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ABSTRACT: Aqueous gels of telechelic poly(ethylene oxide) (PEO)-based triblock polymers, with homo
and hetero combinations of 1,2-polybutadiene (PB) and poly(perfluoropropylene oxide) (PFPO) as hydro-
phobic end-blocks, were prepared by anionic polymerization and polymer—polymer coupling reactions. The
block molecular weights in kg/mol were (2.7—24—2.7) for PB-b-PEO-b-PB, (2.3—23—2.3) for PFPO-h-PEO-
b-PFPO, and (1.9—26—2.3) for PB-»-PEO-h-PFPO. Gels with polymer concentrations ranging from 10 to
50 wt % were investigated using cryogenic scanning electron microscopy (cryo-SEM) and small-angle neutron
scattering (SANS). The cryo-SEM micrographs revealed significant differences among the morphologies of
the gels obtained, depending on the end-blocks used. Results from contrast matching SANS experiments were
used to corroborate and refine the information obtained from microscopy. The PB-A-PEO-b-PB copolymers
formed networks of spherical micelles at all concentrations as expected, albeit with significant spatial
heterogeneity that diminished with increasing concentration. The PFPO-b-PEO-5-PFPO copolymers also
formed networks by aggregation of the end-blocks, but the PFPO blocks tended to adopt disklike or even
sheetlike structures. This is attributed to the extremely high interfacial tension of PFPO with water and is
consistent with the “super-strong” segregation regime behavior. The heterotelechelic PB-6-PEO-b-PFPO
terpolymers adopted a quite different structure, namely an intricate bicontinuous open-cell foam, with cells
on the order of 500 nm in size and cell walls composed of PFPO disks embedded in PB sheets. These various
network structures illustrate the potential of using end-block chemistry to manipulate both the morphology

and the physical properties of polymer gels.

Aqueous dispersions of triblock polymers with soluble mid-
blocks have received widespread attention, due in part to their
ability to range from viscous liquids to elastic solids, thereby
enabling a host of applications in the fields of coatings, cosmetics,
pharmaceutics, and oil recovery. Flow modification stems from
the chain architecture—long hydrophilic mid-blocks with short
hydrophobic end-blocks—and the physical association of the
end-blocks." Upon hydration at low copolymer concentrations,
the hydrophobic blocks associate to form micellar cores with the
hydrophilic block looping or back-folding into the same core.
With an increase in concentration and the resulting increase in
the number density of these micelles, the mid-block can overcome
the entropic penalty of back-folding by bridging to another micellar
core.> With more bridging, the viscosity of the solution starts to
rise steeply, solidlike behavior emerges, and a gel is formed.>*

Early experiments with dilute aqueous solutions of telechelic
poly(ethylene oxide) (PEO) with small paraffinic end-caps indi-
cated that the size and type of end-groups dictated their mor-
phological behavior. For smaller hydrophobes, the enthalpic
penalty of exposing them to water outweighs the entropic penalty
of mid-block looping, and the polymers form loose open aggre-
gates.>® Substituting paraffinic groups with longer polymeric
blocks or with more water-averse groups like fluorocarbons
yields compact micellar structures, wherein the mid-block ends
are confined to a common core.””'* As concentration is increa-
sed, micellar bridging leads to gelation.'* With further increase
in concentration, such systems often display a sequence of
ordered (liquid crystalline) phases.””~"” Of particular releva-
nce to the work reported here, Agrawal et al. investigated
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polylactide-b-PEO-b-polylactide triblocks in water and found a
strong dependence of association behavior on the tacticity of the
polylactide block;'® atactic polylactide blocks form amorphous
spherical domains, which associate in an isotropic manner to
form a network, isotactic polylactide blocks form crystalline
disklike domains, and association proceeds by stacking of disks.
Tae et al. found that mixtures of fluorocarbon telechelics and
water exhibit ordering transitions to cubic phases with increase
in concentration.'” They also concluded that the chemical nature
of the hydrophobe plays an important role in determining the
structure as well as the association behavior of the micelle.
Fluoroalkyl groups were believed to behave as short rods laterally
constraining the PEO chains, whereas alkyl groups formed
liquidlike spherical cores.” This dissimilarity in the assembly of
hydrophobic groups has been attributed to the difference in the
interfacial tension that these groups exhibit with the water—PEO
environment. Further comparative investigations into the asso-
ciation behaviors of telechelic polymers with fluoropolymers and
their hydrocarbon equivalents as termini are warranted and
constitute a basis for studying compartmentalized hydrogels,
i.e., aqueous polymeric networks with two or more chemically
distinct hydrophobic domains.

Development of assemblies such as micelles and gels with
distinguishable multiple subdomains or compartments is aimed
at mimicking the structural intricacy of biological entities such as
proteins, organelles, and cells, which possess subdomains on the
nanometer scale that enable them to perform multiple functions
simultaneously. Several groups have succeeded in preparing
multicompartment micelles in water or in water—organic solvent
mixtures, where incompatible hydrophobic polymers microphase
segregate into separate domains in the micellar core.”' ** In the
case of multicompartment networks, Weberskirch et al. studied
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segregation of end groups in a concentrated (~30 wt % polymer)
aqueous dispersion of telechelic poly(2-methyl-2-oxazoline),
with n-alkyl and n-perfluoroalkyl moieties at the termini, using
NMR spectroscopy. Although the end groups formed separate
domains, the morphology of the domains was not resolved.*
Similarly, Shunmugam et al. showed that polyacrylate-based
ABC triblocks, with hydrophilic and fluorophilic end-groups,
formed hydrogels,** but no morphological characterization was
reported. Shen et al. demonstrated that in hydrogels formed from
artificial proteins with dissimilar end-domains the incompatible
end-groups suppress looping of the mid-block, and they tend not
to associate with each other.*’

While exclusive bridging of mid-blocks might be naively
expected for any ABC terpolymer network with immiscible
A and C blocks, the interplay of the interactions among the three
blocks and the solvent can offset the significance of incompat-
ibility between the end-blocks and give rise to different micro-
structures. Recently, we communicated a representative example
of such an interplay in water containing 10 wt % of a linear
terpolymer of 1,2-polybutadiene (PB), poly(ethylene oxide)
(PEO), and poly(perfluoropropylene oxide) (PFPO); a telechelic
architecture with a long hydrophilic block (PEO) end-capped
with mutually incompatible hydrophobic blocks (PB and
PFPO).*® Rather than adopting a two-compartment network
with spatially distinct PB and PFPO micelles, the terpolymer
assembled into a percolating, foamlike structure, as revealed by
cryogenic scanning electron microscopy (cryo-SEM). Contrast-
matching small-angle neutron scattering (SANS) analysis was
used to establish the presence of a structural motif in which the
PFPO blocks assemble into disks and are embedded in thin
bicontinuous PB sheets with both faces of the sheets covered by
looped PEO brushes. In this article, we show that the bicontin-
uous arrangement of the two hydrophobic blocks, previously
reported for a single concentration, is consistently observed over
a wide range of concentration. Furthermore, we present a
detailed comparative study on the structural and association
behavior of telechelic PEO with homo- and heterocombinations
of the same hydrophobic blocks (PB and PFPO).

Materials and Methods

Materials. We prepared three types of telechelic PEO tri-
blocks: two homo combinations and one hetero combination,
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Figure 1. Chemical structures of the three triblock polymers used in this
study.
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with PB and PFPO as end-blocks (Figure 1). These molecules
are henceforth designated BOB, FOF, and BOF, respectively.
1,2-Polybutadiene-b-poly(ethylene oxide) (PB—PEOQO) diblock
copolymers were s_ynthesized using two successive living anionic
polymerizations.*” To obtain BOB, the living chains were cou-
pled with slow addition of a stoichiometric amount of a,ao/'-
dibromo-p-xylene.48 In case of BOF, the reaction was termi-
nated by addition of acidic methanol, thereby yielding a hy-
droxyl-terminated diblock copolymer. Commercially available
carboxylic acid end-capped PFPO was converted to the acid
chloride derivative by reacting with oxalyl chloride. The final
BOF terpolymer was obtained by coupling the hydroxy end-
functional PB—PEO with the acid chloride end-functional
PFPO.*® FOF was synthesized by reacting o,w-dihydroxy-
PEO, obtained from Sigma-Aldrich, with acid chloride end-
functional PFPO. The molecular weights and polydispersity
indices of each block were determined using NMR spectroscopy
and size exclusion chromatography (with polystyrene stand-
ards), respectively; the detailed results are included in the
Supporting Information. Table 1 summarizes the molecular
characteristics of the three triblock polymers.

Sample Preparation. The desired mass of polymer was dis-
solved in a vial containing dichloromethane. The solution was
allowed to dry overnight under a flow of N, so as to leave a thin
film of polymer at the bottom of the vial. To ensure complete
removal of dichloromethane, the polymer film was dried under
vacuum at RT for 2 days. The film was then hydrated with a
defined amount of water and stirred at 65 °C for 24 h. The
solution was then cooled and held at RT with moderate stirring
for at least 1 week prior to subsequent characterization. Water
(H,0, Chromasolv grade) was used as solvent for cryogenic
scanning electron microscopy (cryo-SEM) experiments. For
small-angle neutron scattering (SANS) experiments, mixtures
of water and heavy water (D50, 99.9% D, Cambridge Isotopes),
with compositions varying according to the polymer block to
contrast match, were used as solvents.

Cryogenic Scanning Electron Microscopy (Cryo-SEM). Cryo-
SEM experiments were conducted on 10 and 30 wt % polymer
dispersions following the protocol described in our recent
publication.*® A small amount of the sample was sandwiched
between two “freezing hats” each about 100 um deep, taking
care to exclude air. Using a Bal-Tec HPM 010 high-pressure
freezing machine (Balzers, Lichtenstein, operating pressure of
2100 bar), the assembly was rapidly cooled. The cooled assem-
bly was then moved into a liquid nitrogen bath and pried open
with a scalpel to fracture the sample, exposing its interior.
Vitrified water near the surface and a few micrometers deep
into the sample was then partially sublimed in a Balzers MED
010 freeze-drying and sputtering device at —96 °C and ~2 x
107 bar for about 5 min. The exposed surface was then coated
with an 8 nm thick conducting layer of platinum at —130 °C. The
coated sample was transferred at —150 °C into a Hitachi S900 in-
the-lens field emission scanning electron microscope, main-
tained at about —170 °C, and examined at a low acceleration
voltage of 2 keV to avoid excessive charging and radiation
damage of the areas imaged. The procedure described above
yields samples with few artifacts arising from freezing and high
topographical contrast as the polymeric framework is resolved
relative to voids (previously water-filled chambers), which are
formed as the vitrified water sublimes.*

Table 1. Molecular Parameters of Linear Triblock Copolymers

sample ID total Npg* Nppo™ total Npgpo© I v’ fero! ferpo” M,° (kg/mol) PDV
BOB 100 5914 0.21 0.79 314 1.11
BOF 38 596 12 0.08 0.87 0.05 30.2 1.08
FOF 522" 24 0.89 0.11 27.6 1.07

“Calculated using "H NMR spectroscopy. © Calculated using SEC with light scattering detection. ¢ Calculated using ’F NMR spectroscopy. “ The
volume fractions were calculated using the molecular weight and the RT densities of p(PB) = 0.89 g/cm?®, p(PEO) = 1.12 g/em® (amorphous), and
p(PFPO) = 1.9 g/em®. ¢ The total molecular weight of each triblock polymer was calculated from the NMR spectra and SEC with light scattering
detection.” The PDI was determined by SEC using PS standards and THF as solvent at 40 °C.
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Figure 2. Cryo-SEM micrographs of aqueous solutions of (a) 10 wt % BOB, (b) 30 wt % BOB, (c) 10 wt % FOF, (d) 30 wt % FOF, (e) 10 wt % BOF,
and (f) 30 wt % BOF. Arrows in (a) and (c) indicate spheres and flatter disklike entities, respectively.

Small-Angle Neutron Scattering (SANS). SANS experiments
were conducted on aqueous samples with polymer concentra-
tions of 10, 20, 30, 40, and 50 wt % at 25 °C. Contrast matching
was used in tandem with scattering to gain detailed information
about individual components in multicomponent mixtures.*®
Briefly, contrast matching involves choosing a solvent environ-
ment with scattering length density (p*) equal to that of the
component to be contrast matched. For aqueous systems, this is
done by mixing water (p* = —5.6 x 10° cm™ %) and heavy water
(p* = 6.38 x 10'° cm™?). Solutions of BOB were prepared in
D,0, as the scattering length densities of PB (p* = 4.11 x 10°
ecm ) and PEO (p* = 6.38 x 10° cm ?) are very close in
magnitude. FOF was dispersed in a PEO contrast matched
mixture. In the case of BOF, samples were prepared under
two different contrast-match conditions for each concentration,
namely PEO matched and PFPO (p* = 4.11 x 10" cm™?)
matched. Samples were sandwiched between two quartz disks
separated by a 1.5 mm aluminum spacer. The scattering experi-
ments were performed at the National Institute of Standards
and Technology (NIST) on the NG-7 30 m instrument of the
Cold Neutron Research Facility.®® As we have described
previously,*® sample-to-detector distances of 1 and 11 m with
a monochromated neutron wavelength (1) of 7 A and a wave-
length spread (A4/4) of 0.11 were used to cover scattering wave
vectors from 0.0036 to 0.37 A~'. Using Igor Pro Macros, the
resulting data were corrected for background, nonuniform
detector efficiency, solvent (scattering contribution weighted
by its volume fraction in the solution)®' plus empty cell scatter-

ing, and sample transmission.>> The scattering intensities were
then scaled to absolute values on the basis of direct beam flux
measurements. For FOF and BOF samples, the incoherent
background was estimated from the asymptotic slope of a Porod
plot (I¢* vs ¢*) and subtracted before data evaluation.

Results

Representative cryo-SEM images from each of the six samples
examined are shown in Figure 2. Clear differences in structure
appear among the three polymers and also between 10% and
30% solutions for FOF. The BOB images are consistent with
networks of spherical micelles, with a significant number of voids
larger than 100 nm. The FOF 10% solution presents a network of
disklike micelles, also with large voids, whereas the 30% solution
resembles an open cell foam. The BOF structure is also foamlike
at both concentrations, but note that the scale is almost an order
of magnitude larger than for BOB and FOF. We now consider
these structures in more detail, including analysis of the SANS
profiles.

The 10 and 30 wt % BOB samples showed clusters of spheres
with diameters in the range of 25—30 nm (Figure 2a,b). This
dimension includes the ca. 8 nm thick Pt coat and presumably
some contribution from the PEO chains. Considering that PEO
accounts for about 80% of the total triblock molecular volume,
we estimate the radius of the underlying hydrophobic core to be
between 5 and 10 nm. The SANS intensity profiles of the BOB
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Figure 3. (a) SANS intensity profiles for BOB at different concentra-
tions in water, with both PB and PEO contributing to scattering. For
clarity, the intensity data for higher concentrations have been shifted
vertically: 20% (x10), 30% (x100), 40% (x1000), 50% (x10000). The
solid lines are fits using eqs A2—AS. (b) Intensity profiles normalized by
concentration. Inset shows the dependence of peak position on polymer
volume fraction.

samples with polymer concentrations ranging from 10 to 50 wt %
are shown in Figure 3a. The upturn in intensity at low ¢ is
consistent with the large voids (water-filled chambers prior to
sublimation) revealed in the cryo-SEM. Furthermore, on normal-
izing the intensity data by the concentrations of BOB, all the
profiles show similar ¢ dependences (Figure 3b), demonstrating
the invariance of shape and dimensions of the hydrophobic
domains with respect to changes in concentration. Variations in
the unsubtracted backgrounds account for the small lack of
overlap in the high ¢ region. The scattering peak, evident in all
the intensity profiles, is consistent with the presence of a spatial
correlation between micelles.

The detailed model used to fit the intensity profiles expresses
the total coherent scattering intensity as a function of a scattering
form factor for a micelle with a spherical core and Gaussian
chains attached to the core surface and a monodisperse hard-
sphere structure factor (eq Al in Appendix). The scattering form
factor consists of two self-correlation terms for the core and
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corona chains and two cross-correlation terms between core and
corona chains as well as between different corona chains. These
terms are expressed in terms of the radius of the core (R¢) and
radius of gyration (Rg) of the Gaussian chains (eqs A2—A6 in
Appendix).”>~*® The structure factor is described by a hard-
sphere interaction model that considers short-range repulsions
between hard spheres of radius (Rys) (eqs A7 and A8 in
Appendix). This radius should be strictly equal to half the mini-
mum micellar center-to-center distance (§s). However, Reynders
and co-workers reported a decrease in hard-sphere radius with
increase in concentration.” This is attributed to the compressi-
bility of the corona part (PEO coronal chains in our case) of the
“hard sphere”. Using appropriate values for Rc, Rg, and &g (the
reciprocal of the peak position ¢*), the intensity profiles were
successfully fitted. We observed that the values of Rc (= 6 nm)
and Rg (= 4.5 nm) for good fits were invariant of concentration,
and the value of R from SANS measurements is consistent with
the estimate of the size of the hydrophobic core from the cryo-
SEM micrographs. The peak position for the 10 wt % solu-
tion corresponded to a micellar center-to-center distance (&s) of
ca. 37 nm. The term (s — 2Rc ~ 25 nm) represents the typical
length of the PEO bridge between two micelles. This is greater
than the Gaussian coil end-to-end distance (= 15 nm) of the
26 kg/mol PEO mid-block but considerably less than its fully
stretched chain length (& 260 nm). This is indicative of the
presence of a swollen network with moderately stretched PEO
blocks. With increase in concentration, the peak position (?f“)
shifts to higher values and approaches a scaling of ¢* ~ ¢'°
indicative of an isotropic increase in micelle density (Figure 3b
inset).®® As noted above, the low-¢ upturn results from the
presence of spatial heterogeneities arising from the clustering of
micelles due to bridging interactions.'> The heterogeneities give
rise to local pockets of water, which appear as voids upon
sublimation of the water in the cryo-SEM sample preparation,
as discussed earlier. As concentration is increased to the point of
causing soft ordering of micelles, the low-¢ upturn decreases and
the correlation peak becomes more pronounced, as seen in the
intensity profiles normalized by concentration (Figure 3b).%

The cryo-SEM analysis of the 10 wt % aqueous solution of
FOF suggests agglomerates of flatter disklike entities, embedded
in a disorganized manner in what appears to be a bicontinuous
framework primarily consisting of PEO chains (Figure 2c). On
increasing the concentration to 30 wt %, a bicontinuous structure
(without any obvious protuberances) separating water-filled
chambers with an average pore center-to-center distance of ca.
200 nm was observed. The corresponding SANS intensity profiles
for solutions of FOF with polymer concentration ranging from
10 to 50 wt % are shown in Figure 4. Intensity profiles normalized
by their respective concentrations are shown in Figure 4b. The
high-¢ region, dictated by the thickness, shows good overlap,
indicating its invariance to changes in concentration. The corre-
lation peak in the mid-¢ region undergoes a distinct change when
concentration increases above 10 wt %, which we associate the
transition to the bicontinuous morphology in Figure 2d.

A form factor expression that describes scattering from ran-
domly oriented disks of radius Rp and thickness /i was chosen to
model the high-¢ region for all concentrations (eqs A10 and A1l
in Appendix).®! Previous work with bicontinuous morphologies
such as surfactant sponge phases has shown that the scattering
profiles can be satisfactorily fitted with the form factor expression
for disks, hence our choice to fit even the higher concentration
profiles with the same expression.®* All the intensity profiles were
satisfactorily fitted with values of 6 nm for /ip and 5.5 nm for Rp,.
We emphasize that fitting the intensity profile without consider-
ing the structure factor peak would yield a slightly lower value for
the disk radius though would not affect the estimate of disk
thickness. However, a good fit over most of the high-¢ region still
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Figure 4. (a) SANS intensity profiles for FOF at different concentra-
tions in water under PEO contrast matched conditions. For clarity, the
intensity data for higher concentrations have been shifted vertically:
20% (x10), 30% (x100), 40% (x1000), and 50% (x10000). The solid
lines are fits using eqs A10 and All. (b) Intensity normalized by
concentration. Inset shows the dependence of peak position on polymer
volume fraction, and the solid curve represents the fit to eq 1.

supports the disklike morphology. While the invariant fit value
for hp is anticipated from the concentration invariance of the
intensity profiles in the high-¢ region, the constant value for Rp is
less obvious and points to a need for closer examination of the
bicontinuous morphology evidenced in cryo-SEM. A notable
feature in all the scattering profiles is the low value of the
correlation length in the bicontinuous structure, calculated from
the peak position in the profiles (§p = 27/¢*). For the 30%
solution, the peak position corresponds to a spacing of 28 nm,
which is an order of magnitude lower than the pore size meas-
urements from cryo-SEM micrographs. This implies that the
peak results from a correlation within the walls of the bicontin-
uous structure that is not readily apparent in the cryo-SEM
(Figure 2b). We posit a structural arrangement where the
fluorocarbon disks, with PEO chains covering the surfaces, form
a skeletal bicontinuous framework. The platinum coating could
obscure any internal structure in the sheets in the cryo-SEM
images. This morphology is reminiscent of the bicontinuous arr-
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angement adopted by poly(N-isopropylacrylamide) (PNIPAM)
decorated disk-shaped clay nanoparticles in microphase-
separated PNIPAM/clay nanocomposite hydrogels.> Above
the lower critical solution temperature (LCST) of PNIPAM,
the polymer aggregates on the surface of the clay disk expelling
water from the clay surface as the polymer—clay composite
forms interpenetrating channels with water. In the case of
FOF, we speculate that the extreme hydrophobicity of the
PFPO core and the ensuing flat interface would force the PEO
chains to stack laterally?® and crowd the surface, forming a
bicontinuous arrangement with water expelled from the PEO—
PFPO interface.

Further evidence that the disklike form of the PFPO cores is
retained at higher concentrations comes from the dependence of
position of the correlation peak in the intensity profile on
polymer concentration. With increase in concentration the peak
position (¢*) shifts to higher values, approaching a scaling of ¢* ~
¢! for concentrations higher than 10 wt %. This is significantly
different from the scaling relation observed for solutions of BOB.
The explanation lies in the difference in the dimensionality (D) of
the hydrophobic core structure; D = 3 for PB spheres and D = 2
for PFPO disks. The dependence of the correlation distance (¢p)
on polymer volume fraction (¢) can be compared to an expression
proposed by Torquato, Lu, and Rubinstein, describing the mean
nearest-neighbor distance in a system of D-dimensional spheres
(D = 2 for thin disks).®*

I3 1 (= b? b
FD = 1—|—§ <2) exp (@) erfc {m}

4¢ 1
(1-¢)’ v
,_ d62+9)

(1-¢)’

In this equation o represents the minimum separation distance
attainable between two adjacent disks. We found a good fit using
a value of 23 nm for o (the solid curve in the inset to Figure 4b),
which is almost twice the diameter of the fluoro disk (11 nm). The
difference in these two values may be attributed to the PEO
chains, bridging and looping between the disks.

We have previously reported the microstructural characteriza-
tion of the 10 wt % aqueous solution of BOF.* Cryo-SEM and
contrast-matching SANS analysis supported the existence of a
bicontinuous compartmentalized network in which fluorocarbon
disks (ca. 14 nmin diameter and 5 nm in thickness) are distributed
within thin (thickness ~5—10 nm) PB sheets. Both faces of the
sheet are covered by brushes formed by looping PEO mid-blocks,
and the sheets form an open cell foamlike percolating structure
with 300—700 nm pores. In this report, we examine the effect of
concentration on the formation of this bicontinuous structure.
Cryo-SEM analysis revealed a bicontinuous network at 30 wt %
(Figure 2f), similar to that seen for 10 wt % (Figure 2e), albeit
with smaller pores indicating a tighter network at higher con-
centrations. SANS experiments were performed under both PEO
and PFPO matched conditions; the PB matched condition yields
little new information distinct from the PEO matched experi-
ment.*® For a three-component system, the intensity profiles ob-
tained under contrast matched conditions (where solvent cancels
out the coherent contribution from one component) can be
satisfactorily described with three terms: two self-scattering terms
and one pairwise correlation (cross-term). The cross-correlation
term can have both positive and negative contributions arising
from scattering interferences from both components, thereby
rendering it smaller than the two self-terms. Furthermore, if one
of the two remaining components is a dominant scatterer, either
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Figure 5. (a) SANS intensity profiles for BOF at different concentra-
tions in water under PEO contrast matched condition. For clarity, the
intensity data for higher concentrations have been shifted vertically:
20% (x10), 30% (x100), 40% (x1000), and 50% (x10000). The solid
lines are fits using eq A12. (b) Intensity normalized by concentration
under PEO contrast matching conditions. Inset shows the independence
of peak position on polymer volume fraction.

due to scattering length density or due to aggregation, the cross-
contribution is further weakened. These effects allow for a rea-
sonably good prediction of scattering profile by considering only
the individual coherent contributions. Thus, the intensity profiles
were fitted using a model that considers self-scattering contribu-
tions from PFPO disks, PB sheets, and PEO brushes weighted by
square of their respective scattering length density differences
with the solvent (see ref 46 and eq A12 in Appendix). Figure 5
shows results from PEO contrast matched solutions, in which the
fluorocarbon disks are expected to dominate the scattering profile;
the PFPO contrast match results are included in the Supporting
Information (Figure S7). As mentioned earlier, neglecting the
structure factor peak can offset the estimated value of the radius
of the disk. However, a close adherence of the theoretical estimate
with experimental data indicates the presence of disklike mor-
phology. When normalized by concentration, the intensity pro-
files in the high-g region showed no appreciable change with
increase in concentration, implying that the fluoropolymer disks
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do not change in shape or size, proving the resilience of the
structure to changes in concentration (Figure 5b). The peak
centered around 2 x 10”% A~ was attributed to the presence of
spatial correlations among the embedded fluorocarbon disks.
Notably, this peak exhibits no dependence on concentration
(inset in Figure 5b); this effect supports the above interpretation,
since the spacing between the disks within a given sheet should be
unaffected by changes in concentration. The low-¢ upturn in
intensity results from the water-filled chambers (pores in the cryo-
SEM micrographs in Figure 2e,f), which would decrease in size as
concentration increases but are still larger than the length scales
probed in the SANS experiment.

Discussion

The equilibrium microstructure in a two-component block
copolymer (A—B) system results from the free energy balance
between minimizing interfacial area and resisting any deviations
of the constituent blocks from their preferred Gaussian confor-
mations. Theoretical approaches to understanding the phase
behavior of such systems identify four distinct regimes, namely
“weak”, “intermediate”, “strong”, and “superstrong” segre-
gation.>"®" The first two regimes are characterized by low values
of the interaction parameter y between A and B units, which
results in weak perturbations of the coils from their Gaussian
state. In the strong segregation regime, obtained for large enough
chains and with high enough values of interfacial tension,
segregation of the two blocks into their respective domains occurs
with the interfacial zone between them being negligible in thick-
ness compared to the domain dimensions. For the case of one
block (A) being much smaller than the other (B), the micro-
structure corresponds to spherical A-rich domains (micellar
cores) surrounded by matrix of B. On addition of a B-selective
solvent, the system is expected to conserve this microstructure.
A representative example of a block copolymer system conform-
ing to the strong segregation regime is that of PB (A) and PEO
(B).%® Bates and co-workers have reported the existence of
spherical micelles in aqueous dispersions of diblock copolymers
of PB and PEO with volume fractions of PEO higher than
0.6.%"° One could expect that introducing a link between two
diblock copolymer molecules segregated in two different micelles
would bring in bridging interactions between the micelles but not
affect the shape of the core. This explains the formation of
networks with spherical junctions in aqueous solutions of BOB.

The superstrong segregation regime (SSSR) is obtained when
the interfacial tension is so high as to overwhelm other contribu-
tions to the free energy. In this case, flat interfaces are favored as
the smaller block (A) fully stretches to reduce contact with the
interface. Although Semenov et al. speculated that this regime
might only be experimentally accessible with ionic polymers, we
have previously observed core—shell—corona disklike micelles
formed from the linear terpolymer of PEO, polystyrene (PS), and
fluoro-modified PB (f-PB) in water, consistent with accessing the
SSSR.”> We proposed that the extremely high interfacial
tension between PS and f-PB was the primary reason for the for-
mation of flat interface. The concept of superstrong segregation
was then also applied to the interpretation of the multicompart-
ment micellar morphologies formed in dilute aqueous solutions
of miktoarm star terpolymers of PEO, PB, and PFPO.2! 726
Similarly, these concepts can help explain the formation of disks
and sheets in aqueous dispersions of FOF and BOF. Fluorocar-
bons are known to bear an extremely high interfacial tension with
water as compared to their hydrocarbon equivalents, and the
rodlike behavior exhibited by fluorocarbon molecules in aqueous
environment has been attributed to this superhydrophobicity.”>*°
Thus, the formation of a flat-interface disk-shaped assembly can
be understood in aqueous dispersions of FOF. However, it has
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Figure 6. Schematic representations showing the dependence of network morphology on the end-groups. 1,2-Polybutadiene, poly(ethylene oxide), and
poly(perfluoropropylene oxide) have been represented in red, blue, and green, respectively. The scale bars identify a length of 5 nm in each cartoon.

been argued that a solution of large isolated micellar disks is
highly unstable as the hydrophobic disk edges are enthalpically
unfavorable in aqueous environment.”* In small molecule surfac-
tants, enthalpically costly disk edges are avoided by transition-
ing to a bicontinuous morphology such as the sponge phase.”
Interestingly, the aqueous systems of FOF and BOF display
alternative ways of circumventing the enthalpic penalty of PFPO/
water interfaces. The FOF aqueous system does so by crowding
the surface of disk with PEO chains, thereby expelling water from
the interface, while the BOF aqueous system associates the fluoro
disks with the relatively less hydrophobic butadiene chains. While
our experiments cannot distinguish between these disks being
buried in the PB matrix or decorating the surface, the chain
packing motif seen in multicompartment assemblies like ham-
burger micelles and polygonal sheets from miktoarm star terpo-
lymers of the same component polymers that are discussed in this
paper suggests that the disks are embedded in the PB matrix (as
shown in Figure 6). This interplay between the two hydrophobic
blocks in the BOF system gives rise to an interesting structure,
contrary to a naive expectation of spatially distinct hydrophobic
domains arising from the incompatibility of the two blocks.*®

Summary

Using a combination of cryogenic scanning electron micro-
scopy and contrast matched small-angle neutron scattering
experiments, we have investigated the dependence of morphology
of a telechelic triblock polymer hydrogel on the chemical identity
of the end-blocks. With similar blocks at both ends (homo-
telechelic), the curvature of the hydrophobic domains and hence
the network morphology was driven by the interfacial tension
between the hydrophobic blocks and water. The hydrophobic
1,2-polybutadiene blocks segregated into spherical domains and
the presence of bridging hydrophilic mid-blocks gave rise to a
three-dimensional network. Using poly(perfluoropropylene oxi-
de) as end-blocks gave clusters of disklike micelles that arranged
themselves along a bicontinuous framework at higher concentra-
tions. For case of dissimilar end-blocks (heterotelechelic), the
network morphology was influenced by the interplay between the
two hydrophobic blocks such that the poly(perfluoropropylene
oxide) disks preferred being embedded in a bicontinuous 1,2-
polybutadiene matrix to avoid enthalpically costly interfaces of
the disk edges with water. These results establish that network
morphologies can be varied substantially by tuning the solvo-
phobicity of the end-blocks and by the overall architecture
(homo- vs heterotelechelic). Figure 6 provides a cartoon repre-
sentation of the various proposed structures.
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Appendix. Models for Fitting SANS Intensity Profiles

a. BOB Aqueous Solutions. Details of model fitting have
been explained elsewhere.™ >® A brief overview adapted
from these references follows.

The total coherent scattering intensity was given by the
following expression

AI(q) = / D(RC)[Puelq) + (Auic ())2[5(q) — 1]] dRc
(A1)

where Pnic(q) is the scattering form factor for a micelle
consisting of a spherical core of radius Rc and Gaussian
corona chains with radius of gyration Rg attached to the
core surface. There are four contributions to this term: the
self-correlation of the core, the self-correlation of the corona
chains, the cross-term between the sphere and the corona
chains, and the cross-term between different corona chains

N, agg Qﬁ coreZAcore2 (q ) + N, aggﬁcoronaQ P chain (q )
+ 2 Nagg2ﬂcoreﬁcorona’4 core (q) A corona (q)

-1 )ﬁcorona2 "400Y0¥13t2 (q) (AQ)

Pmic (q) =

+ Nﬂgg(Nagg

Here ¢ is the scattering wave vector, N, is the aggregation
number, and fSeore and Peorona are total excess scattering
lengths of core and corona blocks, respectively. They are
defined as ﬁcore = Ucore(pcore - psolvent) and ﬁcorona = Ucorona~
(pcorona - psolvent)7 where VUcore and Ucorona aI'c the volumes of
core and corona chains, respectively. Also, pcore> Peorona, and
Psolvent are the scattering length densities of core block,
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corona block, and solvent, respectively. The core self-term
Acore’(¢) is given by

Acorc2(q) = @’ (ch) eXp( - qQUintQ) (A?’)

where ®(x) = 3[sin(x) — x cos(x)]/x” is the hard-sphere form
factor and o, takes in account the smoothly decaying
density at the surface and represents the width of interface
between core and corona. The corona chain self-correlation
term Pgpain(q) 1s given by the Debye function

2[exp(—x) —14x]

Pchain (61) = X = qQRGQ (A4)

X

The form factor of corona chain features in cross-correlation
terms between core and corona chains [Acore(q) Acorona(q)]
and between different corona chains [Acorona (¢)]. This is
given as the normalized Fourier transform of the radial
density distribution function of the corona chains (pcorona(r))

sin(gr) 2 dr

4ﬂfpcomna(r)

r
Acorona(q) - 4

2 _ 2
€Xp(_ 4" Oint /2)
AT [ Peorona ()12 dr

(A5)

A sum of two partial cubic b spline functions was chosen for
Peoronal(r), as explained elsewhere. The form factor amplitude of
the radial scattering length distribution of the micelle is given by

Ami(: (Q) = Nagg (ﬁcor(‘,Acore ((]) + ﬁcorouaA(:orona (q) ) (AG)

The structure factor S(g) is given in terms of Fourier trans-
form of direct correlation function as

S(g)= (1-C(q) ™" (A7)

C(g) = —24¢x " [ax®(sin x — x cos x)

+ Bx%(2x sin x — (x* —2) cos x — 2)
+0.5¢a((4x* — 24x) sin x — (x! — 12x* + 24) cos x + 24)]
(A8)
where x = g(£s). a0 = (1 +2¢)°(1 — ¢) *,and f = —[3p(2 +
#)2(1 — ¢)*]"". Here ¢ is the hard-sphere volume fraction.

The polydispersity in micelle size was accounted for, by
considering a Gaussian distribution for core radii:

1 — (Rc —(Rc)Y)?
D(Rc) = N exp ( ZGRg c) ;i Rc>0 (A9)
R

where (Rc) is the average radius and oy is the width of
distribution truncated at Rc = 0.

b. FOF Aqueous Solutions. The total coherent scattering
intensity was modeled using®!

/2
Al(g) = (Ap)’N / Wofo(@) sing dg (A10)

where Ap represents the difference in the scattering length
densities of disk core block (PFPO) and solvent (PEO
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contrast matched), respectively. N and Vp represent the
number of disks in the solution and the volume of each disk,
respectively. The disk form factor ( fp>(¢)) is averaged over
all orientations by integrating over ¢', where ¢’ is the angle
between the scattering vector ¢ and the normal to the face of
the disk.

2

0
. 22 | [ sin (—q;D cos (f)/) 271 (¢Ro sin )
o = [ ( )

qh_D cos @' ¢Rpsin ¢/
2

sin ¢’ d¢’ (A11)
Here Rp and /ip represent the radius and thickness of the
disk, respectively.

¢. Aqueous Solutions of BOF. The model fitting has been
explained elsewhere.*® A brief overview follows.

/2
AT() = (g™ pepo (N / Wifo(@)] sin ¢ dg'}

4‘7-[f ¢ olymer - 2 2
+ (Ap>’<)2|PB {% [1 —cos(qd) exp (qTad> } }

2,
(YpEo) fPEOPpolymer
7

2L+d/2)

+ (Ap*)2|PEO{

sinfg(L+d/2)] <— q20L2>
aL+d2) TP\ 2

_dsin[q(d/Q)] oxp — ¢204? 2
q(d/2) 2
sin(u al"Ctan(ng))}

& (1+ (¢&,)" )"
(A12)

+ ¢polymer fPEO’lpPEO ‘Sb ! ( 1 //4)

Here (Ap*) represents the difference between the scattering
length density of polymer and solvent. The volume fractions
of each block in the copolymer and of the polymer in the
solution are represented by fand ¢,o1ymer, respectively. The
first term in the equation represents the form factor for the
disk-shaped fluoro domains. The disk form factor (fp*(¢)) is
givenineq All. The second term, weighted by the scattering
length density of PB, corresponds to the form factor of the
PB sheets of thickness d. The last two terms, weighted by the
scattering length density of PEO, include the form factor for
the PEO brushes of length L and blob scattering from the
PEO chains, respectively. ypgo represents the volume frac-
tion of PEO in the brush layer diluted by solvent. The blob
size (&,), which determines PEO brush length (L), was
estimated using approach followed elsewhere. The term u
is related to the Flory exponent (v) by ¢ = 1/v — 1, and for
PEO in water (v = 0.66), u = 0.515.
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