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ABSTRACT: The rheology of emulsions dictates their performance
in many scientific and industrial applications. Here, we demonstrate
that high-molecular-weight telechelic triblock copolymers composed
of polystyrene end blocks with a poly(ethylene oxide) midblock
effectively modify the rheology of a suspension of cyclohexane
nanodroplets. Because of their telechelic structure, these polymers
bridge between droplets to generate elastic networks with shear
moduli on the order of 1000 Pa. The network elasticity increases
with polymer concentration and molecular weight as the polymers
more effectively form bridges. Furthermore, we tune the nanoscale
interactions that control the polymer partitioning by decreasing the
temperature below the cloud point of the system. At low

temperatures, the polystyrene end blocks no longer preferentially partition into the cyclohexane droplets, and the emulsions
begin to exhibit terminal viscous relaxations. These results identify key properties of telechelic block copolymers that can be
exploited to significantly enhance nanoemulsion elasticity to improve the processability and transport of complex fluids in

applications ranging from 3D printing to functional hydrogels.
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1. INTRODUCTION

Emulsions are a class of complex fluids widely encountered in
scientific and industrial applications ranging from sweep fluids
in the petroleum industry’ to cosmetics and personal care
products.” When stabilized by small molecule surfactants or
other surface-active species,” > emulsion droplets interact
through nearly hard-sphere interactions, resulting in suspen-
sions whose mechanical properties are largely dictated by a
single physical parameter, the droplet volume fraction ¢.”’
This simplicity makes emulsions ideal systems for investigating
physical phenomena such as glassy dynamics,” cooperative
rearrangements,9’10 and the jamming transition,'”'* but it also
limits their tunability.

Applications such as 3D printing," injection molding,"* and
drug delivery" often require that emulsions be pumped,
sprayed, and extruded. During these processes, emulsions are
subjected to complex deformations that can significantly
distort their structure'® and deleteriously affect their perform-
ance. Introducing specific rheological properties such as a yield
stress'”'® or linear elasticity’ can ensure that the emulsion
system maintains its functionality during and after processing.
It remains challenging, however, to introduce these rheological
properties into neat emulsions because of their simple physical
interactions. Instead, desired rheological properties are
commonly introduced by incorporating additives such as
linear polymer chains.
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Linear polymeric additives tune emulsion properties by
modifying the rheology of the continuous phase or by inducing
structural changes. When dispersed in the continuous phase,
linear polymers interpenetrate and entangle to increase the
suspension viscoelasticity according to established scaling
laws."” Additionally, polymer chains may induce structural
changes in the suspension, such as the formation of depletion
gels.” Depletion gels form as colloids aggregate to minimize
the polymer excluded volume,”' ™’ resulting in a percolated
network of particles that increases the suspension viscosity and
generates a yield stress. Because of their entropic bonds,
however, depletion gels tend to be relatively weak and
brittle.>*”*” By contrast, particle networks formed by
polymeric bonds can exhibit significant extensibility, as the
polymers stretch and rearrange to accommodate the applied
strain.”>*’

These polymeric bonds are often formed by associative
polymers,””*" which possess attractive groups that bind to
dispersed particles.”>>° Telechelic polymers are a unique class
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of associating polymers possessing attractive groups only at
their ends, making them especially useful because their
interaction strength can be easily tuned by varying their end-
group chemistry.”” This chemistry can be exploited to drive
self-assembly in solution®®~** or to induce structural changes
in emulsions.*' ~** Despite the potential of telechelic polymer
additives to serve as facile rheological modifiers, it remains
challenging to predict and control the properties of the
resulting network.

Here, we investigate the effect of high-molecular-weight
telechelic block copolymers on the elasticity of a suspension of
emulsion nanodroplets. The emulsion is composed of
cyclohexane stabilized by a mixture of nonionic surfactants
to which the triblock copolymer poly(styrene)-b-poly(ethylene
oxide)-b-poly(styrene) (SEOS) is added. This system exploits
the thermodynamic partitioning of the polystyrene end blocks
into the cyclohexane droplets so that the polymer chains form
bridges that contribute to the formation of an elastic network.
We vary both the polymer concentration and molecular
weights and quantify the emulsion moduli using oscillatory
rheology. The moduli increase with increasing polymer
concentration and molecular weight as the chains more
effectively bridge between nanodroplets. Furthermore, we
exploit the upper-critical solution temperature (UCST)
behavior of the polystyrene/cyclohexane system to evaluate
the effects of the interaction parameter y. At temperatures
below the cloud-point of the system, the end blocks no longer
preferentially partition into the cyclohexane nanodroplets and
the emulsions begin to exhibit terminal relaxations. These
findings demonstrate how polymer properties can be exploited
to tune emulsion elasticity.

2. MATERIALS AND METHODS

2.1. Materials. Cyclohexane (>99% purity), Tween 20, and Span
20 were purchased from Sigma-Aldrich. Three different molecular
weights of poly(styrene)-b-poly(ethylene oxide)-b-poly(styrene)
(SEOS) were purchased from PolymerSource and used without
further modification. Poly(ethylene oxide) (PEO) was purchased
from Scientific Polymer. The properties and nomenclature of these
polymers are listed in Table 1. Additionally, polystyrene (PS) with M,
of 32.4 kDa (D = 1.03) and 12.0 kDa (D = 1.01) were purchased
from Scientific Polymer.

Table 1. Nomenclature, Number Average Molecular Weight
M,, and Dispersity D of Polymers Used in This Study

polymer M, [kDa] (PS-b-PEO-b-PS) b
SEOS-180/32 32-b-180-b-32 1.10
SEOS-180/10 10-b-180-b-10 1.10
SEOS-27/11.5 11.5-b-27-b-11.5 1.09
PEO 0-b-223.2-b-0 1.04

2.2. Emulsion Preparation. Cyclohexane-in-water emulsions
with a volume fraction ¢ = 0.5 were produced through sonication
in the following manner (Figure 1). First, Tween 20 with a
hydrophilic—lipophilic balance (HLB) of 16.7 was mixed with Span
20 (HLB = 8.6) at a weight ratio of 4:1 to form a nonionic surfactant
mixture with HLB = 15.0. This surfactant mixture was then diluted
with deionized (DI) water to the desired concentration of 17.0 g/L.
Nanoemulsions were prepared in batches of 6 mL by adding 3 mL of
cyclohexane dropwise at a rate of 0.3 mL/min to the diluted
surfactant solution under sonication at an amplitude of 30% on a 40
kHz Branson SLPe digital sonifier fitted with a 1/8 in. tapered
microtip. Sonication was stopped 2 min after the full addition of
cyclohexane to ensure effective emulsification. The desired quantity of

polymer was then added to the nanoemulsion, the vial sealed to
prevent evaporation, and the emulsion stirred at 50 °C until the
polymer was fully dissolved. Emulsions were prepared at nominal
SEOS concentrations of 1, 3, and S wt %, which correspond to 9.0, 28,
and 47 g/L, respectively. The prepared emulsions were stable for up
to a month, but showed signs of creaming on longer time scales.

2.3. Drop Shape Analysis. A Kriiss DSA-100 instrument was
used to measure the interfacial tension between cyclohexane and the
water—surfactant mixture using the pendant drop method.* A 27
gauge needle dispensed a 2 pL drop of surfactant solution into
cyclohexane. The interfacial tension between cyclohexane and the
surfactant solution was determined to be 7.9 + 0.2 mN/m by fitting
the contour of the droplet to a system of differential equations
outlined by the Young—LaPlace method.

2.4. Dynamic Light Scattering. Dynamic light scattering (DLS)
was conducted on a BI-200SM goniometer fitted with a Brookhaven
Instruments Mini L40 compact diode laser with a wavelength of 4, =
640 nm. Samples were diluted by ~200X with DI water prior to
taking five measurements at each of five angles ranging from 6 = 60—
120°. The resulting intensity autocorrelation functions g, were fit to
either a stretched exponential given by

8,(t) = A + Bexp(-2(I')’) (1)

to capture a single polydisperse population or to the sum of two
stretched exponentials given by

&,(1) = A + Blfesp(—(I;r)") + (1 = Pexp(—(L)T (2

to capture two populations. In these expressions, 7 is the delay time, I';
is the relaxation rate, and f3; is a stretching exponent that quantifies the
polydispersity of the particle sizes. A, B, and f are constants that
describe the long and short time plateaus and the fraction of the signal
intensity contributed by the first decay, respectively. The normalized
value T’ = T8/T*(1/3), where I'* is the Gamma function, allows for
comparisons of I' across different values of £.*° The nanodroplet
diffusivity is calculated by Dy = ['q% where g is the wavevector defined
by q = 47n sin(6/2) /A, and n = 1.333 is the refractive index of water.
The hydrodynamic diameter dy; of the nanodroplets is determined by
the Stokes—Einstein equation dy = kgT/37nDy, where kg is the
Boltzmann constant, T is the temperature, and # is the solvent
viscosity.

2.5. Rheology. Rheology measurements were performed on a
stress-controlled TA Instruments Discovery hybrid rheometer
(HR20) with a Peltier temperature controller. Depending upon
sample viscosity and volume restrictions, samples were characterized
using cone-and-plate geometries with diameters of either 20 or 60
mm, or a concentric cylinder geometry with a bob diameter of 28 mm
and a cup diameter of 30 mm. The polymer-free emulsion was
characterized in the concentric cylinder, and the 60 mm cone-and-
plate was used to characterize all emulsions containing PEO as well as
those containing either 9.0 or 28 g/L of any SEOS species. Emulsions
containing 47 g/L SEOS were characterized with the 20 mm cone-
and-plate. All samples were enclosed by a solvent trap to minimize
sample evaporation and allowed to equilibrate for 15 min under small-
amplitude oscillation. For either cone-and-plate geometry, the solvent
trap was sealed with mineral oil and its interior was saturated with
cyclohexane as additional precautions against evaporation. With these
precautions, evaporation and creaming effects were negligible over
experimental time scales of at least 2.5 h (see the Supporting
Information). All oscillatory measurements were performed within the
linear viscoelastic (LVE) region at a strain y = 0.3%. Data acquired
below the machine torque limit of 0.1 nN m or above the raw phase
limit of 170° were removed to account for artifacts arising from
instrumental inertia. At least three trials were conducted for each
sample.

3. RESULTS AND DISCUSSION

3.1. Establishing an Elastic Network. Because of its
telechelic nature, the SEOS polymer is expected to assemble at
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Figure 1. Schematic illustrating the emulsion preparation process, in which cyclohexane is added dropwise to an aqueous surfactant solution under

sonication and then mixed with the appropriate amounts of polymer.

the cyclohexane-water interface so that the hydrophobic
polystyrene (PS) end blocks are located within the cyclo-
hexane nanodroplets and the hydrophilic poly(ethylene oxide)
(PEO) midblock is located in the continuous aqueous phase.
To satisfy this condition, SEOS is expected to take on one of
two conformations—bridging between nanodroplets such that
each PS end block is located in a different droplet or looping
on a droplet such that both PS end blocks are in the same
droplet (Figure 2a). Additional conformations, such as
dangling chains,*” are possible but energetically unfavorable
and therefore expected to be negligible. Although nonionic
surfactants are used here, we expect the SEOS polymer to
adopt similar configurations in the presence of ionic surfactants
because the polymers are uncharged and the partitioning of the
chains is controlled solely by thermodynamic polymer—solvent
interactions. The bridging fraction 6 = fy,qging/Miora describes
the fraction of total chains that bridge between droplets and
has been found to depend on the nanodroplet size, dispersed
phase volume fraction, and the molecular weight of each
block.**~*" We note that only bridging chains will generate a
network, whereas looping chains will act as defects that do not
contribute to the enhanced elasticity of the emulsions.

To confirm that SEOS successfully bridges between
nanodroplets, we use DLS to analyze the dynamic relaxations
of emulsions diluted by ~200X with DI water. For diluted neat
emulsions, the DLS autocorrelation function g, follows a single
stretched exponential decay (Figure 2b), corresponding to an
average particle diameter of dy = 390 + 30 nm with a
stretching exponent = 0.76 + 0.06. This stretching exponent
indicates that the emulsion is formed by a moderately
polydisperse population of cyclohexane droplets. We confirm
that the parameters extracted from the stretched exponential
fits are consistent with values extracted from two-parameter
cumulant fits.”> For emulsions containing dissolved SEOS
polymer, however, g, of the diluted sample exhibits a second
decay. Although there are many methods to extract particle
dynamics from g,, including numerical inversion methods such
as CONTIN, we choose to fit the two-step decay with a sum of
stretched exponentials (eq 2). This fitting procedure is
commonly used in literature to explicitly capture two distinct
populations.™

For the diluted SEOS emulsion, the first decay corresponds
to an average particle size of dy = 400 + 20 nm with a
stretching exponent f = 0.84 + 0.07. Within experimental
uncertainty, this first population is indistinguishable from that
measured in the neat emulsion (inset to Figure 2b), indicating
that the addition of SEOS does not significantly affect the size
of individual droplets. The second decay occurs at a longer

Figure 2. (a) Schematic illustrating possible looping and bridging
conformations of SEOS. (b) Normalized autocorrelation function
(g2 — 1)/B as a function of time 7. Curves are fits to eqs 1 and 2. All
DLS measurements were taken at T = 21 °C. The SEOS-containing
sample was diluted by a factor of ~200X from an emulsion containing

28 g/L SEOS-180/32. Inset: Normalized relaxation rate I' as a
function of qz. Error bars represent one standard deviation.

times and thus corresponds to the presence of larger structures,
which is consistent with visual observations of macroscopic
particulates that fail to fully disperse when the emulsion is
diluted (see the Supporting Information). We attribute these
structures to polymer-linked clusters of nanodroplets. With T =
0.33 + 0.09 s™" and 8 = 0.87 + 0.09, this second decay would
correspond to a cluster size of dy & 370 + 120 um, but this
size is beyond the limit of Brownian motion. When particles
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are this large, viscous forces dominate thermal fluctuations to
invalidate the assumptions of the Stokes—Einstein expres-
sion.”* Instead, we expect the decorrelation to occur as the
cyclohexane clusters cream to the top of the sample due to the
liquid density difference. Indeed, the second decay disappears
over time but reappears when the sample is inverted to
redisperse the droplets and clusters. For these reasons, we
cannot accurately estimate the cluster size from DLS.
Nevertheless, the appearance of the second decay demon-
strates that the SEOS polymer successfully links the nano-
droplets into networks.

After confirming that the SEOS polymers effectively bridge
between emulsion droplets, we explore the effect of this
bridging on the rheological properties of the emulsions. We
first identify the linear viscoelastic region using an oscillatory
amplitude sweep at constant frequency (Figure 3). At low

Figure 3. Storage modulus G’ (closed symbols) and loss modulus G”
(open symbols) at @ = 10 rad/s and T = 40 °C as a function of
oscillation strain y for an emulsion containing 28 g/L SEOS-180/32.
The shaded area indicates the linear viscoelastic (LVE) region, and
the vertical dashed line indicates the strain y = 0.3% used for future
oscillatory measurements. Blue and gray points represent data
acquired during up and down sweeps with increasing and decreasing
7, respectively.

strain amplitude y < 0.4%, the linked emulsion system
responds as an elastic solid with the storage modulus G’
larger than the loss modulus G”. For y > 0.4%, however, the
material enters the nonlinear regime. In this regime, the elastic
modulus G’ decreases rapidly and G” initially increases to
develop an overshoot at y & 10%, which are both typical
characteristics of a yield-stress fluid.”*® Qualitatively similar
behavior is observed for all SEOS emulsions. After the sample
is yielded, we measure the recovery of network properties
through a second amplitude sweep from high to low strains
(Figure 3). As y decreases, the material transitions from
viscous flow back to elastic deformation. During this recovery,
the peak in G” is suppressed and shifted to lower strains, and
the emulsion fails to fully recover its original elastic modulus.
These characteristics indicate that the yielding process is
irreversible. Physically, we expect this irreversible yielding to
occur because the PS end blocks are pulled out of the
cyclohexane droplets at high strains and then reimbed in a new
cyclohexane droplet to form either a new bridge or loop. Thus,
yielding acts to transition some bridges into loops, weakening
the network and reducing the elasticity of the material. Because

of the irreversible nature of this process, quantifying the
nonlinear properties of this system requires carefully designed
rheological procedures and remains a significant challenge that
will be addressed in future work. For the rest of this work, we
will focus on characterizing the linear rheological properties of
these linked emulsion networks.

3.2. Effects of Polymer Properties. Frequency sweeps of
the linked nanoemulsions indicate that their rheology strongly
depends on polymer properties (Figure 4). Emulsions

Figure 4. Storage modulus G’ (closed symbols) and loss modulus G”
(open symbols) at T = 40 °C as a function of oscillation frequency @
for emulsions containing 28 g/L polymer.

prepared with the highest M, SEOS-180/32 polymer are
highly elastic with a large G’ that decreases only slightly with
decreasing @. Furthermore, G’ of the SEOS-180/32 sample
exhibits a plateau at low @, indicating that the sample is fully
elastic without undergoing any observable terminal relaxations.
By contrast, emulsions produced with the same concentration
of the SEOS-180/10 polymer, which has lower M, end blocks
but a comparable midblock, have much lower moduli and
exhibit clear terminal relaxations in which G” > G’ at low w.
The SEOS-27/11.5 polymer has a lower M, midblock but
produces emulsions with intermediate moduli that slowly
decrease with decreasing . Similar qualitative trends are
observed for emulsions prepared at different polymer
concentrations (see the Supporting Information). The
observed changes to the relaxation spectra demonstrate that
the end- and midblock M, control the rheological properties of
the linked nanoemulsions.

We confirm that these changes are caused by the bridging of
the SEOS polymer by comparing their rheology to that of an
emulsion prepared with neutral PEO chains of a similar
molecular weight (Table 1). PEO chains are expected to
dissolve entirely in the continuous aqueous phase of the
emulsion because of their lack of hydrophobic end groups. The
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Figure S. (a, d) Storage modulus G, (b, e) loss modulus G”, and (¢, f) tan(5) at T = 40 °C and @ = 10 rad/s for emulsions prepared with various
polymers as a function of (a—c) mass concentration and (d—f) molar concentration. Error bars represent one log-normal standard deviation.

resulting emulsions are mostly viscous (ie, G” > G’) with
rheology nearly indistinguishable from that of a neat PEO
solution at a comparable concentration (see the Supporting
Information). These results indicate that although non-
associating chains do increase the viscosity of the cyclohexane
emulsions, they cannot generate the elasticity observed for
telechelic polymers.

The rheological properties of the linked emulsion networks
also depend on the concentration of polymer additives. For all
polymers, both G’ and G” increase with increasing polymer
concentration, but the rate of change depends on the M, of
both blocks of the copolymer (Figure Sa, b). The higher M,
SEOS-180/32 increases the emulsion moduli more rapidly
than the lower M, species SEOS-180/10 and SEOS-27/11.5.
Additionally, the network elasticity is similar for emulsions
containing SEOS-180/32 and SEOS-27/11.5 as quantified
through tan(8) = G"/G’, but the network formed by SEOS-
180/10 is much less elastic at comparable mass concentrations
(Figure Sc). In all cases, the networks formed by SEOS
polymers are more elastic and have higher moduli than
emulsions prepared with the nonassociating PEO chains. From
these trends, both SEOQS-180/32 and SEOS-27/11.5 appear
equally effective in enhancing the emulsion elasticity. When
the rheological properties are plotted against molar concen-
trations (Figure Sd—f), however, a clear trend develops. The
storage modulus of the network increases most rapidly as a
function of molar concentration for SEOS-180/32, followed by
SEOS-180/10, PEO, and finally, SEOS-27/11.5. Because molar
concentration quantifies the number density of chains, this
trend indicates that the SEOS-180/32 chains are more effective
at generating a strong, elastic network on a per chain basis.

From these observations, we can begin to construct a
theoretical understanding of how telechelic triblock copoly-
mers enhance the rheological properties of linked emulsions.
For polymeric materials, the modulus G of an elastic network is
typically described according to the affine network model,
which gives G & vk T, where I/ is the number density of chains
participating in the network.'” In this system, only bridging
chains will contribute to the network” so that G & ovkgT,
where v, represents the number density of total chains in the
system. Therefore, we expect the bridging fraction o to play a
dominant role in controlling the emulsion moduli. Previous
studies®*” find that ¢ is predominantly controlled by the ratio
a = Dip/R,, where Dy = Al (P )2 — ] & 34 nm is the
surface-to-surface spacing between droplets®® and ¢, = 0.64
is the volume fraction at random close packing. The radius of
gyration R; of the polymer chalns is estimated to be 22 and
7.3 nm for free PEO chains®’ with M, = 180 kDa and 27 kDa,
respectively. With these estimates, we calculate that a = 1.5
and 4.6 for SEOS chains with midblock sizes of 180 and 27
kDa, respectively. Although ¢ is well-controlled in our
emulsions by the amount of cyclohexane added during
emulsification, the polydispersity of droplets will lead to a
distribution in Dy and therefore a distribution in a. At low «,
the distance between droplets is small relative to the size of the
polymer, meaning that the polymer has a relatively high
likelihood of forming a bridge. As a increases, ¢ decreases
because bridge formation becomes energetically unfavorable as
it requires the polymer to entropically stretch.

On the basis of the Monte Carlo simulations of Testard et
al,>” these estimated a values correspond to ¢ &~ 0.2 and 0.02
for SEOS-180/32 and SEOS-27/11.5, respectively. This order-
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Figure 6. Storage modulus G’ (closed symbols) and loss modulus G” (open symbols) as a function of frequency @ for emulsions containing 28 g/
L: (a) SEOS-180/32, (b) SEOS-180/10, (c) SEOS-27/11.5, and (d) PEO at both T = 10 °C (blue) and T = 40 °C (red). Inset: Schematic
demonstrating the conformational changes of the PS end blocks across Tj.

of-magnitude higher bridging fraction qualitatively explains the
higher moduli for emulsions prepared with SEOS-180/32
relative to those prepared with SEOS-27/11.5 on a per chain
basis (Figure Sd). The lower M, of SEOS-27/11.5, however,
largely offsets this difference in ¢ by increasing the chain
number density to give comparable moduli when polymer
concentration is considered on a mass concentration basis
(Figure Sa). Using these bridging fractions, we estimate the
elastic moduli of emulsions prepared with 28 g/L of SEOS
with 180 and 27 kDa midblocks to be on the order of 50 and
20 Pa, respectively, in good agreement with experimental
findings.

This difference in bridging fraction, however, cannot explain
the difference observed between SEQS-180/32 and SEOS-
180/10, which only differ in the M, of the PS end blocks. In
this case, we expect a secondary contribution to emulsion
properties to arise from the strength of thermodynamic
interactions localizing the PS end blocks within the cyclo-
hexane droplets. Polymer phase behavior is well described by
the Flory®’—Huggins”’ interaction parameter y, which can be
straightforwardly expanded to describe the partitioning of
polymers in a ternary system according to the difference in
interaction parameters Ay.®%° In this system, Ay corresponds
to the difference between the PS/water and PS/cyclohexane
interaction 6parameters. Similarly, the self-assembly of block
copolymers® is controlled by the product yN, where N is the
degree of polymerization. Merging these descriptions, we
expect that the partitioning of the PS end blocks is controlled
by AyN such that the SEOS polymers with larger M, end
blocks partition more strongly. This partitioning may affect the

emulsion properties in two ways. First, the larger M, end
blocks will result in stronger effective cross-links that enhance
the network modulus.”” Second, the stronger partitioning
should result in a higher fraction of bridging chains by slowing
the kinetics of bridge-to-loop transitions.®*®’

Our finding that telechelic polymers with higher M, end
blocks lead to more elastic emulsions is consistent with
previous studies using telechelic polymers with oligomeric
C18-end blocks.”””" These studies find that polymers with
oligomeric end blocks significantly thicken a microemulsion
suspension but fail to induce the same degree of elasticity
observed in this study. In contrast to the low-w plateau
observed in our emulsions (Figure 4), the microemulsions
thickened by C18-linkers display viscous behavior with
terminal relaxations. We expect that this difference is caused
by different energy barriers controlling the end block
partitioning. In our system, the high M, end blocks leads to
a large AyN and a significant energy barrier that prevents the
end blocks from partitioning into the continuous phase. In the
case of oligomeric end blocks, however, AyN is much smaller
so that the end blocks can partition into the continuous phase
to break and reform the elastic network. This difference in
energy barriers explains how emulsions prepared with
oligomeric linkers are thickened but viscous, whereas our
emulsions prepared with high M|, linkers remain elastic even at
low @. Moreover, this physical picture is consistent with the
different relaxations observed for the SEOS-180/32 and SEOS-
180/10 samples.

3.3. Thermally Driven Nanoscale Changes. In addition
to controlling AyN by changing the length of the PS end block,
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we can test the effect of the thermodynamically controlled
partitioning by varying the temperature across the M-
dependent upper-critical solution temperature T, for poly-
styrene in cyclohexane.”” For T > T, cyclohexane acts as a
good solvent (ie., y < 0.5) and swells the PS chains, but for T
< Ty cyclohexane acts as a poor solvent (i.e., y > 0.5), resulting
in the PS chains collapsing into globules.”””* We confirm this
conformational change by observing the turbidity of a solution
of free PS chains with comparable M, to the SEOS end blocks.
For M, = 32.4 kDa, the solution becomes turbid for T < 11 °C,
in agreement with literature values (see the Supporting
Information). For M, = 12 kDa, however, the cyclohexane
freezes before the cloud-point is reached. Therefore, we assess
the effects of Ay by comparing the rheological curves for T >
T, to those measured at T < Tj,.

For emulsions prepared with PEO or the SEOS polymers
with low-M,, PS end blocks, the rheological curves are shifted
to lower frequencies at low T, but the shapes of the relaxations
remain essentially unchanged (Figure 6). The shift to lower @
indicates that the relaxations in the emulsions are slower,
consistent with an increase in the viscosity of the aqueous
continuous phase; the similar shape of the frequency sweeps,
however, indicate that the change in temperature does not
fundamentally affect the nature of the relaxations in the system.
By contrast, the frequency sweeps for the emulsion containing
the SEOS-180/32 polymer exhibit markedly different behav-
iors as a function of temperature (Figure 6a). At high T, the
SEOS-180/32 emulsion exhibits a clear elastic plateau at low
frequency, as previously discussed. Below Ty, however, the low-
® plateau disappears, and the emulsion shows signs of
undergoing terminal relaxations. This change in the relaxation
spectrum of the emulsion indicates that the droplets now
viscously rearrange on long time scales rather than
participating in an elastic network. Furthermore, we observe
qualitatively similar changes in the relaxations for all emulsions
prepared at different concentrations of the SEOS-180/32
polymer (Figure 7). In all cases, the sweeps at high
temperatures show clear elastic plateaus at low @ that
disappear when T < Tj.

The observed rheological changes indicate that Ay has a
profound effect on the elasticity of emulsions containing
telechelic block copolymers. As discussed previously, we find
that the difference in interaction parameters AyN controls the
degree of partitioning of the telechelic end blocks into the
cyclohexane droplets. At low temperatures, the PS/cyclo-
hexane interaction parameter becomes unfavorable and
approaches that of PS/water so that AyN approaches zero.
In this fashion, decreasing T < T, reduces the enthalpic
interactions controlling the partitioning of the PS end blocks in
the cyclohexane droplets, and the telechelic chains no longer
act as cross-links. Without strong enthalpic interactions
promoting the partitioning of end blocks into the dispersed
droplets, the telechelic polymers fail to produce a fully elastic
network.

4. CONCLUSIONS

In this work, we demonstrate that telechelic block copolymers
efficiently bridge between emulsion droplets to generate an
elastic network. Polymers with higher-molecular-weight mid-
and end blocks generate stronger networks by increasing the
fraction of bridging chains and strengthening the partitioning
of the end blocks, respectively. Furthermore, we directly test
the effect of the interaction parameter y by varying the

Figure 7. Storage modulus G’ (closed symbols) and loss modulus G”
(open symbols) as a function of oscillation frequency w for emulsions
containing SEOS-180/32 at concentrations of (a) 9.0 g/L, (b) 28 g/
L, and (c) 47 g/L at both T = 10 °C (blue) and T = 40 °C (red).

temperature across the polystyrene/cyclohexane cloud point.
For low-M, end blocks that do not undergo a significant
conformational change at low temperatures, the relaxations in
the emulsion are slowed but not fundamentally altered. For
high-M,, end blocks, however, the low-frequency elastic plateau
disappears at low temperatures because of weaker partitioning
of the end blocks into the cyclohexane droplets.

These findings serve as guiding principles to aid the design
of complex fluids for applications such as 3D printing
inks,">”*”* injectable therapeutics,’*’”” and functional hydro-
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gels.”®”? These applications require materials that flow under
applied stress but possess finite elasticity at rest, the
combination of which allows them to be easily processed
and retain their shape after being delivered to regions of
interest. Although emulsion-based systems promise enhanced
functionality because of their distinct nanoscale structure, they
often suffer from low elasticities and poor mechanical
properties. This work demonstrates how telechelic block
copolymers can serve as eflicient rheological modifiers to tune
and control the suspension elasticity through straightforward
parameters including concentration, molecular weight, and
temperature.
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