considered to be a result of motion of the monomer unit
(17).

The dynamic spectra for the blends are shown in Figures 3-12. In this
chapter, the following nomenclature will be used: For example, 50 PC/50
PMMA indicates a blend containing 50 wt % bisphenol A PC and 50 wt %
PMMA. The addition of 2 wt % PC to PMMA to form blend 2 PC/98
PMMA (Figure 3) yielded a 5 °C shift of the « transition as determined by
tan 6 and a 1 °C shift based on the E”. The data for 15 PC/85 PMMA
(Figure 4) are very similar to 2 PC/98 PMMA with only a slight change in
the o transition. The indication of a shoulder around — 90 °C can be attrib-
uted to the v transition of PC. Blend 25 PC/75 PMMA (Figure 5) also shows
small changes in the location of « transition with both tan 6 and E” . In the
previous blends, E’ showed little effects from added PC. In this blend,
however, the E’ begins to sharply drop off at a higher temperature. The 8
transition for PMMA and the « transition for PC now are represented by
distinct maxima. The addition of more PC in blend 35 PC/65 PMMA (Fig-
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Figure 2. Storage modulus, loss modulus, and tan é for PC at 11 Hz.

ure 6) causes a slight change in E’—again, the drop off in modulus moves
to a slightly higher temperature. The shift in T, is also small.

Major changes in the dynamic mechanical spectra are noted with the
50/50 blend composition (Figure 7). The « transition for PC is observed as a
maximum at 145 °C in the tan 6 results and as a shoulder at about 135 °C in
the E”. This observation is the first evidence of the « transition for PC in
these blends. The « transition for PMMA is now a shoulder in tan 6 and a
maximum at 115 °C in E” . Both the 8 transition of PMMA and the v transi-
tion of PC appear as distinct maxima. The influence of the added PC is also
seen in the decrease of the slope of E’ and the marked increase in values of
E’ at higher temperatures.

With increased PC content in the blends, both tan 6 and E” show dis-
tinct maxima for the two « transitions (Figures 8-12). As the PC content is
increased, the magnitude of « transition as determined by E” increases
proportionately and also shows a shift to higher temperatures, reaching a
maximum for E” at 143 °C (Figure 12). The size of the PMMA « transition
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in the E” data decreases in this blend series but shows a positive tempera-
ture shift from 113 °C for 60 PC/40 PMMA (Figure 8) to 118 °C for 95 PC/5
PMMA (Figure 12). The (8 transition for PMMA decreases in magnitude in
the E” and tan é data and the maximum flattens out at high PC contents
(Figure 12). The v transition of PC shows little change in either the size of
the maximum or location in temperature.

In the E’ data for 50 PC/50 PMMA a double step drop in modulus
occurs at about 100 and 125 °C (Figure 7). This double step is also evident
in Figure 8 for the 60 PC/40 PMMA blend. This double drop in E’ for
blends 75 PC/25 PMMA (Figure 9) and 85 PC/15 PMMA (Figure 10) occurs
at increasingly higher moduli and at somewhat higher temperatures. Fur-
ther increases in PC content do not markedly increase E’ as seen for 90 PC/
10 PMMA (Figure 11) and 95 PC/5 PMMA (Figure 12). The double drop in
E’ is difficult to discern for these last two blends. The storage modulus is
close to that of PC homopolymer.
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Blend Morphology. The morphologies of the blends were deter-
mined by SEM analysis of cryoscopic fracture surfaces. In Figure 13a, the
SEM micrograph of 2 PC/98 PMMA, PMMA is the continuous phase and
PC appears as spheres. The few spheres that can be seen have diameters less
than 0.5 pm and emerge from the matrix. In the 15 PC/85 PMMA blend
(Figure 13b) the size of the PC spheres is unchanged, but the concentration
of spheres has increased. Holes are observed in the continuous PMMA
phase where PC spheres have been removed during fracture. Adhesion be-
tween the spheres and the continuous phase is observed. There are roughly
as many holes as there are spheres and the spheres are embedded in the
matrix. In Figure 13c, the fracture surface of 25 PC/75 PMMA, the PC
spheres exist in a variety of sizes, emerging from the continuous PMMA
phase. The beginnings of coalescence of the PC spheres are also observed.
For example, in the upper left corner of the micrograph, long (2-3 pm)
ridges of coalesced PC are seen. A series of six or seven spheres is seen in the
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Figure 5. Storage modulus, loss modulus, and tan é for 25 PC/75 PMMA at
1 Hz.

lower left corner of the same micrograph. Blend 35 PC/65 PMMA (Figure
13d) exhibits further coalescence of the PC spheres. No individual PC
spheres are found; rather irregular rows of connected spheres exist. The
change in morphology between 35 PC/65 PMMA (Figure 13d) and 50 PC/
50 PMMA (Figure 14a) is dramatic. Only lamellae exist in the 50 PC/50
PMMA blend as both phases are now continuous. The continuity of the
phases is also seen in 60 PC/40 PMMA (Figure 14b) and 75 PC/25 PMMA
(Figure 14c). The holes or voids are formed during fracture by removal of
sections of continuous phase. The morphologies of 85 PC/15 PMMA (Fig-
ure 14d), 90 PC/10 PMMA (Figure 15a), and 95 PC/5 PMMA (Figure 15b)
are less distinctive. Phase separation does not occur and PMMA entities are
not formed even at these high PC contents. In fact, with the exception of a
decreasing irregularity of the surface, the micrographs are remarkably sim-
ilar to that of unblended PC.
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Figure 6. Storage modulus, loss modulus, and tan & for 35 PC/65 PMMA at
11 Hz.

Discussion

Visual observation shows that the blends are opaque over the entire compo-
sition range, a fact that is generally taken as an indication of polymer im-
miscibility. Also, the two T, values, as determined by DSC (I5), of the
PMMA and PC are observed over the composition range of the blends.
However, even a cursory look at the effect of composition on transition
temperature shows a change in temperature with composition. The various
transition temperatures are listed in Table I. To avoid a superfluity of sub-
scripts and superscripts, the following nomenclature has been developed
for the observed transitions: T} is the glass transition (T,,) of the PC compo-
nent, and T is the glass transition (T,) of the PMMA. Because the T for
polycarbonate is obscured in the blends, it will not be listed. Tj is the Tz of
PMMA while T, is the T, of PC. All transition temperatures were deter-
mined as being where the E” was a maximum. In general, E” values were
calculated with temperature increments of 5 °C, except in the area of a
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Figure 7.  Storage modulus, loss modulus, and tan 6 for 50 PC/50 PMMA at
11 Hz.

transition where calculations were made at 1 °C intervals. The glass transi-
tion temperatures (T; and T,), as determined by the line intersection
method (I18) from DSC are included for comparison, but the transition
temperatures as determined by DMA will be used for most considerations
of compositional effects. The lower temperature transitions (T5 and T,) as
determined by DMA, are very broad, and a temperature is recorded from
the E” calculation as a midpoint temperature. The Ty, the T., for PC, does
not change with changes in blend composition. This finding is consistent
with the assignment of this transition to motion of monomer segments in
the polymer backbone. The motion of these segments should be unaffected
by the polymer’s environment. T, the T for PMMA (which is very broad),
can only be recorded as a temperature range, but it does tend to higher
temperatures as the concentration of PC increases. Since T is a result of
rotational motion of the ester group of the PMMA, T3 should be affected by
the environment. As the ease with which the ester group can rotate is
changed, so should the transition temperature change, as seen by the exper-
imental results. The T, for PC does not appear until the PC concentration is
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Figure 8. Storage modulus, loss modulus, and tan 6 for 60 PC/40 PMMA at
11 Hz.

0.50 weight fraction and then T; gradually increases with increased PC
content in the blend. The PMMA T, is observable over the entire composi-
tion range, also increasing with increased PC content. As the blend compo-
sition changes from pure PMMA to 0.35 weight fraction PMMA the total
change in temperature is 2-3 °C. A large jump in temperature occurs be-
tween the 35 PC/65 PMMA blend and the 50/50 blend, and a larger change
in transition temperature occurs over the composition range of 0.35-0.95
weight fraction PMMA. Also, for PC contents greater than 0.35 weight
fraction, two glass transitions are observed.

Plots of T and T, versus composition are shown along with a plot of
the Fox equation (19, 20, 21) in Figure 16. The dotted lines in the figure
indicate the expected T, values for PC and PMMA if the polymers were
completely immiscible. The slightly curved solid line (Fox equation) be-
tween the T, values of the pure polymers predicts the single glass transition
for a blend of two miscible polymers. Clearly, for the PC/PMMA blends,
intermediate behavior is the case; that is, the polymers are partly soluble in
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Figure 9. Storage modulus, loss modulus, and tan é for 75 PC/25 PMMA at
1 Hz.

one another. Extrapolation of the experimental results back to the pre-
dicted temperatures allows calculation of the extent of miscibility (i.e., ap-
proximately how much the polymers intermix). By using Equation 1

Tg B ng

W, =22
TgI - ng

1)

as derived by Stoelting et al. (22), where T, is the experimentally deter-
mined glass transition temperature of the blend, and Tg, and Tg, are the
experimentally determined T, values of the pure blend components PC and
PMMA, respectively, the weight fraction (W;) of the blend component
1 can be calculated. The results of the calculations based on the glass transi-
tion temperatures listed in Table I are shown in Table II. The blend com-
position listed in Table II are based on the original amounts of PC and
PMMA used to prepare the blends. If W is calculated for the 50 PC/50

PMMA, 60 PC/40 PMMA, and 75 PC/25 PMMA blends, the miscibility of
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Figure 10.  Storage modulus, loss modulus, and tan & for 85 PC/15 PMMA
at 11 Hz.

PC with PMMA and conversely the miscibility of PMMA with PC are ap-
proximately equal. For example, in the 50 PC/50 PMMA blend the appar-
ent weight fraction of PMMA in the PC rich phase is 1.00-0.78, or 0.22.
This equal miscibility is not observed at PC concentrations greater than 75
wt %, possibly because this empirical analysis is not sufficiently sensitive at
very high concentrations of one of the components. The results from calcu-
lations based on the DSC measurements are in good agreement with those
obtained from DMA measurements. A recalculation of blend compositions
from the apparent weight fractions in Table II indicates small changes in
actual phase concentrations but does not change the overall observations.

The morphologies observed by SEM agree very well with the results
from DMA. The partial miscibility of the two polymers is exemplified by
Figure 13c where the PC spheres emerge from the continuous PMMA
phase. In cases of nonadhesion of phases where the two polymers are com-
pletely immiscible, as with bisphenol A PC/high density PE (3), the spheres
of the discontinuous phase literally appear to sit in craters formed by the
continuous phase.
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Figure 11.  Storage modulus, loss modulus, and tan § for 90 PC/10 PMMA
at 11 Hz.

The double step drop in E’, as seen in Figure 7, has also been observed
in other partially miscible systems, such as PV C~chlorinated ethylene vinyl
acetate copolymer (23). The double step has been described for immiscible
polymer systems and correlated with the composition at which the poly-
mers form continuous phases (3). In this PC-PMMA system the SEMs show
a change from spheres in a continuous matrix (35 PC/65 PMMA) to the
lamellae of two continuous phases (50 PC/50 PMMA) in the same blends
that first show the double step in E’.

A plot of the E” versus weight fraction of PC (Figure 17) at a tempera-
ture (i.e., 130 °C) midway between the T, values of the two polymers dra-
matically exhibits the effect of blend composition. A sharp jump in modu-
lus occurs between the 35 PC/65 PMMA and 50 PC/50 PMMA blends. This
point is precisely where the morphology changes from PC spheres in a con-
tinuous PMMA matrix to a lamellar morphology. At the lower weight frac-
tions of PC, the PC is not contributing to the modulus as efficiently as it
does when it becomes a continuous phase along with the PMMA at higher
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Figure 12.  Storage modulus, loss modulus, and tan 6 for 95 PC/5 PMMA at
11 Hz.

PC weight fractions. At weight fractions of 0.50 PC and above, the two
polymers contribute proportionately to the overall blend modulus.

The question remains as to why there is a partial miscibility between
PC and PMMA. This miscibility can be considered to be a result of n-r
complex formation between free electrons of the ester groups in the PMMA
and the 7 electrons of the aromatic rings of the PC. Possibly the n—r com-
plex formation contributes to the miscibility of ester-benzene mixtures
(24). In the case of linear polyesters, for example poly(ethylene succinate),
poly(ethylene adipate) (PEA), and poly(e-caprolactone) (PCL), enhanced
n- interactions with bisphenol A PC can be visualized. Blends of these
polymers have been shown to be miscible (13). Conversely, PS~PCL blends
have been found to be immiscible (25). This result may be due to the fact
that the benzene rings are perpendicular to the PS backbone and the aro-
matic 7 electrons are shielded so that there is no interaction with the n
electrons of the ester groups. The PMMA-PC blend is an intermediary
case. The ester groups of the PMMA are oriented perpendicular to the main
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Figure 13. Scanning electron micrograph of fracture surfaces at 10* X.
Key: a, 2 PC/98 PMMA; b, 15 PC/85 PMMA; ¢, 25 PC/75 PMMA; and d, 35
PC/65 PMMA.
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-——1“

Figure 14. Scanning electron micrograph of fracture surfaces at 10* X.
Key: a, 50 PC/50 PMMA; b, 60 PC/40 PMMA; ¢, 75 PC/25 PMMA; and d, 85
PC/15 PMMA.
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Figure 15. Scanning electron micrograph of fracture surfaces at 10% X,

Key: a, 90 PC/10 PMMA; and b, 95 PC/5 PMMA.

Table I. Transition Temperatures of Blends as Determined by

DMA and DSC
Polycarbonate DMA - Loss Modulus Maxima DSCe

(wt %) T4 T3 T2 T] T2 T]
100 -90 — — 143 — 150
95 -90 — 118 140 (118) 148
90 -90 (35-45) 117 141 (117) 144
85 -90  (35-40) 116 140 117 144
75 -90 30-35 114 139 115 142
60 -90 20-25 113 136 112 142
50 -90 20-30 114 (135) 111 142
35 (-90) 20-25 108 — 111 140

25 (-90) 25-30 110 — 111 —

15 — 25-30 107 — 112 —

2 — 20-25 106 — 110 —

0 — 25-35 107 — 110 —

Nore: All transition temperatures are in degrees Centigrade.

T, = polycarbonate T, (glass transition temperature)
Ty = poly%methyl methacrylate) T, (glass transition temperature)

T3 = poly
T, = polycarbonate T,
“From Gardlund (15).

methyl methacrylate) T
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Figure 16. Glass transition temperatures of polycarbonate/poly(methyl

methacrylate) blends, as a function of polycarbonate weight fraction. Key:

——, predicted glass transition temperature for miscible polymers; ——-, glass

transition temperatures for completely immiscible polymers; O, T, (poly-

carbonate) from loss maxima; alnd O, T, [poly(methyl methacrylate)] from
oss maxima.

Table II. Apparent Weight Fraction (W) of PC in the PMMA-Rich and
PC-Rich Phases from DMA and DSC Measurements

W, from Loss Modulus W; from DSC
Blend PMMA-Rich PC-Rich PMMA-Rich PC-Rich

95 PC/ 5 PMMA 0.31 0.92 0.20 0.95
90 PC/10 PMMA 0.28 0.94 0.18 0.85
85 PC/15 PMMA 0.25 0.92 0.18 0.85
75 PC/25 PMMA 0.19 0.89 0.13 0.80
60 PC/40 PMMA 0.17 0.81 0.05 0.80
50 PC/50 PMMA 0.19 0.78 0.03 0.80
35 PC/65 PMMA 0.03 (0.72)¢ 0.03 0.75
25 PC/75 PMMA 0.08 (0.67) 0.03 —
15 PC/85 PMMA — — —

2 PC/98 PMMA — — —

By extrapolation.
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Figure 17.  Storage modulus of PC/PMMA blends as a function of composi-
tion at 130 °C.

polymer chain but the n electrons can still interact with the = electrons of
the benzene rings in the PC chain. Unlike the PS-PCL blends, n-7 com-
plexation does occur and PMMA-bisphenol A PC blends exhibit partial
miscibility.

Summary

When blends of bisphenol A PC and PMMA are prepared by melt tech-
niques, a partial miscibility of the polymers is discovered. The phase
change between 0.35 and 0.50 weight fraction bisphenol A PC has a defi-
nite effect on the modulus of the blend system. The partial miscibility is
discussed in terms of n-m complex formation between the ester groups of
the PMMA and the benzene rings of the bisphenol A PC.
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The compatibility between polymers, especially poly(sty-
rene) poly(n-butyl methacrylate), and poly(styrene-co-n-
butyl methacrylate) was studied by using visible spectroscopy,
differential scanning calorimetry, inverse gas chromatogra-
phy, and dielectric relaxation spectroscopy. The results
showed that the compatibility between these polymers de-
pends not only upon the composition of the copolymer and
homopolymer with which it is blended, but also upon the
percentage of copolymer chains in the blend. Each experi-
mental technique provides slightly different results concern-
ing the degree and the range of compatibility. These results
suggest that a variety of experimental techniques aid in the
elucidation of the extent and nature of the compatibility of
mixed polymers. The dielectric relaxation data indicate that
the compositional regions deemed compatible by other tech-
niques and high frequency dielectric measurements appear
to be phase separated when examined at low frequencies.
Thus, the compatibility of polymers may not be limited to
strictly compatible or incompatible behavior, but may also
include intermediate behavior such as partially mixed re-
gions that coexist with phase-separated domains.

THE QUESTION OF COMPATIBILITY BETWEEN POLYMERS has been well studied
for a number of years by using bulk parameters (such as the solubility pa-
rameter) and the free energy interaction parameter as guides to possible

0065-2393/84/0206-0149%$06.00/0
© 1984 American Chemical Society
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compatibility (I). The lack of success of these approaches for some systems
has led to the concept that compatibility may be related to interaction be-
tween the specific moieties on the different polymer chains. All of these
approaches have had their limitations and have not been universally
proven.

However, the length of the chain plays a key role. Many oligomers are
compatible with polymers of greatly dissimilar chemical composition,
whereas the high molecular weight polymeric analogs are not compatible
(1, 2). Therefore, an ideal system for studying compatibility would be one
in which the degree of compatibility could be varied in a continuous fash-
ion. The degree of compatibility would be held independent of the length
of the polymer chain by keeping the molecular weight of the polymer
chains used to make the blends constant.

An approach that may satisfy these criteria may be the use of a ran-
dom copolymer composed of mers of basically incompatible polymers.
Thus, polymer chains of a controlled, but variable, chemical composition
and of a selected molecular weight could be used in blends with the homo-
polymer formed from each mer or with random copolymers of different
mer ratios. Such a random copolymer would be expected to be compatible
with the homopolymer of each of its mers (3) over some range of composi-
tion of the blend. That is, data on a limited range of compositional compat-
ibility could be obtained by blending a pure homopolymer chain (A) made
up of U mers, (A = (U) = UUU...) with a random copolymer (B) com-
posed of U and V mers, (B = (V;_,, U,) = UUVUUV...) where x is a
number fraction of U units. In addition, this partial range of compositional
compatibility could be obtained between random copolymers by making
the difference between their x values sufficiently small. Also, it may be pos-
sible to determine if partial compatibility states exist instead of strictly
compatible or incompatible states, in blended polymer systems.

We used poly(styrene) (PS) and poly(n-butyl methacrylate)
[P(nBMA)] as the homopolymers (A and A ') and poly(styrene-co-n-butyl
methacrylate) [P(S/nBMA)] of variable chemical composition as B. We
studied the compatibility between these polymers [i.e., (A)-(B), (A")-(B)
or (B)-(B)] by using visible spectroscopy (VS), differential scanning calo-
rimetry (DSC), inverse gas chromatography (IGC), and dielectric relaxa-
tion spectroscopy (DRS).

Experimental

Materials. PS (obtained from Foster Grant) had a number average molecu-
lar weight of approximately 100,000 and a molecular weight distribution (My,/M,
of 2.5. P(nBMA) (Polysciences, Inc.) and random copolymers P(S/nBMA) (Scien-
tific Polymer Products, Inc.) also had number average molecular weights of ap-
proximately 100,000, The chemical composition (styrene/nBMA) of random copol-
ymers is indicated as 99/1 for 99 wt% styrene and 1 wt% nMBA, and so on. The
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molecular weight distribution of all of these polymers was basically unimodal with
little skewing.

Visible Spectroscopy (VS). Blending was accomplished by dissolving the
polymers in chloroform, a good solvent for PS, P(nBMA), and the random copoly-
mer. Solubility parameters, calculated by the group contribution method (4, 5)
and the heat of vaporization method (6), are 9.7, 9.0, and 9.2 call’2cm =32 25 °C
for PS, P(nBMA), and chloroform, respectively. Films of PS, P(nBMA), P(S/
nBMA), and blends between polymers were cast from 5 wt% solutions in chloro-
form and were evaporated slowly with protection from contamination by dust.
The resulting films were dried under vacuum at room temperature for approxi-
mately 4 days. A Model 552 Perkin-Elmer spectrophotometer was used to measure
the visible light transmittance of the cast films. For these measurements, the film
thickness was about 0.05 mm for all the polymer films examined.

Differential Scanning Calorimetry (DSC). Sample preparation was carried
out in the same manner used for VS. A Perkin-Elmer DSC 2 was used for measuring
the glass transition temperature (T,) of these films. Temperature calibration was
achieved by using indium, zine, and cyclohexane. Approximately 10-mg (20-mg)
portions of the cast films were placed into the aluminum pans and sealed (values in
parentheses are for the P(nBMA)-P(S/nBMA) system). The heating rate and sensi-
tivity range of the DSC were 10 °C/min and 0.5 mcal/s (2 mcal/s) for each measure-
ment, respectively. Samples were heated from 30 °C (- 73 °C) to 160 °C (107 °C)
and then cooled back to 30 °C (- 73 °C) at 160 °C/min. After holding for 30 min at
30 °C (-73°C) to achieve equilibrium, the samples were heated to 160 °C
(107 °C) at 10 °C/min and immediately cooled back to 30 °C (-73 °C) at
160 °C/min. The reported T, values were determined by this repeated temperature
sequence. The T, was defined as the temperature that corresponded to the mid-
point of the observed heat capacity step-change for the glass transition.

Inverse Gas Chromatography (IGC). A Hitachi (Model 163) gas chromato-
graph equipped with a thermal conductivity detector was used for the inverse gas
chromatography studies. The column temperature was detected by a copper-con-
stant thermocouple. The average error in column temperature was +0.5 °C. The
flow rate of helium carrier gas was about 2.5-3.0 mL/min and determined at a
precision of £0.2 mL/min by a soap bubble flowmeter. The column pressure was
measured differentially against the atmospheric outlet pressure with a U tube ma-
nometer filled with mercury.

The columns were prepared as reported elsewhere (7, 8). The polymers were
coated from a benzene (solubility parameter 9.2 call/2em ~3/2 at 25 °C) (5) solution
onto Chromosorb G (AW-DMCS treated, 70-80 mesh) purchased from Gasukuro
Kogyo Co., Ltd. After drying under vacuum for 5 days at room temperature, the
coated support was packed into 4-mm L.D. stainless steel columns. The total per-
cent loading of polymer (ca 12%) on the support was determined by calcination.
The relative concentration of polymer in the blends was assumed to be identical to
that in the original solution. The columns were conditioned under helium for 5 h at
a temperature above the T of the polymers.

Dielectric Relaxation Spectroscopy (DRS). The dielectric relaxation cell was
purchased from Balsbaugh Company, Inc. A Hewlett Packard (HP) Model 4272A
multifrequency digital meter (frequency range 102-10° Hz) was used as the fre-
quency source. This meter has automatic bridge balancing capabilities and was
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interfaced with an HP 9915A computer for data collection and processing. Plotting
of the data was achieved with an HP 9872S plotter.

DRS measurements were made by scanning the temperature at a constant rate
of 0.35 °C/min in a Delta Design temperature chamber (Model No. 5100). Tem-
perature rate was controlled by the Delta Design rate programming accessory. The
temperature of the sample was measured with an accuracy of +0.1 °C by a Fluke
2190A digital thermometer interfaced with the HP 9915A computer. The samples
used in this measurement were prepared in the same manner as described for VS.

Results and Discussion

Visible Spectroscopy (VS). A common test of compatibility is opac-
ity. Opacity indicates that scattering of light occurs from domains of differ-
ing refractive index, and the lack of light scattering indicates that the do-
mains are approximately less than the wavelength of the radiation used. In
this study, visible light of \ 400 and 600 nm was used to measure the trans-
mittance of the cast films.

The transmittance of the cast films is shown in Figures 1 and 2 for the
PS-P(S/nBMA), P(nBMA)-P(S/nBMA), and P(S/nBMA)-P(S/nBMA) sys-
tems. As seen in Figure 1 for the PS-P(S/nBMA) system, the 99, 95, 90, and
85 wt % styrene P(S/nBMA) copolymers are compatible when blended with
PS over the entire composition range. In contrast, the 80, 60, 40, and 20
wt% styrene P(S/nBMA) copolymers when blended with PS seem to be
compatible only in a definite range that becomes smaller as the styrene con-
tent in the P(S/nBMA) random copolymer decreases.

As seen in Figure 2 for P(nBMA)-P(S/nBMA) blends, the 5 and 10
wt% styrene copolymers are compatible with P(nBMA) over a portion of

100 fa) 100 (b) 100 fe) 100 {d)
:nn - = o
so- 1 sof- 4 soF 4 sof- .
o |
% . L L
1 n 1 T n " P S S Y I T S
< % 50 100 % 50 00 % 50 700 %6 G 100
= 100 fe) 100 () 100 {a) 100 (h)
=
[92]
2
=4
x
T
e
% 50 oo % 50 100 % 50 00 96 50 700
—— PS wt. %

Figure 1. Transmittance at N\ 400 nm for PS blended with P(S/nBMA) ran-
dom copolymers of various chemical compositions: (a) 99/1, (b) 95/5, (c)
90/10, (d) 85/15, (e) 80/20, (f) 60/40, (g) 40/60, and (h) 20/80.
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Figure 2. Transmittance at N 400 nm for P(nBMA) blended with

P(S/nBMA) random copolymers of various chemical compositions: (a) 5/95,

(b) 10/90, (c) 20/80, (d) 40/60, and (e) 60/40. Transmittance at N 400 nm for

P(S/nBMA)-P(S/nBMA) random copolymers (f) 20/80-80/20 and (g)
40/60-60/40.

the composition range. However, the 20, 40, and 60 wt% styrene P(S/
nBMA) random copolymers seem to be compatible with P(nBMA) over a
portion of the composition range that becomes smaller as the styrene
weight percent of the P(S/nBMA) random copolymer increases. The results
for a copolymer/copolymer blend system are also shown in Figure 2. The
range of composition that exhibits compatibility for blends formed from 40
wt% styrene P(S/nBMA) and 60 wt % styrene P(S/nBMA) (i.e., the region
of high transparency) is greater than that observed for blends of 20 wt %
styrene P(S/nBMA) and 80 wt% styrene P(S/nBMA) random copolymers.
This result is consistent with the hypothesis that as compositional differ-
ence between polymers becomes larger the region of compatibility becomes
smaller. To quantify the compatibility for PS-P(S/nBMA), P(nBMA)-
P(S/nBMA), and P(S/nBMA)-P(S/nBMA) systems, the following quantity
(defined by Equation 1) was formulated to express the extent or degree of
compatibility, C, as determined by VS measurements. The derived param-
eter, C, ranges from 0 to 1; values of 1 are achieved when the blend is
optically opaque, and a value of 0 represents an optically compatible blend
system.

T, or,,
C=1-T,=1 Tc_l_m where T, = 3
where T,, T}, and T,, are the transmittances at 400 nm of one polymer, the
second polymer, and the measured transmittance of the 50/50 wt% of the
blend of the two polymers, respectively. The calculated transmittance at
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50 wt% for the blends is T,, and T, is the ratio of the measured transmit-
tance to the calculated transmittance at 50 wt% . An equation of this form
was selected to aid in the comparison of the visible spectroscopy and the
Flory-Huggins interaction parameter results. The C values obtained are
then plotted against the styrene weight percent in the P(S/nBMA) random
copolymer as illustrated in Figure 3. Compatibility between polymers
could be obtained by making the composition difference between the
blended polymers small. Clearly the value of C for a polymer mixed with
itself is zero, as is indicated for the copolymer-copolymer blend system
(Figure 3C at 50 wt % PS). In addition, the composition range for compati-
bility for the P(nBMA)-P(S/nBMA) system is wider than that for the PS-
P(S/nBMA) system. The wider composition range for compatibility is
thought to be related to the more active or stronger interactions that are
possible between n-butyl methylacrylate segments than are possible be-
tween styrene repeating units. These interactions are probably of the hy-
drogen bonding type although that question has not been investigated in
this work.

Obviously, increased interaction between segments in a polymer
chain should affect the interaction parameter between chains. The interac-
tion parameter, x,p is related to the solubility parameters by Equation 2.

V,
XAB = ﬁ(aA — 6p)? 2
1.0

i — i
e /e |
O o5k _
i A a ° h
0l oo™ . v . \_ .oe

0 50 100

styrene wt% in copolymer

Figure 3. D?)endence of extent or degree of compatibility, C, on PSwt %
for three blend systems. Key: @, PS-P(S/nBMA) system; O, P(nBMA)-P(S/
nBMA) system; and A, P(S/nBMA)-P(S/nBMA) system.
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where V, is the molar volume of repeating unit, 6 is the solubility parame-
ter, R is the molar gas constant, and T is the absolute temperature. The
solubility parameters of PS and PnBMA were calculated from the group
contribution method (4, 5) by using Equations 3a and 3b:

8 = pLF/M (3a)

F; = (Ei)'? (3b)

where p is the density of polymer, M is the molecular weight of the repeat-
ing unit, F; is related to cohesive energy (E; of each functional group by
Equation 3b and »; is the molar volume of the group. Equation 4 was used
for the calculation of the solubility parameters, é,, of the random copoly-
mers, P(S/nBMA).

6. = p1(EF;,1/My) 1 + pa(EF;,9/My) b (4)

where ¢, and ¢4 are the volume fractions of each component in the random
copolymers. The densities of PS and P(nBMA) required for the calculation
were obtained from the literature (9, 10) and the density of P(S/nBMA) was
estimated by assuming that the intermediate mixtures were linear (the rule
of linear mixtures). The values of V, and T used for the calculation were
100 cm3/mol and 298 K, respectively.

The calculated values of x4 are plotted against styrene weight per-
cent in the P(S/nBMA) used in the three blends system described in Figure
4. The value of (x4p).: (also shown in Figure 4) was estimated at X, = Xp
= 1000 by using Equation 5

1| 1 1 ]2
(XAB)cr = E[XAl/g + XBI/2i| (5)

In general, if xo5 > (X4B)cr» then the two polymers should be incompatible.
The greater the difference between x5 and (xa).:» the more incompatible
the polymers should be. If x43 < (x4B)cr> then the two polymers should be
compatible at that composition. Comparing Figures 3 and 4 shows that the
values of C obtained from VS are in fair agreement with the x,p prediction
of compatibility for values of x5 below (xag)er- The similarity of the ob-
served and predicted trends extends across the composition ranges for co-
polymers blended with P(nBMA) as well as PS, and to the compatibility of
the copolymer/copolymer blends as a function of composition. Thus, VS
may be a convenient and simple method to measure not only the compati-
bility between polymers but also the degree of incompatibility that is
achieved.

The composition of the blend for which x4 3 becomes less than the crit-
ical value, < (xap)cr, (as determined by the group contribution calculation
route) agrees well with the composition for which the experimentally de-
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Figure 4. xap calculated from the group functional method for styrene
wt % in PS-P(S/nBMA) blends. Key: a, PS-P(S/nBMA); b, P(nBMA)-P(S/
nBMA); and c, P(S/nBMA)-P(S/nBMA).

termined (inverse phase gas chromatography) interaction parameter be-
comes negative. Thus, the group contribution route for estimating x4 and
(xaB)cr appears to offer a simple, short route for approximating the compo-
sitional range of compatibility of polymer/copolymer and polymer/copoly-
mer blend systems.

Glass Transition Temperature (T,) by DSC. To confirm the results
of VS, the glass transition temperatures of the blends were measured with
DSC. The T, values obtained are shown in Figures 5 and 6. In the case of
60, 80, and 85 wt % styrene P(S/nBMA)-PS blends (Figure 5), two T, val-
ues were observed (indicative of phase separation). For blends of 90, 95,
and 99 wt% styrene P(S/nBMA) copolymers with PS, only one T, was ob-
served. This result suggests that the range of compatibility is dependent
upon the chemical composition of the copolymer as measured by the range
of existence of one or two T, values. The 60, 80, and 85 wt% styrene P(S/
nBMA) appear to be compatible with PS in the range of 10-20, 10-15, and
50-60 wt % PS in the blend, respectively. On the other hand, 90, 95, and 99
wt % styrene P(S/nBMA) appear to be totally compatible with PS as deter-
mined by DSC measurements.

The T, observed for the P(nBMA)-20/80 P(S/nBMA) system (Figure 6)
indicates that these polymers are compatible. Thus, the composition range
of compatibility for the P(nBMA)-P(S/nBMA) system is wider than that for
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Figure 5. Glass transition temperature of PS blended with P(S/nBMA)
random copolymers of various chemical composition. (a) 99/1, (b) 95/5,
(c) 90/10, (d) 85/15, (e) 80/20, and (f) 60/40.

the PS-P(S/nBMA) system. This finding is analogous to the results found by
using VS.

Inverse Gas Chromatography (IGC). The existence of either a com-
patible blending (one T,) or an incompatible blending (two T, values) that
is dependent upon the chemical composition of the random copolymer used
in the blend suggests that the interaction parameter between the random
copolymer and the homopolymer is a function of the chemical composition
of the random copolymer. Thus, IGC has been used to determine the inter-
action parameter, x33, of the random copolymer and the homopolymer in
the PS-80/20 P(S/nBMA) and PS-60/40 P(S/nBMA) blend systems.
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Figure 6. Glass transition temperature of P(nBMA) blended with 20/80
P(S/nBMA) as detected by DSC.

The specific retention volume, Vg (cubic centimeters per gram) was
computed by using the method in Reference 11. The Flory-Huggins inter-
action parameters (12), x, at infinite dilution of the probe were determined
(13) from the measured specific retention volume for the benzene probe
molecule in each of the pure phases (x;9 and x;3) (I13) and in the mixed
stationary phase (xy ;) (14) in Equations 6a, 6b, and 7.

RTv, < v, > PP
=ln|l—2|-(1 - —L__) - LB, -
X1z n[vgvlpf} '+ ,) " wTEn V) 6
RTV3 ( Vl > Pl
-1 - (1 - —2— By - V) (6b
X13 n[VngPf] 1 b + M, RT( 11 1) (6b)

[RT(w2V2 + w3V3)}
PYVEV,

Xlgy = X12b2 + X13%3 — X336263 = In

(- _ W 14 > _ _
<1 i 1\713¢ YA ?3 RT(BH V) ()

where R is the gas constant; T is the temperature (Kelvin); V¢ is the specific
retention volume; », and »; are the specific volume of polymer 2 and poly-
mer 3, respectively; P7is the vapor pressure of pure solvent; V| is the molar
volume of solvent; By is the second virial coefficient of solvent; My and My
are the number average molecular weights of the polymers; and wy and ws
are the weight fractions of polymers in the mixed stationary phase.
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The x33 values for the PS-80/20 P(S/nBMA) and the 60/40 P(S/nBMA)
blend systems are shown in Figure 7. In the PS-80/20 P(S/nBMA) system,
the xg3 values for blend compositions less than 90 wt% PS weight fraction
are positive or zero (incompatibility should be found). Whereas, in the
range of more than 90 wt% PS, the x3; values are negative (these systems
should be compatible). In the PS-60/40 P(S/nBMA) system, the value of x33
versus PS wt% depends on the temperature of measurement. The results
obtained at 393 and 413 K indicate that compatibility can be achieved at
greater than 85 wt% PS in the PS-60/40 P(S/nBMA) blend. However, the
result at 445 K shows that these two polymers are incompatible over the
entire composition range. We suspect that at 445 K the lower critical solu-
tion temperature (LCST) has been exceeded. These results suggest that
IGC can be used to study critical solution temperatures (CST) (15, 16).

Symmetric IGC peaks were obtained for both the incompatible and
compatible blends reported here. The retention volume was repeatable to
better than +3.0%.

Dielectric Relaxation Spectroscopy (DRS). DRS measurements were
made on the PS-80/20 P(S/nBMA) blend system as a function of blend com-
position to determine if the other techniques used (VS, DSC, and IGC)
were sufficiently sensitive to interactions at the segmental and molecular
level. The effect of frequency on the dielectric tan & versus temperature
plots is presented for this blend system in Figures 8a and 8b, which show
the results for the PS homopolymer and the 80/20 P(S/nBMA) random co-
polymer, respectively. Figures 8c and 8d show the DRS results of 80 wt %
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Figure 7. Free energy interaction parameter x93 between folé/mers for
(left) PS-60/40 P(S/nBMA ) and (right) PS-80/20 P(S/nBMA) blend systems.
Key: O, 393 K; A, 413 K; and U, 443 K.
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Figure 8b.  Dielectric tan 6 of 80/20 P(S/nBMA) vs. temperature as a func-

tion of measurement frequency.
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Figure 8c. Tan 6 of PS blended with 80/20 P(S/nBMA) [80% PS, 80/20

20% P(S/nBMA)] vs. temperature as a function of measurement frequency.
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Figure 8d. Tan 6 of PS blended with 80/20 P(S/mBMA) [60% PS, 80/20
40% P(S/mBMA)] vs. temperature as a function of measurement frequency.
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PS-80/20 P(S/nBMA) and 60 wt% PS-80/20 P(S/nBMA) blends, respec-
tively. Asseen in Figure 8a, the T, shifts to higher temperatures as the mea-
surement frequency is increased. This shift was expected for all the homo-
polymers and random copolymers. In all of the blends that have the blend
composition of 40-70 wt% PS or greater, only one apparent T, occurs at
high frequencies (100 kHz). However, in most cases (<90 wt% PS) the
blends exhibit two peaks at low frequencies (<400 Hz). Clearly the low
frequency DRS data suggest that phase separation occ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>