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Ternary Polymer Blends as Model Surfactant Systems
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An investigation of the ternary phase prism for low molecular weight poly(ethylene oxide), squalane, and
poly(ethylene oxiddés-ethylenepropylene) is presented. Comparisons are made between this ternary polymer
system and classic water/oil/surfactant mixtures to establish further a universal phase diagram description for
amphiphilic systems. A combination of visual isothermal measurements, small-angle X-ray scattering, small-
angle neutron scattering, and dynamical mechanical spectrometry was used to characterize phases and determine
phase boundaries. A rich phase diagram was revealed, including most of the equilibrium liquid crystalline
phases associated with diblock copolymers, regions of two-phase and three-phase coexistence, and a
bicontinuous microemulsion. Differences between this polymer phase diagram and those from water/oil/
surfactant systems highlight the strong effect of water in the latter.

1. Introduction melt results. At high values of incompatibility or low temper-
atures, the enthalpic penalty forB contact drives the system

There is a strong analogy between homopolymer/homopoly- to a periodic, microphase-separated state. The transition from

mer/diblock copolymer blends and water/oil/surfactant systems.Orolered to disordered states is known as the ordisorder
Both ternary phase diagrams are composed of two Componentstransition (ODT), which occurs wheopr = 10.495Kag for
that have net repulsive interactions and a third component, ansymmetric dibloék copolymetswithin mea;-fiela theory

amphiphile, which is soluble in both. At high amphiphile ) ] ;
concentrations and low temperatures, a single phase is stable, UPON cooling, binary mixtures of homopolymers often
containing A-rich and B-rich domains separated by the am- undergo transitions from a single homogeneous phase at high

phiphile at the interface. These domains often form a periodic {emperature to a macrophase-separated state with two phases
microstructure to maximize contact between similar components. N €quilibrium at low temperature. Mean-ﬂeld_theory_pred|cts
At low amphiphile concentrations, the ternary phase diagram that homopolymers of equal molar volumég,n = Ng,n = Nn,

is characterized by macrophase separation, where two or thred!@Ve @ critical composition at a volume fractipa = 0.5 and
fluid phases are in equilibrium. a critical temperature given byt = 2/N,.5 This critical point

The structural and thermodynamic behavior of diblock is knoyvn as the upper critical solution temperature. Specific
copolymers have been studied extensivélock copolymers attract_lve mtera_ctlons beret_an monomers can also lead to_the
contain sequences of chemically distinct repeat units that are ®PPOSIte behavior, resulting in phase separation upon heating;
covalently linked. Because of the enthalpic penalty when thl_s lower critical solution temperature is exhibited by, e.g., poly-
dissimilar monomers come in contact, block copolymers tend (Vinyl methyl ether)/poly(styren&gnd poly(methyl methacry-
to microphase separate at low temperatures; domains form thaf@t€)/Poly(ethylene oxidé)blends.
contain almost exclusively one type of monomer. The symmetry ~ The effect of added homopolymer on the phase behavior of
of these periodic structures is determined by the relative volume ordered diblock copolymers depends strongly on the size of the
fraction of the two blocks. Equilibrium morphologies include homopolymer relative to the diblock copolymera = Nan/
lamellae, a bicontinuous cubic phase known as the gyroid, Nag.® ' Calculations performed by Mats€rindicate that, for
hexagonally packed cylinders, and cubic arrangements of &a = 1, added homopolymer A tends to segregate to the middle

spheres:* of the A-rich domain. The presence of this layer of homopoly-
The overall structure and thermodynamics of B diblock mer tends to enhance order in the microstructure and increases

copolymers are controlled by three parameters: the overall the degree of segregation. However, low molecular weight

degree of polymerizatiorfag = Nap + Ngp, WhereNap is homopolymersda < Y/4) tend to distribute more uniformly in

the number of repeat units in the A block; the volume fraction @ given domain due to a higher translational entropy. This dilutes
of block A, f = Nap/Nag; and the monomermonomer the copolymer concentration and effectively reduces the degree
interaction parametey, ~ 1/T. The segregation strength of the ~ Of segregation. The homopolymers used in this work fall into
two blocks is quantified by the ratio of the enthalpy of mixing the latter category, although differences in how they solvate
AH [ y to the translational entrop§S[] Nag L. Atlow values ~ the respective blocks may still be expected.

of ¥Nag or high temperatures, the entropic contribution to the At constant pressure, the ternary phase diagram may be
free energy dominates and a correlated but unstructured polymerepresented as a triangular prism with the corners of the base
locating the three pure components and the vertical axis
* Author to whom correspondence should be addressed. representing temperature. In this study we have characterized
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AB phase separates into three coexisting phases, the lamellar phase
and two homopolymer-rich solutions (D). The tip of the three-
phase window is predicted to lie at a composition containing
less than 20% block copolymer. Below ca. 10% block copoly-
mer the lamellar phase disappears and two-phase equilibrium

A
is predicted, with the block copolymer segregating equally
between the two phases.
I As homopolymerA is added to the diblock copolymer, the
T A-rich domains swell until a transition to a hexagonally ordered

structure (H) occurs at around 13% added homopolymer (the
authors did not consider the gyroid phase in their work). As
more homopolymer is added, a cubic phase (C) appears at 35%

Figure 1. Isobaric phase prism for ternary systems. The shaded planeshomom)lymer and t_hIS disorders at 50% homOpOIymer' Reglons
represent phase diagrams presented in this work. In addition, the three®f tW0-phase coexistence separate regions characterized by a
faces of the prism (the binary phase diagrams) were also characterizedSingle microstructure; these are shown as unlabeled areas in
Figure 2. IncreasingNag increases the composition range over
which ordered microstructures are stable.

The main differences between the homopolymer/homopoly-
mer/diblock copolymer blends and the water/oil/nonionic sur-
factant system can be attributed to the thermodynamic properties
of water. Water and oil segregate strongly and fail to mix even
at high temperature. By contrast, the critical point for phase
separation in most polymeipolymer mixtures can be placed
at an experimentally tractable temperature by adjusting the
molecular weights; the monomers themselves are usually
miscible. Furthermore, there is asymmetry in the way the
Figure 2. Isothermal homopolymer/homopolymer/diblock copolymer surfactant interacts with water a_nd oil, V.Vlth a S‘f‘.’”g'y temper-
phase diagram calculated using mean field theory (after Janert andature-(_:iependent Wat_esgrfactant lnteractlon._Addltlon of water
Schick?). Letters refer to the structure of the ordered phases: L t0 a disordered nonionic surfactant can drive the system to a
(lamellar), H (hexagonally packed cylinders), C (cubic), and D liquid crystalline state to promote the segregation of the polar
(disordered), all separated by regions of phase coexistence. Theand nonpolar domairi$,whereas addition of oil does not. In
d_arkened triangles represent three-phase equilibrium with the centermiyxtures of water and nonionic surfactant where the polar
El)amnglpeoglrennec:’t-ll?(?h cpoheé(;zfnce between the lamellar phase and tWog 4 cant group i; bgsed on ethylene oxide, the two components

are completely miscible at room temperature but phase separate
shown in Figure 1. Throughout this report we refer to squalane, &t higher temperatur€.This ‘inverse” temperature dependence
a 32-carbon saturated alkane as PEP* since the molecularS @S0 manifest in ternary mixtures with oil. At room temper-
architecture of this oligomer is nearly identical to that of PEP. &ture the nonionic surfactant preferentially segregates into the
The phase diagrams determined include the vertical faces of2dueous phase, whereas at higher temperatures the nonionic
the phase prism (three binary phase diagrams), the phasesurfactant §egregates into the oil phase. ngr a narrow range
diagram obtained by varying the copolymer concentration and Of intermediate temperatures, the water and oil phases compete
temperature at fixed A/B ratio (referred to as the isopleth), and Nearly equally for the amphiphile and a third phase is stabilized.
an isothermal phase diagram. These last two planes are shadednis surfactant-rich phase is a microemulsion; near the middle
in Figure 1 for reference. o_f the _temperature range over which the third phase is stable, a

The isopleth for the homopolymer/homopolymer/diblock bicontinuous structure evoI_ves_to ac_commod_ate equal_volqmes
copolymer phase diagram has been characterized for severaff the two componentd. This bicontinuous microemulsion is
systemd415 At high concentrations of symmetric block co- acor(elate_d, isotropic fluid Wlth a spongelike structure._RecentIy,
polymer ¢ = 1/,) the system is a disordered melt at high the bicontinuous rr_ncroemulsmn has been observed in polymer
temperatures and adopts a lamellar structure at low temperaturesb'eno'éaz_2 where it has been shown to be stable over a
At low block copolymer concentrations, the system is also a Substantially wider temperature range.
disordered melt at high temperatures but macrophase separates In general, therefore, it is expected that polymeric systems
into two homopolymer-rich phases at low temperaturesofzor ~ can be less strongly segregated and that the temperature
= ag = a, the transition from microphase to macrophase dependence of the interactions will be much weaker and more
separation is predicted to occur at a total homopolymer volume symmetric than for aqueous systems. In studying a ternary
fraction of 1/(1+ 202).18 This indicates that, abl, increases  system in which the interactions between the amphiphile and
relative to Nag, more diblock is required to solubilize the other components are nearly equal and do not display strong
homopolymers into a single-phase microstructure. temperature dependences, we seek to identify those elements

The isothermal homopolymer/homopolymer/diblock copoly- of the water/oil/surfactant phase diagram that are due to the
mer phase diagram has been predicted theoretiéaflgut never particular behavior of water, and those that are general features
fully characterized experimentally to the best of our knowledge. of ternary phase diagrams involving amphiphiles.

A ternary phase diagram calculated by Janert and Sthidgth

oa = oag = 0.3 andyNag = 11.0 is reproduced in Figure 2. > Experimental Section

The symmetric diblock copolymer orders with a lamellar (L)

structure. As equal volumes of the two homopolymers are added Materials. Dimethyl poly(ethylene glycol) dimethyl ether
incrementally, the lamellar structure swells until the system (PEO) M, = 500 g/mol,My/M, = 1.1, ppeo = 1.07 g/mL)
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was purchased from the Aldrich Chemical Co. The viscous Dynamical Mechanical Spectrometry. Rheological mea-
liquid had a noticeable yellow color, which was removed by surements were performed using a Rheometrics Dynamic Stress
dissolution in methylene chloride and passing over basic rheometer. The parallel plate geometry was employed using 25
alumina. Most of the solvent was removed using a rotavap, and mm diameter, electrically heated plates with a constant flow of
subsequently the polymer was dried overnight afCQunder nitrogen to prevent sample degradation. Samples were loaded
vacuum while stirring rapidly. Squalane (PEP*, Aldrigipgp+ at 200°C and cooled to 100C at which point the gap between
= 0.81 g/mL), a saturated PEP* hydrocarbon with six pendant the plates was lowered to give a nearly vertical sample edge.
methyl groups along the backbone, was purified by stirring The sample was then equilibrated for 2 h. Temperature ramps
vigorously over concentrated sulfuric acid. After 20 min, the from 100 to 170°C were performed at a heating rate of@/
aqueous layer developed an intense orange color and themin, a strain amplitude of less than 2%, and a frequency of 1
squalane was isolated using a separatory funnel. Residual acidad/s.
was removed by triple washing with saturated sodium bicarbon-  Small-Angle X-ray Scattering. Small-angle X-ray scattering
ate solutions. Residual sodium bicarbonate was then removed(SAXS) measurements were made using a small-angle beamline
by triple washing with HPLC grade water (Omni). The purified at the University of Minnesota; this instrument is described
squalane was dried by heating overnight at@Qunder vacuum elsewheré?* Samples were prepared by blending the appropriate
while stirring rapidly. The purity of both “homopolymers” was polymers in scintillation vials using a few drops of methylene
verified using NMR and size exclusion chromatography (SEC). chloride to facilitate complete mixing. The viscous liquid was
The poly(ethylene oxidé-ethylenepropylene) (PEEPEP) transferred by pipet to nitric acid-washed 2 mm quartz capillaries
diblock copolymer used in this work was synthesized according and the methylene chloride was removed by placing the samples
to the procedure of Hillmyer and BatésThe PEP block has  in a vacuum oven for 4 days at 8C. The mass of selected
the same microstructure as squalane. Assuming the densitiesamples was monitored over time and reached a constant value
of the blocks are equal to those of the homopolymers, a volume after 3 days, indicating the methylene chloride had been
fraction offrpgo= 0.50 is calculated. FrodH NMR the average removed. The polymer blend creeps up the sides of the capillary
composition of the diblock is (EQYXEP)o leading to a during this time and a centrifuge was used to drive the sample
molecular weight oM, = 3000; the polydispersity inded,,/ to the bottom. Orderdisorder transition temperatureSotr)
M, = 1.2 as measured by SEC. All materials were stored in were measured by increasing the heating block temperature
amber bottles under a blanket of argon to prevent absorptionincrementally, until the disappearance of higher order peaks and
of water. The compositions of polymer blends are reported in & concomitant broadening of the first-order peak was observed.
terms of mass fractions. Small-Angle Neutron Scattering. SANS experiments were

Oil Bath Measurements. Ampules were washed with Performed at the National Institute for Standards and Technology
concentrated nitric acid, triple rinsed with HPLC-grade water n Gaithersburg, MD, on the NIBExxon/University of Min-
and dried at 150C for 1 h. A total blend volume of 1.0 mL ~ Nesota 30 m instrument usiig= 7 A wavelength neutrons
was loaded and the sample was frozen in liquid nitrogen and (A4/2 = 0.11). These experiments relied on the small, but
flame-sealed under vacuum. Samples were immersed in aSufficient, scattering contrast between PEP (or PEP*) and PEO.
Schott-Gerate oil bath, with a temperature stable to witkinl Samples were loaded in quartz cells with a path length of 1.05
°C. Equilibration times for the homopolymer blends were MM All of the samples produced nearly azimuthally isotropic
relatively short, usually on the order of minutes. For the PEO/ tWo-dimensional scattering patterns that were averaged to one-
PEP* binary phase diagram, samples were equilibrated in the dimensional plots of intensitylX versusq, the magnitude of
oil bath at low temperature. Below 10C all samples displayed ~ th€ Scattering wave vectog = 4zsin(0/2)/4 where g is the
two-phase coexistence and the relative volume fractions of the SCaltering angle). The scattering data were corrected for
two phases was noted. The temperature was increased incred@ckground and cell scattering, detector sensitivity, sample
mentally, allowing for equilibration at each temperature, and thickness, and transmission, and then converted to an absolute
the samples were shaken vigorously. At highly asymmetric d'ff‘iff”t'é?' scattering cross section per unit Sa”?p'e volume
compositions, the relative volume of one phase was observed(CM ") using previously reported calibration technigées.
to decrease gradually as the temperature increased, in agreement .
with the lever rule for two-phase coexistence. The binodal was - Results and Analysis

marked as the temperature at which the minority phase disap-  General.In the phase diagrams with block copolymer as one
peared completely. For samples within 4% of the critical component, regimes of coexistence between ordered micro-
composition, samples became opalescent as the temperature wagryctures are not depicted in the figures because only isolated
increased to within a few degrees of the spinodal and it becameexamples of coexistence were observed experimentally. Phase
difficult to determine exactly when the two phases merged. This diagrams involving ordered microstructures were investigated
temperature was therefore taken where the meniscus disapysing SAXS and SANS and, in some samples, a second first-
peared. Similar difficulties were encountered when the line of order peak was Observed' either as a distinct peak or as a
critical points was mapped out as a function of added PEO  shoulder. Indexing was performed by assigning higher order
PEP. However, even in these ternary blends equilibration timespeaks to the appropriate first order peak. It was generally
at temperatures greater than 170 were short. possible to assign all peaks to one of two phases. On the basis
In investigating phase equilibrium in ternary blends at lower of these experiments is it concluded that the coexistence regions
temperatures, longer equilibration times were necessary, rangingtypically span less than 4% in composition, but for the density
from at least 3 days at 100 to 7 days at 60C for samples of points taken it was not possible to demarcate the regions of
with less than 3% diblock. Blends with higher concentrations coexistence clearly.
of diblock were often allowed to anneal for at least 2 weeks.  Binary Phase Diagrams.The PEO/PEP* phase diagram
When the samples were purified following the methods de- shown in Figure 3 was established using oil bath measurements
scribed in the Materials section, no evidence for degradation described in section 2. The coexistence curve is nearly sym-
was observed by visual observations or GPC. metric, suggesting that the reversible work required to move
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Figure 3. The PEO/PEP* coexistence curve as determined by visual

isothermal measurements. Data points represent actual samples mea-
sured while the solid line is the fit to FloryHuggins theory converted 180°C
to PEP* mass fraction.

}

one PEO molecule from the PEO-rich phase to the PEP*-rich 175°C
phase is nearly the same as that required to move one PEP* 34
molecule from the PEP*-rich phase to the PEO-rich phase. The 5
upper solution critical temperature (UCST) is 182 °C at a
PEP* mass fraction of 0.42 0.03. This corresponds to a critical
PEP* volume fraction ofppgp+ = 0.42+ 0.03, assumin@pgp+

= 0.81 andppeo = 1.07 g/mL. The binodal is well-fit using
Flory—Huggins theorsf with a y parameter of
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where T is the temperature in kelvin and the second term 0
represents the standard “entropic” contribution. 0.04 0.06 0.08 0.10 012
Based on SAXS, the pure diblock has a lamellar microstruc- "
ture. The lamellar lattice spacind* = 27/q* where g* is the
scattering wave vector associated with the principal reflection, Figure 4. (a) Dynamic shear elastic modulus for the PEREP diblock
is 94 A at 80°C. An ODT of 164°C was determined using as a function of temperature. (b) SAXS patterns taken iﬁ_CS
dynamical mechanical spectrometry and SAXS. Figure 4a increments for the PE©GPEP diblock. Curves are offset for clarity.
illustrates the nearly discontinuous drop in the dynamic elastic has swelled enough to induce a nonzero mean curvature and
shear modulus as a specimen is heated through the first-ordethe system adopts the gyroid structure. By 37% PEP*, the
ODT. SAXS confirms the ODT, as shown in Figure 4b. Below increase in curvature leads to the formation of a hexagonally
160 °C, the principal reflection is clearly observed in the packed cylinder phase, which persists to at least 55% PEP*.
scattering patterns but the peak height decreases and peak widtifhe Topr's, measured using SAXS experiments as described
increases abruptly at 17&, and by 180C very little scattering in section 2, are relatively constant as more PEP* is added to
is observed on the scale of this figure. The reason for the smallthe blend. At 58% PEP*, coexistence between hexagonal and
difference between the ODT's measured using SAXS and cubic phases was observed at lower temperatures. The peaks
dynamical mechanical spectrometry is not clear. assigned to C disappeared at X@upon heating whereas the
The PEP*/PEG-PEP phase diagram was also investigated peaks associated with H persisted until 222 We were unable
using SAXS. PEP* should selectively segregate into the PEP to prepare a sample that displayed only the scattering associated
block at lower temperatures. Added PEP* swells the PEP block, with bcc spheres, and so we conclude thatTher's decrease
thereby increasing the curvature at the PEREP interface and  sharply as more PEP* is added. At lower concentrations of block
inducing changes in microstructure. Most of the equilibrium copolymer, only micellar solutions were observed. However,
microstructures associated with diblock copolymer melts were crystallization of the diblock PEO restricts the temperatures
observed as a function of increasing PEP* concentration, investigated to above 70C. No order-order transitions were
including L (Figure 5a), G (gyroid, Figure 5b), and H (Figure recorded as a function of temperature, suggesting that the
5c¢). The only evidence for cubic arrays of spheres (C) was found coexistence regions between ordered phases are nearly vertical
in samples that contained coexisting cylinders and spheresin the compositior-temperature phase diagram.
(Figure 5d). The principal peak for the spheres appears as a The PEO/PEGPEP phase diagram, determined using the
shoulder on the lovg side of the principal H peak, consistent same methods as for the PEP*/PEREP phase diagram, is
with a decrease in the concentration of diblock in the cubic shown in Figure 6b. The phase diagram is similar to that for
phase leading to an increase in principle lattice spacing. Note PEP*/PEG-PEP, with slight differences in the compositions
that the clear evidence of thé7 peak of spheres confirms that at which the structure evolves from lamellar to gyroid to
it is body-centered cubic structure, not face-centered or simple hexagonally packed cylinders. TAgpt's appear to decrease
cubic. The resulting PEP*/PEEPEP phase diagram is shown more rapidly with homopolymer addition than when the diblock
in Figure 6a. The lamellar microstructure of the pure diblock is is blended with PEP*, suggesting that PEO is a slightly
retained above 18% PEP*, but by 27% PEP*, the PEP* block better solvent for the diblock than PEP*. Overall, however, these
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Figure 5. SAXS patterns for the PEP*/PECPEP blends representative of (a) lamellar (9% PEP*), (b) gyroid (27% PEP?*), (c) hexagonally
packed cylinders (36% PEP*), (d) coexistence between cylinders and bcc spheres (55% PEP*). The numbers over each peak are the square root of
the sum of the squares of the Miller indices. The subscripts in (d) refer to the phase to which the peak was assigned with C denoting cubic and H
denoted hexagonally ordered cylinders.

phase diagrams are quite similar, indicating that the homopoly- °C, all samples were clear, colorless, and single-phase. As the
mer/diblock copolymer interactions are approximately sym- temperature was lowered, phase separation occurred, with the
metric. transition temperature along the isopleth decreasing from 192
Isopleth Phase Diagram.A summary of the isopleth data  °C for the pure homopolymer blend to 17G with 8% diblock
for the PEO/PEP*/PEGPEP system is shown in Figure 7. added. All samples underwent transitions from a single phase
Below 8% block copolymer, multiphase equilibrium between to two clear, colorless phases of approximately equal volume
isotropic fluid phases was observed using visual isothermal and displayed critical opalescence near the demixing temper-
measurements. Between 9 and 11% PEEP, coexistence  ature, indicating that the value of the critical composition does
between a bicontinuous microemulsion and lamellae was not change significantly as diblock is added. The relative volume
identified via SANS at lower temperatures. Above 11% block of the PEO-rich phase was found to increase as the temperature
copolymer, the only equilibrium microstructure observed was was lowered to 120C, suggesting that the diblock copolymer
L and theTopr's increase monotonically as the block copolymer is nearly equally distributed between the two phases at high
concentration increases. This diagram is similar to diagrams temperatures but segregates preferentially into the PEO-rich
shown in previous work#1%22:3%put it contains features such  phase as the temperature decreases. With 8% block copolymer
as three-phase coexistence and a region of phase coexistencat 120°C, the lower phase occupies approximately 60% of the
between bicontinuous microemulsion and lamellae. Further total volume. This is consistent with the conclusion drawn from
comparisons between this phase diagram and diagrams previthe analysis of the two homopolymer/diblock copolymer phase
ously observed in homopolymer/homopolymer/diblock copoly- diagrams (Figures 6a and (b)) that PEO is a slightly better
mer blends and water/oil/surfactant systems will be made in solvent for PEQ-PEP than PEP*. This is also reflected as
the discussion section. asymmetry in the PEO/PEP* coexistence curve when it is plotted
Visual isothermal measurements were conducted to characteras a function of volume fractions, i.e., the critical volume
ize the isopleth at diblock mass fractions below 9%. Above 192 fraction of PEO is about 0.42.
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170 phase region also indicates the three-phase window spans a wide
160\ range in temperature. Three-phase equilibrium commonly has
-— . been observed in surfactant systems but to our knowledge this
1501 : —u is the first report of three-phase equilibrium in a polymer blend.
While not surprising, there are some important differences

140 :
between the temperature dependence of the polymer three-phase

130 4

window and that in the water/oil/surfactant systems that will
C be considered in the discussion section.

H \;/ M To elucidate the phase behavior of samples along the isopleth

with 9—20% block copolymer, small-angle neutron scattering

120

Temperature (°C)

1104 L G
100 ;
] experiments were performed. The temperature dependence of
the sample with 9% PEOPEP is shown in Figure 8a. At 110
°C, a single asymmetric peak centered at 0.0094 fs
observed. The scattering is characteristic of a bicontinuous
microemulsion. Teubner and Stféydeveloped an empirical
180 model based on a Ginsburg-Landau appréadh fit the
scattered intensity(q) from such a mixture:
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wherek is a constant that accounts for the sample scattering
contrast, an@y, c1, andc; are adjustable parameters. The fitin
Figure 8a was only taken over the region marked by the solid
line. As evidenced by the dashed line, the intensity at higher
is slightly larger than predicted by the Teubr&trey model.

‘ This has been observed previously in other polymeric bicon-
tinuous microemulsio8 and is attributed to, inter alia, intra-
chain scattering whegR; > 1, whereRy is the polymer radius

of gyration. At 100°C the peak becomes sharper and continues
to sharpen as the temperature is decreased. However,°at 90
a second peak appears at higheand by 80°C, the second
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Figure 6. (a) The PEP*PEGPEP phase diagram. Dashed lines

represent approximate phase boundaries. (b) The PEG/PE® phase
diagram.

Temperature (°C)

Mass fraction PEO-PEP

ad

peak is clearly visible. Interestingly, at 8C the ratio of the
second peak position to the first is close to 2:1, which might
suggest the second peak is a higher order reflection. An
amphiphilicity factor f, = c;/(4a,c,)Y2, may be defined which
is a measure of the structure of the microemulgioAt 110
°C and 9% PEGPEP, the amphiphilicity factor is calculated
to be —0.28, whereas at 80C, f, = —0.93, both consistent
with a “good” or highly structured microemulsién.For
comparisonf, = —1 indicates the system has adopted a lamellar
structure and, = +1 indicates that the liquid is completely
disordered.

Scattering patterns from the sample containing 10% block
copolymer are shown in Figure 8b. A progression from a single
peak at higher temperatures to two peaks at lower temperatures

Figure 7. Isopleth for the PEO/PEP*/PECPEP system. Below 9% S 29ain observed, except in this sample the tygfeak is first

block copolymer and 192C, the system exhibits multiphase equilibrium appa_lrent at 100C instead of 90C. At 80_°C the positions of
between isotropic fluids. The open circle at 8G represents the  the firstand second peak are the same in both the 9% and 10%
observation of a single phase (bicontinuous microemulsion), open samples although the intensity of the second peak is now greater
squares denote the observation of 2-phase equilibrium, and openthan that of the first peak in the latter. The solid curve represents
triangles denote three-phase equilibrium. The bicontinuous microemul- gn optimized fit of eq 2 to the lowrportion of the SANS results.
sion forms a channel in the phase diagram that narrows as the  geattering from the 11% sample shown in Figure 8c is quite
temperature is lowered from 120 to 8G. Filled circles represent the . ; -
observation of scattering attributable to the bicontinuous microemulsion different, with only one peak evident at each measurement
only while filled triangles represent bicontinuous microemulsion and t€mperature. However, on the basis of the progression of results
lamellar scattering. Filled diamonds represent SANS data attributed to beginning with the 9% mixture, we associate the scattering at
lamellae and filled squares represent lamellae ODTs as determined usindl10°C with a bicontinuous microemulsion and fit the data with
SAXS. eq 2, whereas the peaks at 100, 90, and®@are classified

At 100 °C, three distinct phases were observed in certain with the higherq peaks seen in Figure 8a and b. With 12%
PEO/PEP*/PEG-PEP mixtures. The three-phase samples have block copolymer (shown in Figure 8d), only the higlugpeak
two clear phases and a slightly turbid phase in between. At 80 is observed from 80 to 128C.
°C the three-phase region spanned a broader composition range, On the basis of the fits to the Teubner-Strey scattering
suggesting PEO becomes a worse solvent for PEBP as the function, we conclude that the peak at loveederives from a
temperature is reduced. This continued growth of the three- bicontinuous microemulsion. In the range of 1% block
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Figure 8. SANS patterns for the sample with (a) 9%, (b) 10%, (c) 11%, (d) 12% copolymer, at the indicated temperatures. Fits to the Teubner-
Strey structure factor are shown as solid lines. Dashed lines are fits over the full scattering range. Curves are offset for clarity.

copolymer, the intensity of the highgipeak varies as a function  shown in Figure 9. The numbers associated with each scattering
of temperature and composition but the position remains pattern refer to the mass fraction of diblock in the sample and
constant at constant temperature. This suggests this second pedake value ofg at the scattering maximum increases monotoni-
is not a higher order reflection but rather it is due to a second cally as the concentration of diblock increases. Thgr's also
phase. The scattering data in Figures-8amay be interpreted  increase monotonically from the lamellar-bicontinuous micro-
by assuming a region of phase coexistence between bicontinuougmulsion coexistence region to the pure diblock ODT at 164
microemulsion and a lamellar phase. No higher order peaks were°C. A plot of the principald-spacing at 80C as a function of
observed for the second phase, but the justification for assigningdiblock concentration is shown in the inset to Figure 9 including
the higherg peak to the lamellar phase will emerge during the SAXS and SANS data. At 80C, none of the phases display
subsequent discussion of the isothermal phase diagram. scattering due solely to the bicontinuous microemulsion. At 9%
The boundaries of the coexistence region appear to have botrand 10% PEGPEP, coexistence with a lamellar phase is
temperature and composition dependence. The channel ofobserved and there are two symbols at that composition, one at
bicontinuous microemulsion covers a wider composition range 440 A and one at 840 A. Interestingly, the sample with 11%
at higher temperatures but appears to narrow as the temperaturdiblock has a slightly larger principal-spacing, 470 A. The
is lowered. At 110°C scattering consistent with the existence solid line is a power law fit to the lamellar data. THespacing
of a bicontinuous microemulsion is observed between 9% and varies with the volume fraction of diblock @seo-pep 2°, close
11% block copolymer, but by 8TC only scattering attributable  to the geometrical prediction @f1.2°
to coexistence between bicontinuous microemulsion and lamellar  Isothermal Phase Diagram The PEO/PEP*/PE©PEP
phases was recorded. The region of pure microemulsion alongternary phase diagram was characterized &38and is shown
the isopleth at 80C appears to be less than 1% wide in block in Figure 10. For samples with greater than 20% block
copolymer composition. copolymer, SAXS measurements were used to identify the
At higher diblock concentrations, the isopleth displays microstructure of the blend. This portion of the ternary phase
lamellar ordering at low temperatures and disorder at high diagram appears to be quite symmetric. The lamellar phase fills
temperatures. A plot of SAXS data taken at D along the the middle of the phase diagram from pure block copolymer to
isopleth at PEG-PEP mass fractions from 21% to 100% is nearly 20% diblock. When unequal amounts of homopolymer
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concentrations, samples that displayed multiphase equilibrium
at 80°C generally required at least 4 days of equilibration for
three distinct phases to appear. The interface between the
bicontinuous microemulsion and the PEO-rich phase is sharper
than with the PEP*-rich phase. The middle, diblock-rich phase
was usually slightly turbid which persists even after annealing
for 2 weeks. Similar observations were made on samples thought
to consist of bicontinuous microemulsion coexisting with a
single homopolymer-rich fluid, suggesting this turbidity is
intrinsic to samples with phase coexistence involving the
bicontinuous microemulsion. It should be noted that the relative
volume of one of the phases increases in samples that are richer
in that component as would be expected in multiphase equi-
librium.

4. Discussion

The experiments reported in the previous section were
designed to aid in establishing a universal approach to describing
the action of amphiphiles when mixed with otherwise thermo-
dynamically incompatible compounds. The main advantages to
working with the al-polymer system described here are the

(squares) and SANS (diamonds and circles) experiments. Coexistencedbility to enforce symmetric interactions between the two
between bicontinuous microemulsion (diamonds) and lamellae (circles) homopolymers, nearly equal interactions between the diblock
at 9% and 10% diblock is represented as two points at each composition.copolymer and each homopolymer, and to access the disordered
SAXS data points are shown as open squares. The solid line represent§emary mixture. These conditions are certainly not met with

a power law fit,d ~ ¢ °°.

PEO-PEP
L

0.25 0.50 0.75

Figure 10. Isothermal phase diagram for the PEO/PEP*/PEEE&P
system at 80C. All symbols refer to actual data points. The subscript
1 indicates the majority phase in a particular structure is PEO, while 2
indicates it is PEP*. Dashed lines indicate the limits of data taken and
not precise phase boundaries. Below 9% block copolymer, macrophas

classical water-based systems. Judging from the symmetry of
the PEO/PEP* phase diagram (Figure 3) and the similar
appearances of the PEO/PEGEP and PEP*/PEOPEP phase
diagrams (Figures 6a and b), this ternary system satisfies these
criteria. This also suggests it will be possible to make informa-
tive comparisons with the theoretical predictions for homopoly-
mer/homopolymer/diblock copolymer phase diagramis.

The isopleth phase diagram and the bicontinuous microemul-
sion phase have been investigated previotfsty?2-35Bates et
all*used SANS, dynamical mechanical spectrometry, and static
light-scattering experiments to characterize the isopleth for a
higher molecular weight polyethylene (PE)/PEP/PE-PEP system.
This blend undergoes a transition from a high temperature,
disordered state to a macrophase-separated state at low block
copolymer concentrations. At high block copolymer concentra-
tions, the high temperature, disordered state undergoes mi-
crophase separation to a lamellar phase. The transition from
bulk phase separation to microphase separation was studied as
a function of block copolymer content and the identification of

can apparent Lifshitz point was report&dThe Lifshitz point is

separation occurs and two- and three-phase equilibrium is observed.the intersection in a ternary phase diagram where disordered,

The portion of the diagram below 15% PE®EP is expanded below.

microphase-, and macrophase-separated phases coexist. Subse-
guent work on this system uncovered the existence of a

are added, the swelling of one of the blocks induces nonzero bicontinuous microemulsion at the composition where critical
mean curvature at the interface between the PEO and PEPscattering consistent with a Lifshitz point was obsers&this
domains and the gyroid and hexagonal structures become stablecalled into question the existence of a Lifshitz point and spurred

The G and G and H, and H phases are nearly symmetrically

further work on characterizing the isopleth and bicontinuous

disposed in the phase diagram with respect to the lamellar phasemicroemulsions in homopolymer/homopolymer/diblock copoly-

For mixtures containing less than 30% block copolymer, the

only ordered phase observed is lamellar; it disorders directly to

micellar solutions as the total volume fraction of either

mer blends.
Hillmyer et all5 performed a complementary investigation
of three homopolymer/homopolymer/diblock copolymer systems

homopolymer is increased above 0.6. The absence of any otheland reported the phase behavior along the isopleth and SANS

ordered microstructure in this range of block copolymer
concentrations is the reason for assigning the highpeak
observed in the coexistence region identified in the isopleth

characterization of the bicontinuous microemulsion phase in
each system. Many similarities were observed among these
systems, and there was qualitative agreement with the predic-

phase diagram between 9% and 11% block copolymer (Figuretions of mean-field theory} particularly in predicting the

8) to the lamellar phase.

composition and temperature of the transition from microphase

The phase behavior of samples with less than 10% block to macrophase separation in the higher molecular weight
copolymer was characterized visually. The samples with 10% systems. However, mean-field theory does not anticipate the

block copolymer were clear, viscous fluids. At lower diblock

bicontinuous microemulsion.
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) ) . (shown in black) represents equilibrium between water-rich and oil-
Figure 11. Isopleth for the water/oil/surfactant phase diagram (after rich fluids and a surfactant-rich microemulsion (). The three surround-
Kahlweit and Stre¥). At lower surfactant concentrations, multiphase ing two-phase regions represent equilibrium between two of these
equilibrium is observed. Below 4€C, a water-rich fluid containing  phases. At higher surfactant concentrations, a lamellar (L) phase
dissolved surfactant is in equilibrium with an oil-rich fluid. Above 60  gominates most of the phase diagram except at low water and high oil

°C, and the surfactant segregates preferentially to the oil-rich phase concentrations, where an isotropic oil-rich fluid (D) is observed. Dashed
leaving almost pure water in the lower phase. At intermediate |ines represent phase coexistence boundaries.

temperatures, the surfactant-rich bicontinuous microemulsion is a stable

third phase. With higher surfactant concentrations, thermotropic and ; ; i ;
lyotropic liquid crystalline is observed. Above 80% surfactant a the block copolymer used in this study. One striking differance

disordered fluid is present. between this phase diagram and the PEO/PEP*/PEEP
isopleth is the relatively narrow temperature range over which
The general features observed in these studies have beetthe three-phase window is observed. This highlights the strong
identified in the isopleth shown in Figure 7. However, certain temperature dependence of water as a solvent. Further evidence
key differences should be noted. The first is the identification for this comes from the complex temperature and composition
of three-phase equilibrium at low block copolymer concentra- dependence of the ordered phase observed at higher surfactant
tions and low temperatures. Previous work had labeled the concentrations. As the solvent properties of water change with
macrophase-separated region generically as two-phase, largelyemperature the curvature induced at the surfactant interface
because these studies were performed with high molecularchanges leading to thermotropic liquid crystal behavior, from
weight polymers that effectively prevent equilibration due to H to a viscous, isotropic phase (V) to L. Another difference is
their high viscosities and low diffusivities. Locating this three- C;,Es does not microphase separate until at least 20% water is
phase region is especially important for comparison to water/ added. Whereas adding homopolymers to a diblock copolymer
oil/surfactant systems. lowersTopt, adding water to a nonionic surfactant raidegr
In their SANS investigation of the PEO/PE/PE®GE system, due to the strong segregation between water and oil.
Hillmyer et al. inferred the existence of a hexagonally ordered  The PEO/PEP*/PEOPEP system behaves in a qualitatively
phase in a narrow region between the bicontinuous microemul- different manner. On the basis of the relative volumes of the
sion and the lamellar phase, which was the stable ordered phaséwo phases present at low PE®EP concentrations and 120
over much of the isopleth. The SANS experiments shown in °C, it appears that the block copolymer is slightly more soluble
Figure 8a-d indicate a region of coexistence between lamellae in PEO than PEP*. At 100C, the three-phase window is clearly
and bicontinuous microemulsion. This raises the possibility that visible and at 8C°C it is even larger. Signs of the three-phase
the hexagonal phase assignment was incorrect, and that actuallwindow are observed at even lower temperatures although
phase coexistence between bicontinuous microemulsion and aiblock PEO crystallization restricts such experiments. This
lamellar phase was responsible for the occurrence of multiple suggests that the homopolymers become comparable solvents
SANS peaks. for the diblock below 120C, which leads to the stabilization
The decrease in the amphiphilicity factor as the temperature of the third phase down to the lowest experimentally accessible
decreases indicates that the bicontinuous microemulsion be-temperatures. While there is evidence for some temperature
comes more structured at lower temperatures. At@0and dependence of the interactions in this system, the dependence
9% copolymer, an amphiphilicity factor 6f0.93 was calculated  is much weaker than for aqueous systems. The absence of
for the bicontinuous microemulsion (in coexistence with the temperature-driven structural phase transitions at higher block
lamellar phase). This provides a clue as to why the channel of copolymer concentrations reinforces the assertion that the
bicontinuous microemulsion narrows at lower temperatures. A temperature dependence of the interactions between monomers
lamellar phase has an amphiphilicity factor-e1.0 and as the is much weaker in the polymer system. To make comparisons
amphiphilicity factor for the microemulsion approaches this with isothermal water/oil/surfactant phase diagrams, an experi-
value, the structure approaches that of the lamellar structure.mentally determined, ternary phase diagram at 4T %ased
Therefore, it appears that the lamellar phase becomes moreon the work of Kunieda and Shinotds shown in Figure 12.
stable at lower temperatures relative to the microemulsion. The Several differences between this ternary phase diagram and the
obvious extrapolation is to the complete disappearance of thepolymeric one presented in this work are apparent. The first is
microemulsion channel at lower temperatures and the substitu-the lack of variety in the ordered phases in the surfactant-rich
tion of the lamellar phase at the tip of the three-phase window. region of the phase diagram at this temperature. The only
An isopleth for the water/GH3o/C12Es system is shown in ordered state observed has a lamellar structure and this is stable
Figure 113° The amphiphile in this system €Es, is a nonionic over a wide composition range.
surfactant where C represents a methylene group and E The shape of the multiphase window in Figure 10 at PEO
represents an ethylene oxide monomer. The polar and nonpolalPEP concentrations less than 10% is consistent with those
groups in this surfactant have nearly equal volumes, similar to observed in aqueous surfactant systems. The three-phase triangle
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is almost symmetric with respect to the mass fractions of PEO observed only in a small region of the phase diagram whereas
and PEP*, suggesting that the strength of the interactions the inverted G phase, where xylene forms the matrix, occupies
between diblock copolymer and each of the two homopolymers a larger region of the phase diagram. Furthermore, the phase
are similar at 80C. The bottom corners of the triangle extend diagram is highly asymmetric, which suggests water will exert
close to the corners of the phase triangle, indicating the diblock a disproportionate influence on the phase diagram even when a
copolymer is contained almost entirely within the middle phase. larger amphiphile is used.
Finally, experiments at higher temperatures suggest the shape Our isothermal phase diagram is similar to one calculated
of the three-phase window is only weakly temperature-depend-by Janert and Schiék (shown in Figure 2) and by Kielhorn
ent, implying at most a slight temperature dependence in the and Muthukumat® With the exception of ordered cubic arrays
interactions between EO and EP monomers. However, the shapef spheres, all the ordered microstructures associated with
of the multiphase window appears to reflect the symmetry of diblock copolymers were observed in our experimentally
the PEO/PEP* coexistence curve in the range of temperaturesobtained phase diagram, including the gyroid phase that was
investigated even though the position of the plait point (a critical not explicitly considered in their work. Our ternary isothermal
point in an isothermal two-phase window) is temperature phase diagram has a high degree of symmetry in the location
dependent. of the ordered phases, as would be expected given the close
The faces of the three-phase triangle in Figure 10 (as in Figure Similarities of the two homopolymer/diblock copolymer phase
12) are bounded by regions of two-phase coexistence. Two ofdiagrams. The main differences between our experimental phase
these regions have the bicontinuous microemulsion in equilib- diagram and the theoretical phase diagram of Janert and Schick
rium with a solution rich in PEO or PEP* and extend a few IS that the lamellar phase occupies a much large region in the
percent in diblock composition. The phase boundaries of both €xperimental phase diagram, and below 30% block copolymer,
these regions continue into the three-phase window at the-PEO it is the only ordered microstructure. Whether this preference
PEP-rich corner of the triangle, consistent with Schreinemaker's for the lamellar structure is due to the low molecular weight of
rule, which requires that the boundaries of each homogeneousth€ polymers has not been determined. Additionally, the ordered
phase must intersect at the corner of the three-phase triangle irflicrostructures observed in the PEO/PEREP and PEP*/
such a way that their extensions either both pass into the threePEO-PEP phase diagrams persist to lower concentrations of
phase triangle or both pass into the adjacent two-phase réions. Plock copolymer than is predicted by Janert and Schick. The
This indicates the “groove” in the multiphase window caused Value fora, the ratio of the length of the homopolymer to the
by the existence of the three-phase region is relatively :~:harp,|en9th of the diblock, is 0.17 in our system and the ordered
suggesting the domains are well segregadthis is consistent ~ States along the binary axes are predicted to terminate at
with the PEO/PEP* coexistence curve shown in Figure 3 which @PProximately 80% block copolymer. This is likely due to the
predicts very little mixing at 80C. However, as noted in section stronger segregation S_treng.ths in our system than th?t assumed
3, the samples that are believed to be bicontinuous microemul-Py Janert and SCh'Cko'n their calculation. On the basis of eq 1,
sion in equilibrium with a homopolymer-rich fluid were slightly ~ #NeEo-per= 35 at 80°C compared to the value of 11 used in

turbid. This may indicate that phase coexistence with the Preparing Figure 2. Finally, very few examples _ofhphase
bicontinuous microemulsion requires long equilibration times. coexistence between microstructures were observed in the SAXS

This may also explain why the lamelldsspacing of the sample patterns. This suggests the regions of phase coexistence in this

with 11% PEG-PEP (shown in Figure 9) is larger than that phase diagram are narrower than anticipated by theory.
with 10% block copolymer. At equilibrium the 11% sample may .
consist of bicontinuous microemulsion coexisting with lamellae - €onclusions

but phase separation is kinetically hindered. These samples do e PEO/PEP*PESPEP phase diagram presented here
not display any turbidity because the microemulsion and lamellar gispjays many of the characteristic features observed in water/
phases differ only in the concentration of PEREP, which oil/surfactant phase diagrams. These include liquid crystalline
has nearly the same refractive index as the blend of homopoly- hhases at high diblock copolymer concentrations, coexistence
mers in both phases. Thus, even a coarsened blend of the tWayetween lamellar and bicontinuous microemulsion phases, and
phases has a nearly homogeneous refractive index and does nq{yo- and three-phase equilibrium between isotropic fluids at
scatter light. This suggests other two- and three-phase regiongoyy diblock copolymer concentrations. The differences in these
may be present at compositions with less than 11% diblock. twq types of ternary phase diagrams are attributed to the strong
However, due to the limitations inherent in visual measurements, offect water has in the water/oil/surfactant phase diagram. These
three-phase equilibrium between, for example, lamellar, bicon- gjfferences include a much higher symmetry in the polymeric
tinuous microemulsion, and oil-rich phases would appear as two- phase diagram, as evidenced by the symmetry of the isothermal
phase equilibrium. ternary phase diagram, and much weaker temperature depen-
The existence of the gyroid phase in the PEO/PEP*/PEO dence in the interactions between the three components, as
PEP phase diagram is further evidence for the relatively weak evidenced by the broad temperature window in which three-
interactions in this system. The gyroid phase is thought to exist phase equilibrium is observed. Polymer systems are thus
only at modest segregation strengthsgmphiphilic systems  valuable model systems for studying ternary phase diagrams
which are strongly segregated tend to undergo direct transitionswith amphiphilic species.
from lamellar to cylindrical microstructures as the volume
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