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ABSTRACT: This paper is concerned with the design of @ diblock copolymer surfactants for stabilizing
mixtures of weakly segregated A and B homopolymers. Component A was saturated polybutadiene with 89%
1,2-addition, component B was polyisobutylene, and component C was saturated polybutadiene with 63% 1,2-
addition. The C-block exhibits attractive interactions with B and repulsive interactions with A. The effect of the
molecular weight and concentration of the-& block copolymer on the phase behavior of critical A/B mixtures

was studied by small-angle neutron scattering. We show that organized microphases are obtained when as little
as 1 vol % of the A-C copolymer is added to a 50/50 A/B mixture. In contrast, in the well-studied case of
A/B/A—B mixtures, 9 vol % of the A-B diblock copolymer is needed to obtain organized microphases in a
50/50 A/B mixture. Self-consistent-field theory (SCFT) calculations, using independently determined Flory
Huggins interaction parameters and statistical segment lengths, predicted the size of the organized microphases
within 10% of the experimental value for most temperatures and concentrations of diblock copolymer. The
theoretically predicted phase boundary between organized microphases and macrophase separation was in good
agreement with experiments.

1. Introduction A—B surfactants at reducing the concentration of surfactant
needed for creating organized phasesi?-15 In ref 2, for
example, it was shown thé min= 0.1 for A/B/A—C mixtures,
which is similar to the result obtained in A/BfAB mixtures.

In this paper we will show that tuning the interactions between
the components in A/B/AC mixtures can lead to a substantial
reduction ings min In fact, the value ofps min Obtained in the
present study is lower than that of all previous studies on A/B/

polyglycol ether molecul&:i! In both the polymeric and A ~B polymer blends. Our experiments on A/B/& blends

aqueous systems, theC surfactant is designed such that the and Previous experiments on A/B#B blends are limited to

C-block has attractive interactions with the B homopolymer and Weakly segregated A and B homopolymers. Our studies thus
repulsive interactions with the A homopolymer. The present far do not directly address the possibility of designing effective

study is motivated by other studies in which-& or C—D surfactants for highly immiscible polymers.
copolymers with attractive and repulsive interactions (diblock  The phase behavior of A/BAC polymer blends depends
copolymers, graft copolymers, reactive compatibilization, etc.) on the molecular weight of the A and B homopolymers, the

This paper is part of a series on designing-@ diblock
copolymer surfactants for A and B homopolymé&r3. In
previous work, organized microphases were obtained by the
addition of an A-C diblock copolymer to critical mixtures of
A and B homopolymers. The design of the-& surfactant is
based upon the design of nonionic surfactants in oil/water
systems where A is an alkane, B is water, and@\is an alkyl

are used for compatibilizing A and B homopolymérg12-22 molecular weights of the A- and C-blocks of the copolymer,
Traditionally, the approach has been to use anBAdiblock volume fraction of the copolymer, three Flefriluggins interac-
copolymer to organize A and B homopolym@#s>> tion parametersyag, xac, andygc, and the statistical segment

One parameter for gauging the effectiveness of a surfactantlengths of A, B, and C chains. Because of the vastness of
is the minimum concentration (volume fraction) of that surfac- parameter space, it is important to use theoretical calculations
tant that is required to organize a given blend of immiscible to guide the design of AC surfactants. One of the goals of
fluids (¢smi). In this paper we restrict our attention to weakly —this paper is to establish a comprehensive theoretical framework
segregated 50/50 A/B blends. Previous studies utilizirgCA for predicting the phase behavior of A/BAC polymer blends.
surfactants have not yet proven that they are more effective thanWe use self-consistent-field theory (SCFT) to describe the

properties of organized microphases (lamellar phases and
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Table 1. Characterization of Polymers

name Mw (kg/mol) N PDI p (g/mL) % 1,2-addition np
hPB89(24) 24.1 464 1.01 0.8636 90.4 NA
dPB89(24) 253 464 1.01 0.9070 90.4 2.79
PIB(24) 24.0 437 1.05 0.9131 NA NA
hPBPB(79-66) 78.5-65.4 1516-1263 1.01 0.8639 89:763.9 NA
hPBPB(88-93) 88.4-92.9 1699-1797 1.02 0.8629 89:965.3 NA
hPBPB(246-192) 246-192 4614-3712 1.06 0.8629 86:%61.5 NA

aM,, is the weight-averaged molecular weightis the number of reference volume units per chain based on a reference volume ¢t Bl A& M,/M,
whereM, is the number-averaged molecular weighis the average density, amg is the number of deuterium atoms per @peat unit.

binary blends. The theoretical results are thus compared with 3. Definitions and Theory

experimental results without resorting to adjustable parameters. We use a reference volume= 100 A%, which is roughly

the volume of a @repeat unit of our components, as the basis
for defining the following parameters: the FlefHuggins

In the A/B/A—C polymer blends, component A was saturated interaction parametergm, (m, n= A, B, C), the number of
polybutadiene with 89% 1,2-addition (sPB89), component B was reference volume units per chain of each componi)t &nd
polyisobutylene (PIB), and component C was saturated polybuta- the statistical segment lengths of the componeljis Which
diene with 63% 1,2-addition (sPB63).-AC diblock copolymers  describe the dependencies of the radius of gyratioN,o8ince

labeled sPBPB. (The prefix “s” stands for “saturated” and is temperature dependent.

replaced by “h” or “d” when we wish to specify whether the
polymer is hydrogenated or deuterated.)

Polybutadiene homopolymers and diblock copolymers were . .
synthesized via anionic polymerization and tre@€double bonds theory (SCFT) to describe multicomponent A/B#& blends

were saturated with hydrogen or deuterium gas per methodsN@ve been previously discussed in refs 4 and 5. The only input
described in refs 4 and 5. Polyisobutylene was synthesized viaParameters needed to utilize these theories arg#h@nd|m
cationic polymerization, also described in refs 4 and 5. parameters, which have been previously determined from

All saturated polybutadiene and polyisobutylene polymers were N@mogeneous binary blends and are tabulated in ref 5. Our
characterized using known methéd® determine the density, ~SCFT calculations are carried outin 1 dimension, and the effect

weight-averaged molecular weight, polydispersity index, and % 1,2- of concentration fluctuations is neglected. We thus do not
addition (for the saturated polybutadiene polymers). The charac- differentiate between different microphase-separated states such
terization parameters are summarized in Table 1 for the polymersas microemulsions and lamellae.

used in this study. The composition labels for our samples are based

on our targets. Samples wherein the % 1,2 addition deviated more4. Results and Discussion

than 2% from the targets were discarded.

Binary and multicomponent polymer blends were created via R . o
methods described in ref 4. The samples were pressed between tw omopolymers: A is dPB89(24) and B is PIB(24). In addition,

quartz disks and then annealed at°@for 10 min to erase the he ratio of the volume fractions of A and B hom.opolymer.s 1S

effects of the shearing force applied to the sample during pressing. fixed; ¢a/gs = 0.972+ 0.002. The thermodynamic properties

As thermal history can have a large effect on the phase behaviorof the binary A/B blend withpa/¢g = 0.972 are thoroughly

in polymer blends, some of the samples were also prepared anddiscussed in ref 5. This is the critical blend composition,

annealed at 35 and 15C, which will be described further in the  calculated on the basis of the FletiAuggins theory. At 25C,

Results section. the blend is homogeneous. At 2 and above, the blend is
Small-angle neutron scattering (SANS) experiments were con- macrophase-separated. An interesting property of our A/B blend

ducted on the NG7 beamline at the National Institute of Standards is thatyag is nearly independent of temperature. ThisgNave

and Technology in Gaithersburg, MBUsing standard procedures, is only slightly greater than 2.0 in the temperature range of

raw data were converted to absolute coherent scattering intensity,interest gagNave = 2.04-2.60 for T = 27—200 °C); 1Nave

I, as a function ofy (q = 4m sin(@/2)/1, 0 is the scattering angle, — [1/(2NAY?) + 1/(2NsY2)]2.

A is the wavelength of the incident beam), after corrections for LT . . .
detector sensitivity, background, empty cell, and incoherent scat- We begin with a description of results obtained by adding

tering were made, using standard proced@fér the deuterated  the A—C diblock copolymer hPBPB(7966) to the critical A/B
components, corrections for the nonuniformity of deuterium labeling Mixture described above. These A/B/& multicomponent
were madé® The upper limit of the SANS sample holder was 200 Mixtures are labeled My where xy is the vol % of the
°C. For all of the SANS data in this paper, the errot imas less hPBPB(79-66) copolymer in the mixture. While we cover a
than the size of the data points in the vicinity of the peaks that wide range of surfactant concentratiogg{c = 0.01-0.50),

2. Experimental Methods

Our methods for utilizing Flory Huggins theory (FHT), the
random phase approximation (RPA), and self-consistent field

All of the blends discussed in this paper contain the same

were observed. we are particularly interested in the phase behavior of mixtures
Small-angle light scattering (SALS) experiments were conducted with low surfactant concentration${-c = 0.01—0.05). In this
with a 10 mW HeNe laser, with wavelengthy,, = 633 nm, directed limit, we study the effect of the molecular weight of the

through samples placed in a temperature-controlled heating unit.surfactant by conducting additional studies on A/B/@
Scattered light was focused on a detector in the range of .33 mijxtures with hPBPB(8893) (series A) and hPBPB(24192)

107 nm* < g < 1.85x 10°° nm™* using a beam stop and & (geries B) as the surfactant. The compositions of all of the

focusing lens. (The definition afgiven above holds for both light 1 iicomponent blends covered in this paper are given in
and neutron scattering.) Instrumental details are given in ref 1. The Table 2

intensity was monitored as a function of time after the sample was .
heated in a stepwise manner from one predetermined temperature 4.1. SANS and SALS Data from A/B/A-C Mixtures
to another. The upper temperature limit of the SALS sample holder Containing hPBPB(79-66). Blend M05, annealed at 15
was 250°C. and then cooled to room temperature, showed standard signa-
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Table 2. Compositions of Multicomponent Blends

blend component A component B componenrt@ DA o8 Pa-c

MO03 dPB89(24) PIB(24) hPBPB(7%56) 0.478 0.492 0.030
M04 dPB89(24) PIB(24) hPBPB(7%56) 0.473 0.487 0.040
MO05 dPB89(24) PIB(24) hPBPB(7%56) 0.468 0.482 0.050
M10 dPB89(24) PIB(24) hPBPB(7%6) 0.443 0.457 0.100
M20 dPB89(24) PIB(24) hPBPB(7#%6) 0.394 0.406 0.200
M30 dPB89(24) PIB(24) hPBPB(7%56) 0.345 0.355 0.300
M40 dPB89(24) PIB(24) hPBPB(7%56) 0.296 0.305 0.400
M50 dPB89(24) PIB(24) hPBPB(7%56) 0.246 0.254 0.500
A03 dPB89(24) PIB(24) hPBPB(8383) 0.478 0.492 0.030
A04 dPB89(24) PIB(24) hPBPB(883) 0.473 0.487 0.040
A05 dPB89(24) PIB(24) hPBPB(883) 0.468 0.482 0.050
BO1 dPB89(24) PIB(24) hPBPB(24192) 0.488 0.502 0.010
B02 dPB89(24) PIB(24) hPBPB(24192) 0.483 0.497 0.020
BO3 dPB89(24) PIB(24) hPBPB(24192) 0.478 0.492 0.030
B04 dPB89(24) PIB(24) hPBPB(24192) 0.473 0.487 0.040
B05 dPB89(24) PIB(24) hPBPB(24192) 0.468 0.482 0.050

tures of single-phase systems. This is shown in Figure 1a whereat 110°C contains a shoulder gt~ 0.04 nn1?, indicating the
SANS profiles from MO5 at selected temperatures between 31 possible presence of a periodic phase. However, the data are
and 130°C obtained during a heating run are shown. Arg1 inconsistent with the S equation over the accessilgjeange.

we see a broad SANS peakept= 0.061 nnt! and a wide SANS At 130 °C, all evidence of the presence of a periodic phase are
plateau at lowg. Qualitatively similar data were obtained at 51 lost, and the sample is clearly macrophase-separated (Figure
°C (data not shown for brevity). The scattering profiles at 31 1a).

and 51°C are very similar to those obtained from periodic |5 order to confirm that the periodic microemulsion phase at
microemulsion$/:%® and we thus use the well-established 31 oc (Figure 1a) was the equilibrium morphology, we
Teubner-Strey (T-S) equatiof’ to analyze the SANS data  ¢onqycted three separate SANS experiments. In experiment 1,
obtained at these temperatures. The ST equation for the the blend was prepared at 9C and transported to NIST at

scattering intensity Is room temperature. When examined by SANS at°g] this
sample exhibited the standard characteristics of a phase-
() = ) ) separated sample; i.e., the SANS profile was similar to that seen
a+bof +cq at 130°C in Figure 1a. Nevertheless, we heated the sample in

steps to 200C, recorded SANS data wherein phase separation
was seen at all temperatures, and then cooled the sample to
room temperature. To our surprise, we found that the SANS
profile obtained at room temperature was typical of a micro-
emulsion. In order to probe the behavior of M0O5 further, we
conducted experiment 2, in which a new blend of M05 was
annealed at 150C, transported to NIST at room temperature,
and studied as a function of increasing temperature. In experi-
ment 3, the same sample used in experiment 2 was placed back
in the SANS instrument and studied a second time as a function

where a, b, and c are fitting parameters. We udgy(q) to
account for the fact the ¥S equation was developed for oil/
water microemulsions and thus does not account for scattering
contributions due to the connectivity of polymer chailage(q)

is assumed to be of the forhggd(q) = (e? + g)~%, wheree
andg are fitting constants. We do not have rigorous justification
for the proposed splitting df{(q). The fitting constants enable
determination of the domain spacirdy, correlation lengthg,

and amphiphilicity factorf,, given by

1a\l2 pil-12 of increasing temperature. The data shown in Figure la were
&= IE(E) 4_c] 2 obtained from experiment 3. The results of experiment 2 are
summarized in Figure 1b, where we shbig). Once again we
. 1/a\l’2 p1-12 see a broad primary scattering peakigins peak= 0.061 nnt
d= 2‘”[5(6) " 4c ®) at 30°C. It is worth noting that the location of the primary
scattering peak, the width of the primary peak, and the absolute
f = b 4) peak intensity obtained from the experiments 2 and 3 are in
& o/ac good agreement. We see some differences at both low and high

g. In particular, a second-order peakgat= 2.80sans-peakWas
The curve through the 3IC data in Figure 1a shows the least- obtained in experiment 2. We do not know the reason for the
squares fit to the FS equation. The ¥S parameters obtained appearance of this peak. Heating M05 in experiments 2 and 3

from the fit are given in Table 3. Heating the sample to°@0 led to macrophase separation above’@0The consistency of
results in a significant increase in the layscattering, as shown  the results of experiments 2 and 3 indicates that the equilibrium
in Figure 1a. However, the scattering profile in the> 0.04 morphology at 31°C is a microemulsion. The instrument
nm~! region is consistent with the IS equation. The solid  configuration used for experiment 2 did not allow accesg to
curve through this portion df(g) at 70°C shows the S fit. values low enough to see the incipient signature of macrophase

The increased lovg scattering leads us to conclude that MO5 separation seen at #®0 °C in Figure la. FS fit parameters

is macrophase-separated at’@ We were unable to determine  obtained from experiments 2 and 3 were within 10% at all
whether the phase-separated state comprises two or thredemperatures. We thus conclude that sample MO5 readily attains
coexisting phases. The Gibbs phase rule requires the presencthe equilibrium microemulsion morphology when annealed at
of a two-phase region adjacent to the single-phase state. Thel50°C but not when annealed at 9C. The data in Figure 1la
applicability of T-S analysis to the higly-70 °C data suggests  show that at 90°C MO05 exhibits complex coexisting phases
that one of the macrophases is a microemulsion. This qualitativeincluding a microemulsion, while at 150C the sample is
behavior is also seen at 9C (Figure 1a). The SANS profile  completely macrophase-separated. It appears equilibration at 30
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(annealed at 150°C, |

second time in SANS
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Table 3. Teubner-Strey Fitting Parameters for M-Series Blends

blend

T
S

a(cm)

b(cm
nnv)

c(cm
nn)

d (nm)

& (nm)

fa

instrument) -

10°

M30
M30
M30
M30
M20
M20
M20
M10
M10
M10
M10
M10
MO05
MO05
MO05
MO5

90
112
131
150

90
112

0.0245
0.0309
0.0347
0.0331
0.0118
0.0128
0.0113
0.0025
0.0022
0.0021
0.0019
0.0014
0.0017
0.0015
0.0014
0.0010

—-3.73
—4.30
—4.43
—3.87
—2.15
—2.24
—1.96
—0.69
—0.63
—0.63
—0.60
—0.51
—0.67
—0.54
—0.47
—0.28

153.05
171.22
183.37
182.71
110.73
118.59
120.73
56.42
55.67
60.00
64.20
68.43
88.90
74.13
73.20
72.93

56.39
55.13
55.29
57.30
62.78
63.07
66.66
78.48
81.36
84.15
88.37
98.15
98.87
98.98
101.98
118.26

66.05
47.72
34.55
26.31
58.43
45.59
36.01
59.50
55.95
54.05
51.39
49.64
60.72
49.73
41.58
32.83

—0.963
—0.935
—0.878
—0.787
—0.940
—0.909
—0.839
—0.919
—0.900
—0.887
—0.859
—0.824
—0.862
—0.810
—0.734
—0.518

T = 30°C indicated no signs of macrophase separation in blend
MO5. Therefore, the lack of optical clarity is related to the large
domain size of the microemulsion phase rather than two-phase
coexistence. An approximately 1Q@m thick sample, when

150°C)

b) M05

(annealed at

0.01

|
0.1
g (hm™)

observed in an optical microscope, was featureless and clear at
30 °C, presumably due to the low optical contrast between the
PIB-rich and the hPB89-rich phases. In contrast, phase-separated
domains were readily observed with the naked eye and in an
optical microscope for the M0OO binary blend at 30.

SALS data were also obtained from blend MO05 (prepared at
150°C) and are shown in Figure 2. The SALS intensity, which
is low at low temperatures, increases abruptly between 50 and
70 °C. This change in the SALS signal is thus correlated with
the increase in lovg scattering in the SANS data at 7C. A
second abrupt change in the SALS signal occuisafl10°C.
This appears to be correlated to the disappearance of the periodic
structure observed in the SANS data. The SALS data provide
additional support for our conclusions regarding the phase
behavior of M05: microemulsion af <50 °C, macrophase
separation in which one of the phases is a microemulsion from
50 °C < T < 110°C, and macrophase separation without a
coexisting periodic structure 8t =110 °C.

SANS data from blends M03 (annealed at 35 and iGp
and M04 (annealed at 9TC) showed standard signatures of

Figure 1. (a) SANS data obtained from blend MO5 (annealed at 150
°C, second time heated in SANS instrument, at selected temperatures:
31 ©), 70 @), 90 ©), 110 (x), and 130°C (+). The scattering
intensities have been multiplied by the following factors to better
delineate the data sets: 10 (7G), 1¢ (90 °C), 1¢ (110 °C), 1¢
(130°C). The solid lines at 31, 70, and 9C are the TeubnerStrey
scattering profile fit to the data. (b) SANS data obtained from blend
MO5 (annealed at 150C) at selected temperatures: 30)(71 @),

91 (©), 111 (x), and 132°C (+). The scattering intensities have been
multiplied by the following factors to better delineate the data sets:
10 (71°C), 1¢ (90°C), 1C (111°C), 1¢ (132°C). The solid lines at
30, 71, and 9FC are the TeubnerStrey scattering profile fits to the
data. The arrows indicate the locations @fans-peax and g =
2-&]SAN$peak at 30°C.

°C is facilitated by starting with the completely phase-separated
state at 150C.

The M05 sample was uniformly cloudy when observed by
the naked eye at room temperature. This is not surprising
because the SANS data indicate the presence of a periodic
structure with a characteristic length of about 100 nm. This
length scale is only a factor of 4 smaller than the wavelength
of visible light. We have made similar observations in our
previous studies of lamellar and microemulsion phases obtained
from A/B/A—C mixtures? Ultra small-angle scattering (US-

3.5

ANS) experiments conducted on the BT5 beamline at NIST at temperature for blend M05 (annealed at F&).

I I ! ! !
o
s MO5 o
~ (annealed at O T
150 °C) opH
€2.5 — D DDD D —
£ oo
Z 2t O 4
S
© o
J151 |
m|
1 - DDDDD =
05 1 1 L L L
20 40 60 80 100 120 140
T(°C)

Figure 2. SALS intensity (averaged over a range @¥alues and
normalized by the sample thickness) is given as a function of
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Figure 3. SANS data obtained from blend M10 at selected temper- 4
atures: 300), 70 ), 112 (), 131 (), and 150°C (tilted A). The 10 —— —
scattering intensities have been multiplied by the following factors to b) M30
better delineate the data sets: 10 (@), 1¢ (112°C), 1C¢ (131°C), )
1 (150°C). The solid lines at 30, 70, and 112 are the Teubner @ cooling
Strey scattering profile fit to the data. 103 @ g
macrophase separation at3D. We thus conclude that we need @ 8
at least 5 vol % of the AC block copolymer to organize our o
A/B mixtures, i.e.,¢smin = 0.045+ 0.005. — Cg B
The SANS data obtained from blend M10 at selected £ 10° | =) @gﬁ o -
temperatures are shown in Figure 3. We obtain a microemulsion £ o S,
phase at temperatures between 30 and°ClZ he solid curves =
in Figure 3 show typical FS fits through the data. The SANS
data at 131°C cannot be fit by the ¥S equation. At 150C, 10" L i
we see clear signs of macrophase separation. Complementary
SALS experiments indicated a macrophase separation transition
at 132+ 5 °C, which is consistent with the SANS data. The
SALS data of M10 (and all of the other samples) were consistent 10° e \
with SANS and thus not shown for brevity. 0.01 0.1 1
SANS data obtained from blends M30 and M20 are similar. 4
We thus only show SANS data obtained from M30 at selected g (nm")

temperatures in Figure 4a. At 3C, we see a sharp primary  Figure 4. (a) SANS data obtained from blend M30 upon heating at
scattering peak. The peak cannot be fit by theSTequation. selected temperatures: 30)( 70 (©), 112 (), 150 (tilted »), and

; ; 199 °C ([@O). The scattering intensities have been multiplied by the
Following arguments in refs 4 and 5, we conclude that M30 following factors to better delineate the data sets: 10°@0 1% (112

has a lamellar phase at 30. We expect a very weak second- °C), 17 (150°C), 10* (199°C). The solid lines at 112 and 15C are
order peak corresponding to a lamellar phase due to thethe TeubnerStrey scattering profile fits to the data. (b) SANS data
symmetric composition of our A/B/AC blend. Other factors  obtained from blend M30 upon cooling=10 (©), 10 @), 23°C (A).

such as the extent of long-range order also affect our ability to The arrows indicate the locations géans-peak @Nd Gz = 20sans-peak
detect higher order peaks. Heating M30 to 2Q2results in a

significant broadening of the primary SANS peak (Figure 4a), SANS peak, is sound. This is important because the thermal
which is consistent with the FS equation. We take this as a  history needed to obtain higher order peaks in multicomponent
signature of a microemulsion. The microemulsion gives way Mixtures is not at all obvious. In many cases, e.g., ref 5, we

to a phase-separated state when M30 is heated t6@6%he were unable to obtain higher order scattering peaks from A/B/
location of the macrophase separation transition was confirmedA—C lamellar phases.
by SALS. The analysis of SANS and SALS data from M40 and M50

The ability to observe a higher order peak is often affected are discussed in ref 5. The main difference between blends M40/
by thermal history. After the SANS data shown in Figure 4a M50 and M30 is the existence of a homogeneous phase at
were obtained, the blend was then cooled down-tD °C. temperatures between the microemulsion and macrophase-
The data obtained from blend M30 at10 °C are shown in separated states.

Figure 4b. We find a primary and second-order scattering peak In Table 3 we summarize the-IS parameters obtained from
corresponding to a lamellar phase. The two peaks persist whenall of the microemulsion phases in this series of A/B/&

the sample is heated to room temperature. This indicates thatmixtures. In Table 4 we give the experimentally determined
our conclusion of the existence of a lamellar phase in the phase transition temperatures of the mixtures, determined by
preceding paragraph, based solely on the analysis of the primarySANS and SALS. In all cases, we find excellent agreement in
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lamellar and microemulsion phases. In Figure 5a we compare
the domain spacing obtained by SCFT with our experimental

Table 4. Experimental Phase Transition Temperatures C) in
results for MO5. The vertical lines in Figure 5a indicate the

M-Series Multicomponent Blend$

blend L— M (SANS) M— P (SANS) M— P (SALS)
M30 80+ 10 160+ 10 164+ 5 location of the experimentally determined phase transitions. The
M20 80+ 10 141+ 10 151+ 25 domain spacings based on the SANS data are also shown in
M10 NA 121+ 10 132£5 Figure 5a (open circles), in Whialuyp: = 27/0sans-peak Where
MO05 NA 60+ 10 52+ 2.5 . ; ; i

Osans-peak iS the location of the primary scattering peak. The

#Lis alamellar phase, M is a microemulsion phase, and P is macrophase-errors on all of thal-spacings determined from SANS reported
separated. SANS is small-angle neutron scattering, and SALS is small- in this paper are less than 1%. Both experiments and SCFT
show a large increase in thé:spacing as the temperature

angle light scattering.
approaches macrophase separation from below. SCFT predicts

P) temperatures determined from SANS and SALS. the formation of periodic phases up to 90. This is in contrast

4.2. Comparing Theoretical Predictions with Experiments. ~ to the experimental results indicating the presence of complex
One-dimensional SCFT calculations were conducted for blend coexisting phases in MO5 at temperatures between 70 and 90
MO5, using methods thoroughly described in refs 4 and 5. All °C. Besides this minor disagreement, the agreement between
of the y parameters and statistical segment lengths needed fortheory and experiment in Figure 5a is remarkably good. In
these calculations are given in ref 5. As shown in ref 5, our Figure 5b we compare SCFT and experimerdadpacings
calculations distinguish between a homogeneous phase, mi-obtained from M10. Both theory and experiment show an
crophase separation, and macrophase separation, but not betweencrease ird with increasing temperature up to the macrophase

the microemulsion-to-macrophase separation transition{M
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Figure 5. Domain spacing as a function of temperature for blends (a) M05, (b) M10, (c) M20, and (d) M30 as determined by SANS-with
27/gsans-peak (O) and predicted by SCFT (dotted line). The vertical lines indicate phase transitions determined from SANS and SALS data. L is

lamellae, M is a microemulsion, and P is macrophase-separated.
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separation transition. The experimentally observed increase in Table 5. Microphasé to Macrophase-Separated Transition

d from 80 to 106 nm as temperature is increased from 30 to Temperatures (C) in M-Series Multicomponent Blends
120°C is less pronounced than the theoretical predictions. An Tp To Tp
interesting qualitative change is seen when the surfactant (d-spacing,  (y calculation,  (free energy Tp
concentration is increased to 20 vol %. As shown in Figure 5¢, _P'€nd SCFT) SCFT) comparison) _ average
the experimentally determined spacing of M20 initially M30 155+ 5 134 135+ 5 141+ 5
decreases with temperature, reaches a minimum of about 63 M20 125+ 5 130 125+ 5 127+ 5
. ; . . M10 11545 119 115+ 5 116+ 5
nm at 80°C, and then increases with further increase of /55 05+ 5 104 05+ 5 08+ 5

temperature. The SCFT calculations capture all aspects of this 2 All microoh ed stat deled amellar oh i
. H H H microphase-separated states are moadelead as a lamellar pnase wi

behavior. In Figure 5d, W‘? show data .OptalnEd from M30, which self-consistent-field theory (SCFT). The valuesTgfcan be compared to

also shows nonmonotonic changeglimith temperature. The  he experimental microemulsion to macrophase-separated state B

statistical segment lengths are weak and monotonic functionstransition reported in Table 4.

of temperature. The nonmonotonic temperature dependence of

d seen in Figure 5c,d is entirely due to the fact that and and theoretical values @}, are within 15°C is reasonable, given
yac decrease with increasing temperature whie increases  the experimental errors in the input parametess Ij, andN;
with increasing temperature. and the assumptions made for the theoretical calculations (1d

The location of the microphase-to-macrophase separation¢@lculation, use of binary’s andl's, effect of polydispersity
transition,T,, seen in MO5-M30 can also be predicted by SCFT.  [PD! for all polymers is<1.1], etc.).

The results of the calculations are similar for all of the samples e results of these three methods for calculafipdor all
so we discuss one sample, M30, in detail. We used three ©f the blends discussed above are given in Table 5. In the case

different methods to locate: of M20, M10, and MO5, the values dj, obtained by methods
1, 2, and 3 are within the precision of our calculations. It is

important to note that for these blends the free energy of the
lamellar phase was lower than the free energy of the mac-
rophase-separated phase for all temperatures that a domain
spacing was converged upon with SCFT. Thus, methods 1 and
2 in these cases give the exact same results. For blends M30,
M20, and M10, the theoretically predicted valueTof(Table
5) is in reasonable agreement with the experimental result (Table
4). For blend MO5, the theoretical results predict microphase
separation when the experimental data indicate coexistence
between a microemulsion and macrophase separation7®0
°C), and thus the experimental and theoretical determinations
of T, differ.

In the case of blend M03, the interfacial tension calculation,

(1) The equilibriumd-spacing at a given temperature was
obtained by imposing a given value dfon the system with
appropriate boundary conditions, obtaining the composition
profile of the components consistent with those constraints using
SCFT, and finally calculating the free energy of the system.
The equilibrium value ofl is given by one that minimizes the
free energy (see ref 4 for details). For M30, at temperatures
>160 °C, our numerical SCFT scheme did not converge on a
profile consistent with the imposed constraints, regardless of
the value ofd. The inability to reach numerical convergence is
most likely due to the formation of a macrophase-separated state
In contrast, we have no problems obtaining convergence at
temperatures150°C, and the results shown in Figure 5d were
obtained from these calculations. We thus take 355 °C as the value ofT, obtained using method 3 was €. Thus,

one estimate of, based on the-spacing method. method 3 predicts the formation of periodic phase¥ &t 88
(2) In the second method, we compare the free energy of theoc i, Mo3. However, our SCFT calculations of tHespacing

lamellar phase calculated from SCFT to the free energy of ¢ iaq to converge at 3C°C. We only find such gross
homogeneous and macrophase-separated states calculated wiffiqsistencies between the results of the three methods
Flory—Huggins theory (FHT}.The free energies are not shown  jaqcrined above when the block copolymer concentration is very
for brevity, but a s!m|lar analysis was conducted on a different |\ \we do not know the origin of this problem. We speculate
A/BIA—C system in ref 4. At low temperature$ £130°C), ¢ this may be related to numerical difficulties associated with
the lamellar phase ?as the lower free energy, and at highgcpT calculations of periodic phases with very ladggpacings.
temperaturesT(=140°C), the macrophase-separated state has |t j5 g150 important to note that experimentally we did not find
the lower free energy. The free energy of the homogeneous 5y evidence of single-phase behavior in MO3. It is conceivable
phase is Iacr)ger than both at all temperatures. Thygr M30 that MO3 is macrophase separated at equilibrium, and there is
is 135+ 5 °C, based upon the comparison of free energies. 5 yenyine disagreement between the results of method 3 and
(3) The third method involved calculating the interfacial experiments. It is also possible that tdespacing of M03 is
tensiony between the two coexisting phases at temperatures |arger than the upper length scale limit (i.e., loMimit) of our
above T,. Our method for determining’ using SCFT is  SANS instrument or that our annealing protocol did not lead to
described in ref 4and thUS‘}/ for blend M30 is not shown for equi"bration of MO3. It iS, perhapsl worth no[ing that we
brevity. The formation of high surface area structures such as discovered the annealing history that led to equilibration of M05
lamellar phases occurs when the surface tension is vanishinglypy serendipity.
small. We thus extrapolate — 0 to be another indication of The SCFT results obtained for blends M40 and M50 in this
the transition to an organized phase. This giVgs= 134 °C series are discussed in ref 5. In that paper, we only used
for M30. theoretical method 2 to determiifg. Method 3 cannot be used
The above three methods should result in the same value fordue to the presence of an intervening homogeneous phase
Tp. The fact that our implementation of the three different between the microphase-separated and macrophase-separated
methods give three slightly different answers is, perhaps, not states. Extrapolating the temperature-depenglenalues for
surprising, due to the numerical nature of SCFT calculations. M40 and M50 toy = 0 led to estimates of the phase transition

Lacking a better alternative, the theoretical estimatd pfs temperatures that were very close to the observed microemul-
taken to be the average of these three calculations. For M30,sion-to-homogeneous phase transition temperature, rather than
we obtainT, = 141+ 5 °C. The experimental value d}, from Tp. The proximity of blend M30 to the homogeneous phase

SALS for M30 was 164t 5 °C. The fact that the experimental might help explain why the three methods of determiniiag
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Figure 6. A/B/A—C phase diagram is shown.= lamellar phase, M Figure 7. SANS data obtained from blend AO5 at selected tempera-

= microemulsion, H= homogeneous, and-P macrophase-separated. . h
L . tyres: 300), 71 @), 112 €), 133 (x), and 153°C (+). The scatterin
The phase transition to the macrophase-separated state was determ'nqﬁtensitieso%aveq?))een m@u)ltiplied( kgy the foIIow(ing); factors to bgtter

with both SANS () and SALS ¢). The transition from the - . o °
microemulsion to homogeneous phase was determined with RPA and?leSI'Q ?gge_lgug Sd(e)altig ﬁﬁéz a%gém?% 1222(1511n2d f{){fzg(rye(tlhsesTgJi)r}g

SANS (A). For the binary blend, the transition from the homogeneous - e L .
phase to macrophase-separated state was determined with RPA an ftrgg/j(s:_attir;gd%rzof_llezfggst:JNg_le iag?.s'gtzgarrows indicate the locations
peal - 4. peal .

SANS (A). The lamellar phase to microemulsion transition was
determined with SANSLY). The theoretical calculations df, (the The SANS profiles for blend A05 are shown in Figure 7.

microphase-to-macrophase separated transition temperature) are indi=_, . S
cated by thex symbols, and a linear fit is indicated by the solid line This blend was annealed at 36. Similar to blend MO5, blend

through thex symbols. Solid lines indicate transitions based upon AO05 was cloudy at 30°C. We find a strong primary peak
theoretical calculations. The dashed line (- - -) connects data points from (located atgsans-peak~ 0.06 nnTY) at temperatures 133 °C
eﬁgggmg:}g% ﬁ:ste[jrgig(rergwi:\rggSgiOn(:sdnrhgri?noni?elrig?vs?tﬁCgitf?erent with no evidence of increased lowscattering. In addition, the
(Fj)iblock copolymer concentrationsyat the psamg temperature. data in the VICI_mty of th? primary peak were consistent with
the T-S equation. Heating AO5 from 133 to 138 clearly
were less in agreement for blend M30 than the other blendsleads to macrophase separation (Figure 7). We thus conclude
(M05, M10, and M20). that blend AO05 is single phase at temperatures between 30 and
The phase diagram of our A/B/AC system containing  133°C. While agreement with the-TS equation is the generally
hPBPB(79-66) is drawn in Figure 6. The lamellar to micro- accepted signature of a microemulsion, there is a weak shoulder
emulsion transitions (squares) were determined utilizing SANS at g, ~ 2.50sans-peak We do not have a definitive explanation
experiments and the-IS equation. Microemulsion to homo-  for this feature. We note that the temperature window over
geneous phase transitions (triangles) were determined usingwhich organized phases are obtained in AO5«383 °C) is
SANS experiments and the RPA predictions, as described insignificantly wider than that of M05 (3351 °C). Increasing
ref 5. The onset of macrophase separation at elevated temperthe molecular weight of the AC surfactant thus increases the
atures was determined by SANS (circles) and SALS (diamonds). window over which organized phases are obtained. Theoretical
The dashed lines simply connect experimental data. Xhe calculations forT, were also conducted following the three
symbols represent the theoretical calculatioriTpfor blends methods described in this paper, and the average value was 125
MO05—M50, and the solid line is a linear fit through the + 5 °C. It is interesting to note that in contrast to blend MO05,
symbols. when blend A05 was annealed in the macrophase-separated
While the agreement between theory and experiment in Figure state, at 150C, we were unable to recover the microphase-
6 is not perfect, it is clear that the most important experimental separated state at low temperatures. The thermal history that
result, the addition of hPBPB(7%6) to the phase-separated promotes the formation of single-phase morphologies in A/B/
A/B blend leading to a wide single-phase window that extends A—C blends with 5 vol % block copolymer (or less) was
all the way to 5 vol % block copolymer, is accurately captured identified entirely by trial and error. In contrast, the structures
by our theoretical framework. of blends with>10 vol % diblock copolymer were not sensitive
4.3. Effect of Changing Molecular Weight of Block to the thermal history.
Copolymer Surfactant. With the success of creating an Blends A03 (annealed at 3%C) and AO4 (annealed at 90
organized single-phase blend with only 5% of hPBPB{®&8), °C) were also studied with SANS but were found to be
we examined the possibility of creating blends with even smaller macrophase separated. This is similar to the results obtained
surfactant concentrations. We found that the concentration of from blends M03 and MO04, which were also macrophase
surfactant necessary for creating an organized blend was reducedeparated at all temperatures. Thus, while the larger diblock
when the molecular weight of the-AC surfactant was increased. copolymer increases the temperature window of microphase
The first diblock copolymer we utilized was hPBPB(883). separation in the 5% diblock copolymer blend, it does not
We will label blends containing this diblock copolymer asyA decrease the minimum diblock copolymer concentration needed
wherexy is the volume percent of diblock copolymer in the for forming organized phases. Thuys,minfor both the M-series
blend. The second diblock copolymer was hPBPB{2192), blends and the A-series blends is 0.0#50.005. Similar to
and blends containing this diblock copolymer were labelegd B blend M03, the theoretical calculation f for blend A03 was
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Figure 8. SANS data obtained from blend BO5 at selected tempera- 7 T
tures: 29 ©), 49 @), 70 ), 90 (x), and 16%°C (+). The scattering 1600 K b) |
intensities have been multiplied by the following factors to better ’ )
delineate the data sets: 10 (%), 1¢ (70°C), 1C¢* (90 °C), 10" (169 1400 | ) |
°C). The solid lines are the TeubneBtrey scattering profile fits to L
the data. .
1200 |- ’ .
Table 6. Microphase* to Macrophase-Separated Transition 1 | 0/ e ’
Temperatures (C) in B-Series Multicomponent Blends 1000 ~ VOl. 7o L _
blend Tp (y calculation, SCFT) g \\ e ‘ /
BOS 160 < 800 - ~ef S
BO3 151 © 2vol. % .-"
B02 146 600 - e Q'
BO1 136 © .75 o__-
a All microphase-separated states are modeled as a lamellar phase with 400 - all - O _.==" - ]
self-consistent-field theory (SCFT). =" 0
200 | .. .o 3 vol. %
only possible when utilizing method 3. This calculation resulted 0 | | ‘ ‘ ‘ |
In Ty, = 85°C. , .y 20 40 60 80 100 120 140
A series of blends were studied containing5Lvol % of the o
hPBPB(246-192) diblock copolymer. All of these B-series T(C)

blends were annealed at 9C during the sample preparation Figure 9. (a) SANS data obtained from blend BO1 at selected

process. When viewed by the naked eye at’@Q all of the j[etmpe_rtatur?]s: 3%1)' 50 (D?t" 7|Q éog) a?hd 9]9"(: (x)- ";hetscattte”ggtt
_ . . I intensities nhave peen muluplie Yy € Tollowing tactors to better
B-series samples were significantly clearer than MO5 and AO5. . iicate the data sets: 10 (80), 1C° (70°C), 16 (90°C). The solid

Blend 505,_ containing 5 vol % Qf hPBPB(24092), was lines are the TeubneiStrey scattering profile fits to the data. (b)
analyzed with SANS, and the resulting data are shown in Figure Domain spacing as a function of temperature in the microemulsion
8. Clear evidence for the presence of organized microphases ihase as determined by SANS widh= 271/Gsans-peak (Symbols) and

seen between 30 and 7G. The SANS profiles foif = 90— predicted by SCFT (dashed curves) for blends BO), 802 (), and

. . . BO3 (©). Th i ings for all th I hly th
169°C were consistent with theS equation (data are shown V;ﬁé gt 305Cd_°mam spacings for all three blends are roughly the same

at 90 and 169C only in Figure 8 for brevity). However, the

primary peak is not seen in the accessitp@indow, and thus

we are not certain about the structure of BO5 in this temperature small molecule nonionic surfactant is u8ethd ¢s min = 0.03

window. Similar to blends M03 and A03, it was only possible when polymer efficiency boosters are added in addition to the

to use method 3 (the interfacial tension calculation) to determine small molecule surfactaff.For A/B/A—B blends the experi-

Tp. This is true for all of the blends containing5 vol % of mentally determined value Ofsmin = 0.092526:55 (While

hPBPB(246-192), and thus only method 3 will be discussed theoretical predictions apsmin < 0.09 have been madéwe

for the B-series blends. For B03, = 160 °C based upon are unaware of any experimental results where homogeneous

method 3. The theoretical values ©f for all of the B-series blends are obtained withs less than 0.09.) Above 5tC, a

blends are given in Table 6. peak is not observed in BO1, although the scattering curves are
SANS data obtained from blend BO1, with 1 vol % hPBPB- consistent with the S equation (solid curves in Figure 9a).

(240-192), are shown in Figure 9a. At 3TC, a periodic Whether this is due to macrophase separation or due to limited

microphase is observed. The solid curves in Figure 9a a/®@ T g-window of the SANS instrument remains to be determined.

fits through the data. We thus observe the formation of  The dashed curves in Figure 9b show the SCFT calculation

microemulsions down to 1 vol % block copolymer, i.¢s,min of the d-spacing for all of the B-series blends as a function of

< 0.01. To our knowledge, this is the lowest value¢gfnin temperature where convergence was obtained. The symbols in

obtained. For oil/water mixturegss min = 0.07 when a single Figure 9b are the-spacings determined from the SANS peak.
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At 50 °C, the experimentally determinetispacings increase (6) Kahlweit, M.; Strey, RAngew. Chem., Int. Ed. Engl985 24, 654~

N i ; 668.
as bIO_Ck COpqumer concentration .IS de(_:reg;ed. While the (7) Kahlweit, M.; Strey, R.; Firman, P.; Haase, Dangmuir 1985 1,
d-spacing obtained from BO1 at 8C differs significantly from 281—288.
the theoretical prediction, the overall dependencedodn (8) Kahlweit, M.; Strey, R.; Haase, D.; Firman, Pangmuir 1988 4,
copolymer concentration is in excellent agreement with theoreti- 785-790.

- o - . (9) Strey, R.Colloid Polym. Sci1994 272 1005-1019.
cal predictions. At 30°C, the experimentally determined (10) Chen, S. H.; Choi, SSupramol. Sci1998 5, 197—206.

d-spacings for all three blends were within experimental error. (11) Magid, L.; Butler, P.; Payne, K.; Strey, R.Appl. Crystallogr198§
(The values cannot be distinguished from one another in Figure 21, 832-834.

9b.) We cannot address this finding theoretically due to the lack (12) XU, Z; Jandt, K. D.; Kramer, E. J., Edgecombe, B. D., Frechet, J. M.
. J.J. Polym. Sci., Part B: Polym. Phy&995 33, 2351-2357.
of convergence of our SCFT calculations. At temperatures above 3y ‘sp(i, K. R.; Kellock, A. J.; Deline, V. R.; Macdonald, S. A.Chem.

50°C, there is excellent quantitative agreement between theory Phys.1992 97, 2095-2104.
and experiment for the case of B03. For the other samples, we(14) Adedeji, A; Hudson, S. D.; Jamieson, A. Macromolecules996

were unable to determirgefrom experiments. It is worth noting, (15) ZA%eszfeé}i} 54_15&/“ S.: Macosko, C. WMacromolecules2001, 34

however, that the upper limit of periodic length scales that can 8663-8668.
be determined by our SANS instrument is 600 nm, and many (16) Braun, H.; Rudolf, B.; Cantow, H. Polym. Bull. (Berlin)1994 32,

i _ i i 241-248.
Or]:.thl(.:" p.redICtedj Sdpf’alc\llr\]/gs :lor B01 ?nd BSZ are elther Clt?se to (17) Ravikumar, H. B.; Ranganathaiah, C.; Kumaraswamy, G. N.; Urs, M.
this limit or exceed it. We thus see large discrepancies between™ "\, 'p - jagannath, J. H.. Bawa, A. S.; ThomasJSAppl. Polym. Sci.

the experimental and theoretical values ofdkepacing for most 2006 100, 740-747.
blends withggipiock < 0.05 in the A-, B-, and M-series blends. (18) Tseng, F. P.; Tseng, C. R.; Chang, F. C.; Lin, J. J.; Cheng,J.. J.

; : Polym. Res2005 12, 439-447.
It is clear that more complete theories are needed to capture(lg) Chun, S. B.: Han, C. DMacromolecule00q 33, 3409-3424.

the thermodynamics of A/B/AC mixtures with low values of  (20) Jannasch, P.; Hassander, H.; Wessled, Bolym. Sci., Part B: Polym.

da—c. Phys.1996 34, 1289-1299.

(21) Cho, K. W.; Jeon, H. K,; Park, C. E.; Kim, J.; Kim, K. Bolymer
1996 37, 1117~1122.

(22) Jannasch, P.; Wesslen, B.Appl. Polym. Sci1995 58, 753-770.

A—C surfactants were designed to organize weakly segre- (23) Bates, F. S.; Maurer, W.; Lodge, T. P.; Schulz, M. F.; Matsen, M.

gated A and B homopolymers by tuning attractive and repulsive \ﬁ'é;‘ Imdal, K.; Mortensen, KPhys. Re. Lett. 1995 75, 4429~

interactions. The minimum concentration of surfactant required (24) Hillmyer, M. A.; Maurer, W. W.; Lodge, T. P.; Bates, F. S.; Almdal,
to form organized microphasegs min Was found to be<0.01 K. J. Phys. Chem. B999 103 4814-4824.

; (25) Bates, F. S.; Maurer, W. W.; Lipic, P. M.; Hillmyer, M. A.; Almdal,
for a weakly segregated homopolymer system. This value of K.; Mortensen, K.; Fredrickson, G. H.; Lodge, T.Phys. Re. Lett.

¢s.min IS significantly less than what is observed in A/B#B 1997, 79, 849-852.
polymer systems as well as oil/water/nonionic surfactant (26) Washburn, N. R.; Lodge, T. P.; Bates, F.JSPhys. Chem. 200Q

systems. Mean field theories were used to predict the phase( 2 ﬁ’g}k%%%ﬁﬁwéhapman B. R. Bates, F. S. Lodge, T. P.; Stepanek
behavior and domain size of organized microphases. When™* p “A\mgal, K Faraday Discuss1999 335-350. ’
¢diblock = 0.10, there was excellent agreement between the (28) Cohen, R. E.; Ramos, A. Rlacromolecule979 12, 131—134.
theoretical domain size and experiment. With small quantities (29) Datta, S.; Lohse, D. Polymeric CompatibilizerHanser: Cincinnati,

. S ) OH, 1996.
of diblock copolymer, i.e.guiiock = 0.10, the theory under (30) Hudson, S. D.; Jamieson, A. M. Rolymer BlendsPaul, C. B., Ed.;

predicted the size of domains, indicating the need for more Wiley: New York, 2000; Vol. 1.
complex theoretical models to describe these systems. However(31) Jeon, H. S.; Lee, J. H.; Balsara, NARys. Re. Lett. 1997, 79, 3274~

the success of the theory in capturing the phase behavior of the 3277

majority of the blends indicates that it can be used as a powerful ) gggg’_ H.S.; Lee, J. H.; Balsara, NMacromoleculed 99§ 31, 3328-
tool to guide future experiments on designing & surfactants (33) Jeon, H. S.; Lee, J. H.; Balsara, N. P.; Newstein, M&cromolecules
for weakly segregated A/B blends. Whether these experimental 1998 31, 3340-3352.

and theoretical methods will also apply to designing @ (34) ZL%’B‘YZ%?SJ%E;%%? Bates, F. S.; Macosko, C.Ncromolecules
surfactants for highly immiscible homopolymers has yet to be (35) Tan, N. C. B. Tai, S. K.: Briber, R. MPolymer 1996 37, 3509
determined. 3519.
(36) Jackson, C. L.; Sung, L.; Han, C.Bolym. Eng. Scil997, 37, 1449-
. I 1458.
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