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ABSTRACT: The effect of pressure on the phase behavior of a multicomponent polymer blend was studied by
small-angle neutron scattering (SANS). The blend was composed of saturated polybutadiene with 89% 1,2-
addition (component A), polyisobutylene (component B), and arCAdiblock copolymer, where block A was
chemically identical to component A and block C was a saturated polybutadiene with 63% 1,2-addition (SPB63).
At atmospheric pressure, the blend forms a lamellar phase at low temperature, forms a microemulsion phase at
intermediate temperatures and is macrophase separated at high temperatures. No evidence of homogeneous phases
was found at atmospheric pressure. Upon pressurization the A/B/Blend exhibited a homogeneous phase
across a wide range of pressures and temperatures. The pressure dependencies oftHeidgdanyg interaction
parameters in this systemag, xac, xsc) were determined from SANS measurements on binary blends and used

to model the thermodynamic properties of the multicomponent blend as a function of temperature and pressure
with the random phase approximation, self-consistent-field theory, and-Rtarggins theory. We demonstrate
excellent agreement between theory and experiment without any adjustable parameters.

Introduction arises due to the relative importance of these contributions at
finite temperatures. Entropy dominates at high temperatures
while energy dominates at low temperatutés.

¢ Relatively few experimenters have examined the effect of
pressure on the thermodynamics of polymer mixt§rés.

c- Qualitatively different behaviors are seen in UCST and LCST
blends. Increasing pressure induces demixing in UCST systems
and mixing in LCST systems. We argue that this is due to
differences in the volume change of mixitt?>2%The average
monomef-monomer distance in UCST mixtures is expected

parametery, indicative of repulsive interactions between the to be .somewhatllarge_r than in the pure components .due to
monomers. Upon heating decreases. In some cases, however, "€PUlSive interactions; i.e., the volume change of mixingis
homopolymer mixtures phase separate upon heating; i.e., they1_005|t|ve. In contrast, the average monormeronomer distance
exhibit a lower critical solution temperature or LCST behatfor. "N LCST mixtures is somewhat sm_aller _than in the pure
At low temperatures, these blends are usually characterized bycomponents due to atiractive interactions; 8/, is negative.

a negativey parameter indicative of attractive interactions 1 Mis Ieads to @AV contribution to the Gibbs free energy change
between the monomers. Upon heatipicreases. In rare cases, ©f Mixing, AG, which is positive in the case of UCST systems
temperature has a negligible effect on polymer blend thermo- and negative in thg case of LCST systems. On the bas_ls of these
dynamics; i.e.y is a very weak function of temperature. The arguments, one might conclude that the thermodynamic proper-
temperature-independent contribution to the Fiaruggins ties of entropic blends would b_e |r_1dependent of pressure. We
interaction parameter is often called the “entropic” contribution, "°t€ that the expected behavior is not always observed; for
and we thus refer to these kinds of blends as entropic blends. |t¢xample, it was reported previously that pressure induces mixing

should be noted that in the conventional Fletyuggins theory " & ‘_j',bIOCZI; cc()jpolymder with a UODT (upp‘;r ordedlsgr?jer
the interaction energy and entropic contributions to mixing are ]'Erelllnsm%n). Inde[r)]en ednt mea_suremfentsm arg ”eede toh
independent of temperature. The temperature dependence of buezali/?oertan the underpinnings of pressure-dependent phase
R ) o The purpose of this paper is to study the effect of pressure
. Egﬁﬁ”sngfe”r}c‘g g&gﬂﬁ%@”%gf&g& UC Berkeley. on a multicomponent polymer blend wherein all three kinds of
§ Materials Sciences Division and Environmental Energy Technologies interactions described above are present. The blend of interest
Division, UC Berkeley. is a mixture of two homopolymers A and B and ar& diblock
I i H : p y
D%ﬁgggﬁg'gfﬁiig{gﬂ_a"d Engineering. copolymer. At atmospheric pressure, binary A/C mixtures
# present address: NIST Center for Neutron Research, National Institute €Xhibit UCST behavior, binary B/C mixtures exhibit LCST
of Standards and Technology, Gaithersburg, MD 20899. behavior, and binary A/B mixtures exhibit entropic behavior

The fact that the thermodynamic properties of polymer
mixtures are affected by temperature and pressure is well
established. In the case of simple systems such as mixtures o
polyolefins, Flory-Huggins theor$? provides a framework for
understanding these effects in terms of intermolecular intera
tions3 Most binary homopolymer mixtures phase separate upon
cooling; i.e., they exhibit an upper critical solution temperature
or UCST behaviof. At low temperatures, these blends are
usually characterized by a positive Fleriiuggins interaction
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with a slight tendency toward LCST behavior. We note in
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temperature and is thus a LCST system. At atmospheric

passing that proving that a blend is perfectly entropic, i.e., one pressure, our A/B/AC blend formed a lamellar phase at low
wherein the thermodynamic properties are truly independent of temperatures, a microemulsion at intermediate temperatures, and
temperature, is impossible due to finite experimental uncertainty a macrophase-separated state at high temperatuieslevated

in the measured data. Our interest in these mixtures stems frompressures, however, we observed a large window where a

previous studies where it has been shown thatCAdiblock
copolymers are effective surfactants for organizing mixtures of
immiscible A and B homopolymer$-3°> The thermodynamic
properties of our A-C surfactants are similar to those of non-
ionic surfactants (alkyl polyglycol ether molecules) in oil/water
systems at atmospheric presstie! In the small molecule
system, A is alkane, B is water, and C is polyglycol ether. In
both the polymeric and aqueous systems, theCAsurfactant

homogeneous phase was obtained. This was an unexpected
result, as the atmospheric pressure data contained no hint of a
homogeneous phase. This result is also very different from that
obtained from pressurized oil/water/surfactant mixtures de-
scribed above. In an attempt to understand the underpinnings
of this behavior, we measured the pressure dependengigs,of

xac, andysc in the polymeric system. Thgsc data were in
agreement with data obtained from other LCST systems

is designed such that the C part has attractive interactions withdescribed aboveyac was independent of pressure over the

component B and repulsive interactions with component A at
atmospheric pressure. The-& surfactant design differs from
the more common approach of using an B diblock copoly-
mer to organize A and B homopolyets:#6 In the A/B/A—B
system, there is only one parametgfg. In contrast, the
thermodynamics of A/B/AC blends are governed by three
Flory—Huggins interaction parametengg, yac, andysc.

The effect of pressure on oil/water/surfactant systems has bee
studied by several authot:62 In mixtures containing nonionic
surfactantd/=>° it was found that increasing the pressure
increased the LCST of water/nonionic surfactant mixtures, i.e.,

pressure-induced mixing. Increasing the pressure increases th

UCST in oil/nonionic surfactant mixtures; i.e., pressure induces
demixing. The behavior of surfactant/water and surfactant/oil
mixtures is thus consistent with tev/-based arguments given

above. The competition between these two opposing effects
leads to interesting changes in the phase behavior of oil/water/

surfactant mixtures at elevated pressufeédne observation that

was made was that, in starting with a two-phase oil/water/
nonionic surfactant mixture in which the surfactant was
primarily soluble in the oil-rich phase, two phase transitions
occurred with increasing pressure at constant temperature. Th

first transition resulted in the formation of a three-phase system

which then gave way to a new two-phase system with the

surfactant located primarily in the water-rich phase. The transfer

of the surfactant from the oil to the water phase can be
anticipated from the binary surfactant/water and surfactant/oil

results described above due to changes in surfactant solubility

with pressuré’ 485653 Decreasing temperature (at constant
pressure) leads to the same sequence of phase transitions.

addition, the three-phase region widens and moves to higher

temperatures with increasing presstire®® Therefore, a system

limited pressure range where we were able to obtain the data.
The pressure dependence pfs, the entropic system, was
completely unexpected, agag decreased as the pressure
increased. We use mean-field theories [FleHuggins theory
(FHT), the random phase approximation (RPA), and self-
consistent-field theory (SCFT)] with the measured pressure and
temperature dependencies)@fs, yac, andysc to predict the
fPhase behavior of our A/B/AC mixture. The applicability of
mean-field theories to high-pressure thermodynamic data is
discussed in refs 14 and 25. The pressure and temperature
dependencies of all of the parameters needed to complete the
éheoretical calculationsthe volume of a repeat unit of each
componentym(P,T), binary interactions parametepga(P,T),

and the statistical segment lengths of each compohgRtT)—

were obtained from independent measurements. We can thus
compare theoretical predictions and experimental results without
resorting to any adjustable parameters.

While our study is primarily motivated by fundamental
qguestions about the dependence of the phase behavior of
multicomponent polymer blends on pressure, our results are
relevant to polymer processing applications such as extrusion
eand injection molding wherein polymer mixtures are subjected
to high pressures.

Experimental Methods

In the A/B/A—C polymer blends, component A was saturated
polybutadiene with 89% 1,2-addition (sPB89), component B was
polyisobutylene (PIB), and component C was saturated polybuta-
diene with 63% 1,2-addition (sPB63) (the prefix “s” stands for
“saturated” and is replaced by “h” or “d” when we wish to specify
IQhether the polymer is hydrogenated or deuterated).

Polybutadiene homopolymers and diblock copolymers were
synthesized via anionic polymerization, and tre@double bonds

that does not exhibit a three-phase region at atmospheric pressurevere saturated with hydrogen or deuterium gas per methods
may exhibit a three-phase region at elevated pressures, as showgescribed in refs 29 and 34. Polyisobutylene was synthesized via

in ref 48.

In our polymeric A/B/A-C mixtures all of the components
are saturated hydrocarbons with empirical formula,GBbm-
ponent A is a saturated polybutadiene with 89% 1,2-addition
(sPB89), component B is polyisobutylene (PIB), and the diblock
copolymer (A-C) consists of block A (also sPB89) and block
C which is a saturated polybutadiene with 63% 1,2-addition
(sPB63). The prefix “s” stands for “saturated” and is replaced
by “h” or “d” when we wish to specify whether the polymer is
hydrogenated or deuterated. All of our conclusions regarding
phase behavior are based on small-angle neutron scatterin
(SANS). At atmospheric pressuress is a very weak function

of temperature and thus falls under the category of an entropic

systemyac is positive at low temperatures and decreases with
increasing temperature and is thus a UCST systgsg.is

negative at low temperatures and increases with increasing

cationic polymerization, also described in refs 29 and 34.

All saturated polybutadiene and polyisobutylene polymers were
characterized using known methé4® determine the density, the
weight-average molecular weight, polydispersity index, and % 1,2-
addition (for the saturated polybutadiene polymers). The charac-
terization parameters are summarized in Table 1 for the polymers
used in this study. The composition labels for our samples are based
on our targets. Samples wherein the % 1,2-addition deviated more
than 3% from the target were discarded.

The pressure and temperature dependencies of the volume of a
monomer unitymenm, for each type of polymer were measured by

rishnamoorti®® The Tait equation was used to describe the
%ressure and temperature dependencias,gf:

@

P

—v 1-0.0894 1 +— ——
Vmonm = Vom exp(amT)[ 0.089 "( Bom €XP(By1T)
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Table 1. Characterization of Polymers

name Mw (kg/mol) N PDI p (g/mL) % 1,2-addition np
hPB89(10) 10.1 195 1.01 0.8625 89.1 NA
dPB89(10) 10.6 195 1.01 0.9020 89.1 2.54
dPB63(10) 105 191 1.02 0.9125 61.6 3.44
dPB89(35) 36.5 671 1.02 0.9037 90.1 2.56
PIB(13) 125 227 1.04 0.9134 NA NA
PIB(45) 44.6 811 1.04 0.9140 NA NA
hPBPB(41-38) 41.3-37.6 794727 1.01 0.8633 91:962.7 NA

aM, is the weight-averaged molecular weight, PDI is the polydispersity indés,the number of reference volume units per chain at@dased on
a reference volume of 0.1 iPDI = M,/M, whereM, is the number-average molecular weights the average density, ang is the number of deuterium

atoms per @G repeat unit.

Table 2. Parameters for the Tait Equation

Table 3. Compositions of Binary Blends Used To Measurg

polymer Vom Om Bom Bim blend component A component B component Ga b8 ¢c
sPB89 (polymer A) 86.50 0.000 7239 6.498 0.004 681 B1  dPB89(10) PIB(45) 0.673 0.327
sPB63 (polymer C) 86.33 0.0007321 6.786 0.004 717 B2  hPB89(10) dPB63(10) 0.493 0.507
PIB (polymer B) 86.23 0.0005664  7.252  0.004 023 B3 PIB(13) dPB63(10) 0.477 0.523

whereVo m, 0, Bom, @andB; , are parameters determined from fitting
the Tait equation to the data and are listed in Table 2.

tion parameters such as molecular weight and the volume of a
repeat unit) needed to utilize these theories arg thdor each

Binary and multicomponent polymer blends were created via pair andl,, parameters for each component, which are deter-
methods described in ref 29. The samples were annealed inside amined from binary blends. Our SCFT calculations are carried

Teflon O-ring on a piece of Teflon at 9 for 2 days to ensure
complete removal of the solvent used in the blend preparation.

Small-angle neutron scattering (SANS) experiments were con-
ducted on the NG7 beamline at the National Institute of Standards

and Technology in Gaithersburg, MBUsing standard procedures,

raw data were converted to absolute coherent scattering intensity,

I, as a function ofy (g = 4 sin(@/2)/4, O is the scattering angle,

out in 1 dimension, and the effect of concentration fluctuations

is neglected. We thus do not differentiate between different
microphase separated states such as microemulsions and lamel-
lae. Our analysis does not consider that ghgarameter often

also accounts for other effects such as local entropic packing
contributions, compressibilities, molecular volume differences,

/ is the wavelength of the incident beam), after corrections for €tc.

detector sensitivity, background, empty cell, and incoherent scat-

tering were made, using standard proced&tézor the deuterated

components, corrections for the nonuniformity of deuterium labeling

Binary Interaction Parameters at Elevated Pressures
The SANS profiles were measured from three binary blends,

were madé® The sample was placed between two sapphire A/B, AIC, and B/C (blends B1, B2, and B3, respectively,

windows in the NIST pressure cell and pressurized using the
experimental setup and methods described in ref 14. The SANS

data are limited t@ < 0.5 nm! due to the physical design of the
pressure cell. The upper temperature limit was ZD0The pressure
range for the cell was 0.633.10 kbar. In our previous studies on

described in Table 3), at a variety of temperatures and pressures.
Figure 1 shows data obtained from all three blends &t(3at
selected pressures. The RPA was fit to the data yithas a
fitting parameter. Previously, we determined that the statistical

high molecular weight polyethylbutylene and polymethylbutylene, Segment length based upon ther€peat unit volumeémenm =

we were able to access the entire temperature and pressure rangdam«/ummn/y, where vmonm is the monomer volume based on a
In the present work, however, some of the blends Ieake_d outof the c, repeat unit, is independent of temperature at atmospheric
pressure cell at pressures well below 3.10 kbar. This problem pressuré@®34 In this work, we assume thafonm are also

seemed to depend on the viscosity of the blend: samples with lower
viscosity leaked out at lower temperatures and pressures than
samples with higher viscosities. Despite many separate attempts,
we were unable to solve this problem. The pressure and temperaturéal

independent of pressure. We were unable to substantiate the
limitations of this assumption due to the limitegl range
ccessible with the NIST pressure cell. However, all of the data

ranges over which blends discussed in this paper were studied wa®btained from the binary blends are consistent with this
limited by this fact. All of the blends discussed in this paper were Simplifying assumption; i.e., the experimental data could be fit
studied at atmospheric pressure in ref 29. All of the plots contain With ymn as the only adjustable parameter. We will use the

two data points in the vicinity oP = 0: one from the present
study and the other from ref 29.

Definitions and Theory
We use a reference volume= 0.1 nn?, which is roughly

the volume of a @repeat unit of our components, as the basis

for defining the following parameters: the FlefiHuggins
interaction parametergn, (M n = A, B, C), the number of
reference volume units per chain of each componipt and
the statistical segment length of each componég)t (vhich
describe the dependencies of the radius of gyratioN;o8ince
the polymer density is temperature dependeXt,is also
temperature dependent.

Our methods for utilizing Floryy Huggins theory (FHT¥;/-68
the random phase approximation (RP&)’! and self-consistent-
field theory (SCFT3L7275 to describe multicomponent

statistical segment lengths reported in ref 34 at all temperatures
and pressurestmona = 0.55 NnM,Imon,s = 0.58 Nnm, andmoenc
= 0.75 nm.

The results of fitting the RPA equation to the SANS data of
A/B, B/C, and A/C blends at 30C using ymn as fitting
parameters give the solid curves shown in Figure 1. This was
also done for other temperatures, and the data will not be shown
for brevity. Theymn parameters obtained from these fits are
shown in Figure 2, in whichym, are plotted as a function of
inverse temperature at each pressure. In Figuygnare plotted
as a function of pressure at each temperature. The A/B blend
exhibited a positive parameter at atmospheric pressure that was
fairly temperature independetttThere is the slightest hint of
LCST behavior at atmospheric pressure. However, upon pres-
surization,yag Was found to decrease drastically. This is true
for all pressures. As the pressure is increased, the LCST behavior

A/B/A—C blends have been previously discussed in refs 29 and of the A/B blend becomes much more pronounced (Figures 2a
34. The only input parameters (in addition to usual characteriza- and 3a). These data lead to the surprising conclusion that sPB89/
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Figure 1. SANS at 30°C fromq(a(l) blen)d B1 (A/B), (b) blend B2 Figure 2. y parameters as a function ofTlébtained from RPA fits
(A/C), and (c) blend B3 (B/C) at selected pressures. The solid lines for the (a) A/B, (b) A/C, and (c) B/C blends. Fit to the expressjon

are the random phase approximation fit to the data withas an A + BT ! + CT 2 are shown as the solid curves in Figure 2. (a, c)
adjustable parameter and with,nm constrained to a temperature- and  Data markers: atmospheric pressure (from ref 89) 0.03 ), 0.62
pressure-independent value. (a, ¢) Data markers: @030(62 (), (©), 1.24 (x), 1.86 (1), 2.48 (+), and 3.10 kbar (left facing). (b)

1.24 ©), 1.86 (x), 2.48 (+), and 3.10 kbar4£). (b) Data markers: Data markers: atmospheric pressure (from ref 89) 0.03 @), 0.34
0.03 ©), 0.34 @), and 0.69 kbar<). (©), and 0.69 kbar x).
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PIB blends would be miscible with each other at room
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Table 4. Polynomial Constants for Parameters Determined from
Binary Blends?

XAB
P (kbar) A B(K) C (K2
0.03 —2.28x 1073 6.14x 109 —1.28x 103
0.62 ~4.34% 1073 7.45% 10° ~1.60x 10°
1.24 ~7.69x 1073 1.03x 10t —2.29% 108
1.86 —5.42x 1073 9.00x 10° —2.22x 103
2.48 —1.64x 1073 7.00x 109 —2.10x 103
3.10 1.36x 1072 ~3.85x 10° —3.01x 10
T(°C) D E (kbar 1) F (kbar?)
30 4.30% 103 —2.56x 1073 1.18x 1074
70 4.83x 1073 ~1.63x 103 5.29x 1076
110 5.01x 1073 ~1.12x 1073 ~5.71x 1076
150 5.07x 1073 ~1.26x 1073 1.76x 1074
167 5.06x 103 ~1.18x 1073 1.87x 104
XBC
P (kbar) A B(K) C(K?
0.03 —5.23x 10°2 4.14% 10t —8.16x 103
0.62 ~4.18x 102 3.47x 10! ~7.24% 10
1.24 ~3.04x 1072 2.71x 10 —6.23x 108
1.86 —3.18x 1072 2.80x 10 —6.52x 108
2.48 —2.23% 102 2.18x 10! ~5.64% 10°
3.10 —2.79x 1072 2.58x 10 —6.47x 108
T(°C) D E (kbar 1) F (kbar?)
30 —4.65x 1073 —3.33x 1073 1.76x 1074
70 ~1.35x 1073 —2.20x 1073 413x 105
97 8.03x 105 ~2.33x 1073 1.71x 107
134 6.49x 1074 —1.73% 1073 1.24x 1074
XAC
P (kbar) A B(K) C(K?
allb —1.25x 1072 8.57x 10° —8.77x 10

aAt each pressurgmn = A + BT 1 + CT 2 and at each temper-
atureymn = D + EP + FP2 2 yac was not a strong function of pressure,
and thus the average values at each temperature were)fiicte= A +
BT 1+ CT2

has been studied extensivéfy’® The results presented in
Figures 2a and 3a could not be anticipated from this extensive
body of work. It is clear from this study that the “term” entropic
blend is probably not appropriate for blends that show temper-
ature-independent parameters at atmospheric pressure.

At atmospheric pressurgac was positive at room temper-
ature and decreased with increasing temperatuc@ver the
limited accessible pressure range (oRly 0.69 kbar could be
accessed due to sample leakage), the changgadnupon
pressurization was negligible as shown in Figures 2b and 3b.
At atmospheric pressurggc was negative and increased with
increasing temperatufé. ysc was found to decrease with
increasing pressure, consistent with th¥-based arguments
presented in the Introduction (Figures 2c and 3g) could
only be measured up 6 = 134 °C due to sample leakage at
higher temperatures.

The yas andysc parameters were fit at each pressure to an
equation of the fornym,= A + BT-1 + CT2 (solid curves in
Figure 2), and the), B, and C parameters for each blend at
each pressure are listed in Table 4. In addition ytfieandysc

arameters were fit at each temperature to an equation of the
orm ymn= D + EP + FP2 (solid curves in Figure 3), and the
D, E, andF parameters for each blend at each temperature are
listed in Table 4. With these sets of equations, the parameters
can be determined at any pressure and temperétyie. was

temperature and 3.10 kbar, regardless of the molecular weightinsensitive to pressure in the available pressure window. Thus,

of the components. The thermodynamics of polyolefin mixtures

the average values ghc, calculated at each temperature (over
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AR DL LELALEL B LR B B atmospheric pressure and 3C had characteristics of both
lamellar phases and microemulsions. It is possible that lamellae
and microemulsions coexist at temperatures between 30 and 70
o i °C, as required by the Gibbs phase r#fle.

5 + + ] We begin with the data obtained from blend B50Tat 30
e A Q """"" T °C andP = 0.03-3.10 kbar, shown in Figure 5a. We see a
single scattering peak in the vicinity gf= 0.135 nn1! at all
i pressures. This scattering peak could either imply the presence
- of a homogeneous phase with periodic concentration fluctuations
1 or the presence of a microphase separated blend without
7 significant long-range order. As we have done in ref 34, we
] use RPA, SCFT, and FHT along with the measured SANS data
to distinguish between these two possibilities. We expect a
homogeneous phase at high pressures whagNave is
L _ significantly less than 2.0 (see Figure 4). We thus used
4 - multicomponent RPA to compute the SANS intensity of B50
- | | | | | | . atT = 30°C and elevated pressures. Our methods for utilizing
e e e e e the multicomponent RPA are described in detail in refs 29 and
0 05 1 15 2 25 3 35 34. As we use binarym,andln parameters, there are no fitting
P (kbar) parameters in the theoretical calculations. In Figure 5b we
Figure 4. yasNave as a function of pressure at the following compare the RPA predictions with experimental dat# at
temperatures: 30Q), 50 @), 70 ©), 90 (x), 110 ), and 130°C 2.48 kbar. Many features seen in the experiments are accurately
(+). Dotted line indicates location gfasNave = 2.0. captured by RPA. Both theory and experiment indicate a plateau
in | of 30—40 cnT! asq— 0, the presence of a scattering peak
BYue to periodic concentration fluctuations, angi-atail at high
g. The peak location predicted by RPA occurs|at 0.15 nnt?,
which is somewhat higher than that obtained experimentally.
This is probably due to chain stretching in the multicomponent
blend. We note in passing that in most cases statistical segment
lengths obtained from homopolymer blends are significantly
) . smaller than those obtained from neat diblock copolyrfs.
We conducted SANS experiments at a variety of temperaturesygition, the theoretically predicted peak intensitPat 3.10

and pressures on a multicomponent A/B/8 blend, labeled a1 s jower by a factor of 2 when compared with experiment.
blend BS0, with the following components: A was dPB89(35), s discrepancy may be due to uncertainties in measurement
B was PIB(45), and the AC diblock copolymer was o, % “andN; or fluctuation effects that are not included in
hPBPB(41-38). The characteristics of all of these polymers  ,'theoretical calculations. Below 2.48 kbar, the calculated RPA
are given in Table 1. The ratio of the volume fractions of the A profiles contain two poles, a signature of microphase separation

arllql B homopo!ymers in the multicomponent blend are at their (inset in Figure 5b showKg) calculations foP = 1.86 kbar).
critical composition: pa/¢g = 1.1144 0.002. The composition

; _ _ _ We use SCFT to study the state of the blend at 30 °C
of blend B50 ispp = 0.264,¢s = 0.237, andpa—c = 0.500.
Before examining the phase behavior of the multicomponent @1d Pressures between 0.03 and 3.10 kbar. Our methods for

blend, it is useful to evaluate the properties of the dPB89(35)/ Ulilizing SCFT to describe A/B/AC blends have been previ-
PIB(45) blend in the absence of Ft)heE/& surfactant. We d(o ) ously discussed in refs 29 and 34. The SCFT calculations are
this by examining the value gfasNave, where ' based on the same bingry, andl, parameters that were used

in the RPA calculations. The SCFT calculations predict the
INpye = [1/(2NA1/2) + 1/(2N31/2)]2 ) domain spacmgd,.and' the composition of the m|crophases.'
The dashed line in Figure 5¢c shows the calculated domain

In a critical A/B blend, phase separation is obtained when SPacing as a function d? at T = 30 °C. The solid curve in
yaeNave is greater than 2.0. The temperature and pressure Fi9ure 5 isdrpa = 277/0rpa-peak Wheredrpa-peais the location
dependencies ofasNave for dPB89(35)/PIB(45) are given in of the peak pred|ctgd by the RPA. The symbo!s in Flgure 5c
Figure 4. It is clear from Figure 4 that there are many values of represent the experimentally determined domain spading,
T andP whereyasNave is less than 2.0, implying that a critical = 27/0sans-peakWheredsans-peaxiS the location of the primary
A/B blend would be homogeneous in the absence of thecA  Scattering peak measured with SANS. The pressure dependence
surfactant. It is highly unlikely that the addition of the surfactant ©f domain spacing is in excellent agreement with the predictions
to these blends would change the homogeneous nature of thef RPA and SCFT. AP > 2.48 kbar, where RPA calculations
blend facNave for the A and C blocks of the diblock copolymer gave I(g) profiles without singularities, SCFT calculations
is <10.5 across the entire range of temperatures and pressuresfonverged on a homogeneous phase. The RPA and SCFT
We thus expect the A/B/AC blend to be homogeneous Bt calculations are thus entirely consistent with each other.
P values whereyagNave is significantly less than 2.0, which The final calculation that we conducted was to utilize Flery
generally occurs at elevated pressures. Huggins theory (FHT) to predict the dimensionless free energy
The phase behavior at atmospheric pressure of blend B500f a homogeneous statéy/T)nomog The same binarym, and
has been fully analyzed in ref 29 and will only be summarized |, parameters used in the RPA and SCFT calculations are used
here. At atmospheric pressure, blend B50 is lamellar &G0 in the FHT calculations, as described in detail in ref 34. This is
a microemulsion at temperatures between 70 and®0and then compared to the dimensionless free energy of the mi-
macrophase separated above 1C2The state of blend B50 at  crophase separated state that was calculated with SCFT,

N
TS T
II

AB AVE
T

the pressure range of atmospheric pressure to 0.69 kbar), wer
fit to the form ymn = A 4+ BT-1 + CT-2 The values ofA, B,
and C thus obtained are listed in Table 4. We have implicitly
assumed thagac is independent of pressure up to 3.10 kbar
although our data are restricted o< 0.69 kbar.

Multicomponent A/B/A —C Blend at Elevated Pressures



Macromolecules, Vol. 40, No. 2, 2007 A/B/A—C Polymer Blend 361

a C 50 | T
C)
48 i
M H
S 5
3 "(-5' \\ o O
8 T |~ o
= S 4L -
o ‘\‘
a2 / i
40 1 | 1 |
0 0.7 1.4 2.1 2.8 3.5
P (kbar)
b T T T LI | T d 810-5 I | | I |
100 N B50 i d) B50
] g 610°P 30°C 4
4 €
] a
x r i
~N
o ] 2 410° L .
; o
= 10 | g - ) _
- = -5
] 'E 2107 | _
i ~N
_ N - . _
- 010° L. ... O i
1 . I 1 1 I I
0.05 0.1 0.3 0 05 1 15 2 25 3
-1
g (nm™) P (kbar)

Figure 5. (a) SANS data obtained from blend B50 at 3D at selected pressures: 0.@3,0.62 @), 1.24 ©), 1.86 (x), 2.48 (+), and 3.10 kbar

(A). The solid lines are the ¥S fit to the data. (b) SANS data obtained from blend B50 at@Gat selected pressures: 2.48) @nd 3.10 kbar

(d). The dotted curves are the RPA predictions with no adjustable parametBrs=a2.48 and 3.10 kbar (the peak intensity decreaseR as
increases). Inset to (b) is the RPA profile at @ and 1.86 kbar with no adjustable parameters. (c) Domain spacing as a function of temperature

for blend B50 at 30°C as determined by SANS witth = 27/gsans-peak (O) and predicted by SCFT (dotted line) and the RPA (solid line). The

vertical line indicates the MH phase boundary determined from SCFT, FHT, and RPA. M is microphase separated (lamellae or a microemulsion),
and H is homogeneous. (d) Dimensionless free energy of the lamellar phase (predicted by SCFT) subtracted from dimensionless free energy of the
homogeneous phase (predicted by FHT) as a function of pressure for B5C°@t Bdtted line indicateé\f = 0.

(fu/kT)micro. The free energies of the homogeneous and mi- equatiorf? Agreement with the FS equation is taken as an

crophase separated states are very similar. We thus plot thendication of a microemulsion phase. The-$ equation for the

dimensionless difference, fi(kT)homog — (fo/kT)micrd], as a scattering intensity is

function of pressure at 30C in Figure 5d. As evidenced in

Figure 5d, the free energy of the microphase separated state is I(q) =

less than the free energy of the homogeneous phase at all a-+ bq2+ cq4

pressures that SCFT converged athspacing P < 1.86 kbar).

This is in agreement with the RPA analysis which predicted wherea, b, and c are fitting parameters. We udgy{(q) to

microphase separation Btbetween 0.03 and 1.86 kbar and a account for the fact the S equation was developed for oil/

homogeneous phase Rt> 2.48 kbar. Utilizing SCFT, FHT, water microemulsions and thus does not account for scattering

and RPA calculations, the theoretical transition from a mi- contributions due to the connectivity of polymer chaing«(q)

crophase separated state to a homogeneous state ocBurs at  is assumed to be of the foriggd(q) = (ec? + g)~%, wheree

2.154 0.05 kbar. andg are fitting constants. We do not have rigorous justification
To determine the nature of the microphase separated statefor the proposed splitting df(q). The use of the background

we analyze the SANS profile using the Teubn&trey (T-S) term does not affect the resulting b, and ¢ coefficients

+ Q) ()
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Table 5. Teubner-Strey Fitting Parameters T T ] T
T(°C) P(kbar) a(cm) b(cmnn?¥) c(cmnnf) d(nm) & (nm) fa

30 003 004664 4952 13620 4639 78.30-0.9824
30 062 004852 —4856 12871 4541 60.26-0.9716
30 1.24 0.04484 —4.101 104.53 44.25 42.72—-0.9471
30 186 004227 —3.689 9395 43.97 3558-0.9255
30 248 004099 —3.490 8981 43.99 32.15-0.9094
30 310 004179 -3525 9133 4405 30.91-0.9021
50 003 002959 3062 8905 4721 43.93-0.9432
50 0.62 0.03333 —2.772 72.89 44,21 29.05-0.8892
50 124 003846 —2589 6494 4223 21.32-0.8192
50 186 004148 —2172 5444 4075 16.16-0.7225
50 248 004462 —1996 5165 4026 14.09-0.6573
50 310 004483 1717 4748 4022 12.58-0.5885
70 003 002925 2817 8662 47.74 30.73-0.8848
70 062 003752 —2409 6745 43.65 18.68-07571
70 124 004156 1786 5005 4114 13.50-0.6190
70 1.86 0.047 40 —-1.677 46.67 39.80 11.99-0.5637
70 248 004867 —1137 3576 38.68 9.76-0.4308
70 310 005286 —0969 3056 37.08 881-0.3810
90 003 002533 —2.175 8097 5037 21.68-0.7594
90 062 004100 —1791  57.65 4326 13.40-0.5824 |
90 124 004931 —1402 4415 4002 10.68-0.4750 '

90 186 005378 —1.093 3711 38.67 9.26-0.3867 0.05 0.1

90 248 005744 0943 3284 3749 853-0.3432 g (hm™)
90 310 006239 0804 2854 3603 7.82-0.3012

Figure 6. SANS data obtained from blend B50 at %0 at selected

P : - - ressures: 0.03X), 0.62 @), 1.24 ¢), 1.86 (x), 2.48 (), and 3.10
significantly, as the background term is only important at high Ebar @). The sﬂj lines g)e the—Tg)fit to th(ze()data atﬁi 0.03 and

q values (away from the peak). The fitting constants enable (.2 kbar. The dotted curves are the RPA predictions with no adjustable

determination of the domain spacirdy, correlation lengthg, parameters af = 1.24, 1.86, 2.48, and 3.10 kbar (the peak intensity
and amphiphilicity factorfa, given by decreases &8 increases).
Table 6. Microphase Separated-to-Homogeneous Transition
E= 1‘(?)1/2 + 1b)-22 A3) P I?Dressures d
Acl 4c T(C) Puens(kbar)
_ 5 J1l{a\t2 _ 1bj-2 30 2.15+ 0.05
d= 2”’5(5) 4c (4) 50 1.15+ 0.05
70 0.56=+ 0.05
f = b 90 0.35+ 0.05
a= o= ®) o . .
2vac Qualitatively similar behavior was seen in B50 at tempera-

tures between 30 and 9C. The same methodology described

The T—S equation fit to the data at 3T is shown as the  above for the 30C data was applied to the data obtained at
solid curves in Figure 5a. The fitting parameters are given in the other temperatures. In all cases, a microphase separated-
Table 5. The TS equation captures all of the important features to-homogeneous transition was obtained using SCFT, FHT, and
in the 30°C I(q) data, regardless d?. In the T-S equation, RPA at pressures listed in Table 6. The results of theST
the parametel must be negative if a peak is observed. As both analysis at these temperatures are given in Table 5. The SANS
a andc are positive for microemulsion formation, this results data obtained at 50C are shown in Figure 6. The solid curves
in a negativef,. In our polymer systems, we observe homoge- represent TS fits from microemulsion phases Bt= 0.03—
neous systems which exhibit a structure factor peak near the0.62 kbar. The dotted curves represent the RPA profil&s:at
homogeneous-to-microphase separated state phase boundary.24 kbar. As was the case at 30, the scattering intensity

Therefore, homogeneous systems are observedyitid. For predicted by RPA at| ~ 0.14 nnt! diverges with decreasing
example, al = 30°C andP = 2.48 kbar the RPA predicts the  pressure, announcing the formation of a microemulsion. The
existence of a homogeneous phase, and from th8 fit, f, = theoretically predicted RPA peak intensity overpredicts the peak
—0.91. intensity of the experimental profiles in the vicinity of the
The combination of SANS, RPA, SCFT, and FHT indicates homogeneous-to-microphase separated phase transition (dotted
that at 30°C blend B50 forms a microemulsion Bt< 1.86 curves in Figure 6). This may be due to uncertainties in

kbar and homogeneous Bt= 2.48 kbar. The vertical line in  measurement ofmn, Im, @andN; or the lack of incorporation of
Figure 5c demarcates the location of the homogeneous-to-fluctuation effects in the theory. The-1S equation was fit to
microphase separation transition. We note that there are noall of the 50°C data, and the fits are summarized in Table 5.
discernible SANS signatures of this transition. Our theoretical The 70 and 90C data are not discussed here for brevity.
analysis indicates that the microphase separated-to-homogeneous The data obtained from blend B50 at 13D are significantly
transition is a second-order phase transition because the fredlifferent from those discussed thus far and are shown in Figure
energy difference between the microphase separated state and. This blend is macrophase separated at 0.03 kbar, as evidence
the homogeneous state vanishes at the transition point (Figureby the lowq Porodl ~ q~* scattering profile observed due to
5d). This may be the reason for the lack of discernible the presence of large length scale structures (Figure 7). As the
experimental signatures of this transition. We note in passing pressure is increased, the l@iRorod scattering disappears and
that similar difficulties are faced when locating the transition the SANS profile is consistent with a homogeneous phase. The
distinguishing between homogeneous and microphase separatedashed curves in Figure 7 are RPA predictions with no
states in the microemulsion channel in well-studied A/BB\ adjustable parameters. The measured scattering profiles from
mixtures at atmospheric pressife. the homogeneous phase do not contain a scattering peak,
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Figure 7. SANS data obtained from blend B50 at 13D at selected
pressures: 0.03Y), 0.62 ), 1.24 ¢), 1.86 (x), 2.48 (+), and 3.10
kbar (A). The dotted curves are the RPA predictions with no adjustable

parameters aP = 0.62, 1.24, 1.86, 2.48, and 3.10 kbar (the plateau
intensity decreases &sincreases).

0.05

irrespective of pressure. The RPA predictions capture this
behavior. The quantitative differences between theory and
experiment seen in Figure 7 is attributed to uncertainty in
measurements gfn, Im, andN; parameters, as fluctuation effects

are typically more important near microphase separation and Figure 4 shows the values fgkgNave,

not macrophase separatiéfit is relatively straightforward to
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Figure 8. A/B/A—C phase diagram. M is microphase separated
(lamellae or a microemulsion), H is homogeneous, and P is macrophase
separated. The square and circle symbols show the ?and M—

P phase transitions, respectively, based upon thegl@eattering in

the SANS data. The solid curves indicate the-WH, P— H, and M

— P phase transitions based upon a combination of SCFT, RPA, and

FHT. The dashed curve connects experimental data points. Errors on
the theoretical transition pressures are 0.05 kbar for all phase boundaries.

twofold. First, yag decreases as the pressure is increased and
even becomes negative at the highest pressures and temperatures.
which is greater than 2
when A and B are immiscible as a function BfandP. It is

identify the homogeneous-to-macrophase separation transition®/€ar when looking at Figure 4 that the effect of decreaging
from the measurements due to the abrupt appearance of Poro@/0ne is not enough to explain the homogeneous phase window

scattering (Figure 7). AT = 110°C andP = 0.03 kbar, an
increase in the lovg scattering intensity indicates the presence
of macrophase separation. We were not able to obsenie~the

g4 signature of macrophase separation. (At atmospheric pres-

sure, thel ~ g profile was observed at 1160C as the
configuration used allowed access to loweralues?) As the

in Figure 8. For example, at 78C and 0.62 kbar, the RPA
predicted a homogeneous phase with no fitting parameters.
However, yagNave = 2.80, which is well above 2. The
homogenization at 70C and 0.62 kbar is due to the presence
of the A—C surfactant. The second reason for the observed
pressure dependence of the A/B/& blend is thaysc becomes

pressure was increased to 0.62 kbar, the profile was consisten{0re negative as the pressure is increased. It is thus clear that
with a homogeneous phase. We thus observe qualitatively th® combination of the pressure effects p and ysc are

similar behaviors at 110 and 13C. Data obtained ak > 130
°C were similar to the data described above for 280 For
brevity, we do not show these results.

Our experimental and theoretical results are summarized in

the T—P phase diagram shown in Figure 8. The symbols indicate
the locations of the experimentally determined phase transitions

responsible for the formation of the homogeneous phase at high
pressures.

Conclusion

We have probed the effect of pressure on the thermodynamic

.properties of a ternary mixture of two homopolymers A and B

The square symbols show the homogeneous (H)-to-macrophasand an A-C diblock copolymer. At atmospheric pressure, this
separation (P) phase transition, while the circle symbol shows blend formed a lamellar phase at low temperatures, a micro-
the phase transition from a microphase separated state (M) to e&mulsion at intermediate temperatures, and macrophase separa-

macrophase separated state. The solid curves indicate the M
H, P — H, and M — P transitions, based upon mean-field
theories. The M— H and P— H transitions were determined
with the RPA, and the M~ P transition was determined with
SCFT (based upon the ability to converge upod-spacing).
The theoretical calculations extend only up to T8 (above

tion at high temperaturé8 Upon pressurization, a homogeneous
phase was observed across a wide range of pressures and
temperatures. This is qualitatively different from the phase
behavior of oil/water/nonionic surfactant mixtuté$? wherein

the phase separated window is seen to broaden with increasing
pressure. In an attempt to understand the underpinnings of this

this temperature, no theoretical predictions could be made duephase behavior, the effect of pressure on the binary interaction

to our inability to measurggc). The dashed curve connects
experimental data points above 133.
It is remarkable that this blend, which did not show any

parameters was measured. We found fagtandysc decreased
with increasing pressure, whijac was insensitive to changes
in pressure. SCFT, RPA, and FHT, with binary parameters as

evidence of a homogeneous phase at atmospheric pressure, hasputs, were used to predict the thermodynamic properties of
a significant homogeneous window once pressure is elevated.our A/B/A—C blend. This enabled distinguishing between
Our studies show that the reason for the homogenization is microphase separated states, homogeneous states with and
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without periodic concentration fluctuations, and macrophase (28) Lee, J. H.; Ruegg, M. L.; Balsara, N. P.; Zhu, Y. Q.; Gido, S. P;

separation. SCFT calculations of the domain size of the

Krishnamoorti, R.; Kim, M. H.Macromolecules2003 36, 6537~
6548.

microphase separated states as a function of pressure angzg) Reynolds, B. J.; Ruegg, M. L.: Balsara, N. P.; Radke, C. J.; Shaffer,

temperature were within 10% of the experimental value across
the entire accessible range. Previous work showed that FHT
can be used to describe the phase behavior of binary homopoly-(3

T. D.; Lin, M. Y.; Shull, K. R.; Lohse, D. JMacromolecule2004
37, 7401-7417.

0) 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.

mer blends at elevated pressures as long as the pressure andi) shull, K. R.; Kellock, A. J.; Deline, V. R.; Macdonald, S. &.Chem.

temperature dependencies @fn, Im, and vy, are deter-

Phys.1992 97, 2095-2104.

mined42526The present study extends this idea to show that (32) Adedeji, A.; Hudson, S. D.; Jamieson, A. Macromolecule4996

mean-field theories (RPA, SCFT, FHT) can be used to describe(33)
the pressure dependent thermodynamics of complex multicom-

29, 2449-2456.
Adedeji, A.; Lyu, S.; Macosko, C. WMacromolecules2001, 34,
8663-8668.

ponent systems that are characterized by periodic concentratior(34) Ruegg, M. L.; Reynolds, B. J.; Lin, M. Y.; Lohse, D. J.; Balsara, N.

fluctuations as well as microphase and macrophase separate

states.
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