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ARTICLE INFO ABSTRACT

Keywords: Loaded polymer gels are prevalent materials in the controlled release community and, fairly recently, have been

Organogels formulated to include nanocarrier domains such as micelles and vesicles. One mechanism used to establish the

]S?l(l)ka COpo;]ymers solid-like characteristic of gels is block copolymer self-assembly, which can result in a system-spanning, physi-
ell-assembly

cally-crosslinked network. The combination of nanocarrier and crosslink domain presence offers gels with a rich
nanoscale phase space capable of intricate macroscopic property tuning. The current manuscript provides an
overview of nanocarrier-loaded block copolymer organogels wherein nanocarriers are reverse micelles formed by
sodium dioctyl sulfosuccinate (AOT), the block copolymer is a styrenic ABA triblock copolymer, and the gel
solvent is aliphatic mineral oil. This introductory overview starts by identifying the envelope in ternary phase
space wherein nanocarrier-loaded block copolymer organogels form (2-49 wt% triblock copolymer and 8x107~3-
1 wt% AOT). Next, a detailed nanostructural description of gels varying in AOT and triblock copolymer con-
centration is presented. The manuscript concludes with demonstration of AOT reverse micelle release and gel

uniaxial tensile response for gels containing 0-1 wt% AOT and 5-40 wt% styrenic triblock copolymer.

1. Introduction

Polymeric gels containing payload compounds — commonly referred
to as loaded gels — have been of focus in the macromolecular and
controlled release communities for a number of decades [1,2]. Major
applications of loaded polymer gels include drug [2] and agricultural [3]
delivery wherein payload compounds comprise pharmaceutical, thera-
peutic, fertilizer, or insecticide compounds. Within drug delivery,
loaded gels have been applied as transdermal [4,5] and injectable [6,7]
media, as well as, used for a range of treatments from ocular [8] to in-
testinal [9]. Arguably, the largest benefit of loaded polymer gels over
their solution-based alternatives is the spatiotemporal control they
enable. The solid-like characteristics of gels confines them to the site
where they are applied whereas liquids are free to flow including to
ineffective, or undesired, locations. Additionally, gels’ macromolecules
serve as barriers to diffusion, and their functionality and concentration
can be used to tailor the rate of payload release [10,11]. The delivery
rate from solution, on the other hand, is typically fixed based upon
process variables. Two primary considerations in formulating loaded
gels are the state of the payload compound and the mechanism of gel
crosslinking.
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Gel payload can exist either as freely dispersed molecules or as an
encapsulant inside of nanocarrier domains. The former case leads to
more straightforward formulation since less components are required,
but dispersed payload is typically released rapidly and is liable to un-
dergo significant ‘burst’ release wherein an undesirable discharge of
payload occurs in the early stage of application [12]. Furthermore, the
list of candidate payload compounds is restricted to those soluble in the
gel solvent (e.g., payload dispersed in hydrogels must be relatively
water-soluble). Recent work has shown that gels can alternatively be
imbibed with micelles [13,14], or vesicles [15,16], that are capable of
containing the payload compound. These approaches have shown
considerably extended release times and reduction in ‘burst’ release [17,
18], and their unique internal environment (compared to the gel sol-
vent) enables even solvent-insoluble payload compounds to be incor-
porated. Vesicles in particular offer outstanding flexibility in terms of
potential payload candidates since they contain both hydrophilic and
hydrophobic regions for encapsulation [19].

Gel crosslinking, on the other hand, is responsible for gels’ solid-like
behavior. Potential crosslinking methods grow more diverse with our
expanding knowledge of polymer synthesis, but can generally be cate-
gorized as chemical or physical [20]. Chemical crosslinking involves
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covalent bonds that connect two or more polymer chains resulting in a
system-spanning network. Alternatively, physical crosslinking joins
multiple polymer chains through non-covalent interactions (e.g,
hydrogen bonding, columbic attraction, crystallization, or phase
immiscibility). The latter mechanism is beneficial in that non-covalent
interactions are reversible providing gels with thermal-, solvent-,
and/or shear-based sol-gel transitions, which enable gels to be pro-
cessed, recycled, or injected post-crosslinking [4,21,22]. In contrast to
covalent crosslinks, which exist at a length scale commensurate with
small molecules (~0.1-1 nm), physical crosslinks are often much larger
(~10 nm) due to the microphase separation processes they rely upon.
Crosslinking via block polyelectrolyte self-assembly, for example, results
in crosslinks as large as 10.5 nm and ranging in geometry from spheres
to cylinders to lamellae [23].

Gels comprised of nanocarriers and large physical crosslinks offer a
relatively complex nanoscale topology with a number of formulation
knobs for tuning structure and consequently macroscopic properties.
This manuscript’s goal is to introduce a new class of gels, which we refer
to as dual domain organogels (DDOGs), that are formed through phys-
ical crosslinking, contain nanocarrier domains, and are prepared with
nonvolatile mineral oil as the solvent. More specifically, gels are pre-
pared using the previously studied pairing of styrenic triblock copol-
ymer and midblock-selective, aliphatic oil [24,25] combined with an
amphiphile capable of forming reverse micelles (Fig. 1). These DDOGs
offer several practical benefits over hydrogel analogues including the
ability to be thermally processed well over 100 °C and a reduced
dependence on environmental conditions (e.g, they do not dry out at
low humidity).

2. Experimental details
2.1. Materials and sample preparation
The materials used in this study include sodium dioctyl sulfosucci-

nate (AOT, Scheme 1) (Sigma Aldrich, > 97%), 7,7,8,8-tetracyanoquino-
dimethane (TCNQ) (VWR International, > 98%), toluene (VWR

Fig. 1. A schematic representing the nanoscale structure within DDOGs. The
two domain types and relevant geometric parameters are identified (rrm =
reverse micelle radius, rps = polystyrene crosslink radius, and dps_ps = distance
between polystyrene crosslinks).
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International, reagent grade), poly[styrene-b-(ethylene-butylene)-b-sty-
rene] (SEBS, Scheme 1) (Kraton Polymers LLC, grade G1654H, M, =
125 kDa, P = 1.01, fps = 0.33 g PS/g), and white aliphatic mineral oil
(MO) (Sonneborn LLC, grade Hydrobrite 200 PO). Of these, Kraton
Polymers LLC and Sonneborn LLC generously provided SEBS and MO,
respectively, and all compounds were used as received.

Solutions for small angle x-ray scattering (SAXS) experiments were
prepared by directly dissolving AOT in MO at the desired concentration
by mixing on a stir plate at 40 °C. Gels were prepared by dissolving SEBS,
MO, and/or AOT each at its desired quantity in toluene at a 20:1 toluene
volume to gel solids mass ratio (e.g., 2.0 g SEBS, 0.1 g AOT, and 7.9 g MO
were dissolved in 200 mL toluene). Once complete dissolution was
achieved as ascertained by eye, homogenous gels were extracted from
toluene solutions by rotary evaporation (28.5 mmHg and 40 °C). Iso-
lated gels were then annealed in a vacuum oven at ~35 mmHg and
120 °C for approximately 18 h. Gels were subsequently formed into
desired sample geometries using a Carver Press operated at 100-150 °C
(depending on SEBS concentration) and minimal applied pressure.

2.2. CMC determination

To determine critical micelle concentration, cmc, solutions contain-
ing AOT, TCNQ, and MO are required. TCNQ was first dissolved in
toluene at 3.5x1072 wt%. Next, TCNQ-MO and TCNQ-AOT-MO master
solutions were formulated by adding 1.0 g of the 3.5x10~2 wt% TCNQ-
toluene solution per 15.0 g of MO, or 15.0 g of 1 wt% AOT in MO, so-
lution. Toluene was removed from the resulting mixtures through rotary
evaporation (28.5 mmHg and 40 °C) for 3 h. Finally, a concentration
series was created through 2" serial dilution of the master TCNQ-AOT-
MO solution using the TCNQ-MO solution. Solutions containing TCNQ
were stored in dark conditions whenever possible to avoid light-induced
degradation and UV-vis spectra were collected on a Hach DR6000
spectrophotometer.

2.3. SAXS experiments

Small angle x-ray scattering (SAXS) experiments were conducted on
beamline 12-ID-B at the Advanced Photon Source (Argonne National
Laboratory). Experiments used 13.3 keV x-ray radiation (A = 0.93 Z\) and
a Pilatus 2M detector located at sample-to-detector distance, I;g = 2.01
m. Experiments were performed at ambient temperature and pressure,
and all samples were measured in transmission mode. Solutions were
assessed using a 1.0-mm capillary flow-through cell to eliminate noise
from capillary-to-capillary variation.

Raw two-dimensional SAXS intensity maps were converted into one-
dimensional intensity profiles via azimuthal integration where the one-
dimensional scattering vector, g, is related to the scattering half-angle, 6,
and x-ray wavelength, 1, by q = 4zsin(0)/A. Solution data was back-
ground corrected by subtraction of MO-filled capillary data. Alterna-
tively, the MO contribution in gel data was removed by subtracting
capillary-corrected MO data (i.e., MO in capillary data minus empty
capillary data). All data was converted to absolute scale using glassy
carbon as a reference. [26] One-dimensional profiles were fit using the
SasView package (http://www.sasview.org/).

2.4. Release experiments

Gels were formed into disks with a diameter and thickness of 25 mm
and 1.5 mm, respectively. Gel disks were placed into glass jars con-
taining MO at a 3:100 gel mass to liquid MO volume ratio (e.g., 3.00 g gel
submersed in 100 mL of MO). Jars were maintained at ambient tem-
perature and were periodically agitated. To limit MO consumption and
waste, the MO in jars was not replaced over the course of diffusion ex-
periments. This factor is accounted for wherever necessary in the
theoretical framework used to model resultant retained mass profiles. A
comprehensive mathematical treatment can be found in our previous
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Scheme 1. Chemical structures for SEBS and AOT. To correlate with Fig. 1, the polystyrene endblocks of SEBS are shown in purple, the ethylene-butylene midblock
of SEBS and aliphatic AOT tails are shown in green, and the polar AOT headgroup is shown in blue.

publication [27]. Gravimetric and Fourier transform infrared spectros-
copy (FTIR) measurements of gels were collected at regular intervals to
track the amount of AOT retained in gels. MO present on gels’ surface
was wiped off prior to each measurement. FTIR data was collected using
a Thermo Scientific Nicolet iS10 spectrometer maintained at ambient
temperature and purged with Ny. A spectral resolution of 0.5 cm ™! was
used and each spectrum is an average of 32 scans. No IR-transparent
windows were required for analysis due to the freestanding nature of
gels. Release data was fit using the fittype function in MATLAB.

2.5. Uniaxial tensile experiments

Uniaxial tensile testing of DDOG samples was performed on an
ADMET eXpert 8000 planar biaxial tester (utilizing only one axis). Initial
gel dimensions were ca. 7.6 mm (W) x 1.6 mm (T) and each formulation
was tested in triplicate at a stretch rate of 0.01 sec L.

3. Results & discussion
3.1. Phase behavior

The first step in our exploration of DDOGs is theoretical consider-
ation of their phase behavior. We start by exploring the (in)compati-
bility between the relevant groups present (i.e., polystyrene (PS), poly
[ethylene-butylene] (EB), MO, aliphatic AOT tails (AOT-t), and polar
AOT headgroups (AOT-h)). An established method for predicting
chemical compatibility is comparison of solubility parameters. Hansen
solubility parameters, specifically, take into consideration the disper-
sive, polar, and hydrogen-bonding interactions that contribute to the
compatibility of various compounds [28,29]. The ultimate characteristic
of compatibility from the Hansen solubility parameter approach is sol-
ubility distance, R,, for which lower values reflect compounds that are
more compatible. In this approach, solubility distance is computed by

R,= \/4(541 - 5d2)2 + (5p1 - 5,;2)2 + (Ghr — 5h;72)2 @

where 8g;, 6, and Spp; are the dispersion, polar, and hydrogen-bond
solubility parameters of component i and subscripts I and 2 are for
the two components under consideration. Details regarding calculation
of all solubility parameters are given in the Supporting Information
(Tables S1-S5). The resultant value of R, for a pair of compounds is then
compared with the maximum allowable value for solubility to occur, Ry,
which is system dependent. Previous studies have shown that Ry values
for organic systems are ~3.9-5 MPal/? [30-32]. Additionally, others’
have demonstrated that SEBS/MO mixtures yield mostly pure PS and
mixed EB/MO phases [25,33,34], which further confirms this Ry range
since R, for PS/EB (immiscible) and EB/MO (miscible) are 4.9 and 3.9,
respectively (Table 1). The full matrix of R, values for pairs of interest
(Table 1) suggests two things. First, PS and AOT-h should each phase

Table 1

Solubility distance, R,, values (in MPa'/?) for compound pairs of interest.
Values less than ca. 4.0 suggest compatibility. Green, yellow, and red
shading reflect the tendency of EB, MO, and AOT-t to mix, PS to micro-
phase separate, and AOT-h to microphase separate, respectively.

PS | EB | MO | AOT-t | AOT-h
PS 0.0 - - - -
EB 49 | 00 - - -
MO 86 | 39 | 0.0 - -
AOT-t | 7.0 | 22 1.7 0.0 -
AOT-h | 28.8 | 299 316 30.9 0.0

separate into their own, nearly pure phases. Second, EB, MO, and AOT-t
should form a single well-mixed phase. These results, combined with the
covalent connectivity of AOT-h and AOT-t, as well as, PS and EB,
theoretically support the nanostructure presented in Fig. 1.

The phase behavior described by Hansen solubility parameter theory
must be experimentally validated. The phase separation of PS endblocks
in similar SEBS/MO gels has already been shown through a combination
of electron microscopy and simulation [25,33]. To further confirm this
fact, inverted vial tests were conducted to identify the SEBS gel point
concentration, cg, with and without 1 wt% AOT. For the particular
grade of SEBS employed in this study, ce; was determined to be 2 wt%
and is independent of the presence of 1 wt% AOT (Figure S1). Formation
of gels at such a low copolymer concentration would not be possible in
the absence of polystyrene phase separation.

Alternatively, AOT assembly into reverse micelles can be detected
through characterization of the critical (reverse) micelle concentration,
cmc, which is defined as the lowest concentration at which (reverse)
micelles form. The cmc of AOT in MO was determined using the TCNQ
probe method [35,36]. This method takes advantage of the unique
ability of TCNQ molecules to convert from a neutral species in nonpolar
environments (ie., free AOT in solution) to a radical-anion species in
polar/charged environments (i.e., when encapsulated in AOT reverse
micelles). The molecular transformation is accompanied by emergence
of visible light absorption at 750 nm and 850 nm (Fig. 2a). Furthermore,
the magnitude of absorbance at each wavelength increases with
encapsulated TCNQ concentration, which consequently increases with
the number of reverse micelles present in solution. These factors lead to
two distinct regions on an absorbance-waor plot: (i) low waor where
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Fig. 2. UV-vis spectra from AOT-TCNQ-MO solutions (AOT concentration
indicated, 3.5x102 wt% TCNQ) (a) and extracted peak absorbance values for
750 nm and 850 nm (b). The inset in (b) is a magnified view and the arrow
indicates the cmc value.

absorbance is small and independent of waor and (ii) high waor where
absorbance increases with wao1. The concentration at which a crossover
from region (i) to region (ii) occurs defines the cmc (Fig. 2b). Our
measurements indicate that AOT exhibits a cmc in MO confirming AOT
self-assembly. Furthermore, the cmc value (~8x1072 wt%) is in good
agreement with others’ work [37] on AOT in cyclohexane (a
chemically-similar solvent).

Beyond validation of theoretically expected (in)compatibility, the
SEBS gel point and AOT critical micelle concentration provide half of the
information necessary to define the DDOG phase space on a ternary
SEBS-AOT-MO phase diagram. The remaining two boundaries required
to form an enclosed phase envelope are the maximum SEBS and AOT
concentrations. We invoke the definition of a gel as a crosslinked ma-
terial primarily composed of liquid in order to set the maximum SEBS
concentration at 49 wt%. Alternatively, the maximum AOT concentra-
tion is defined by the saturation point of AOT in gels, csqr. Above this
amount, increasing AOT concentration only translates to an increasing
presence of phase-separated AOT precipitate. From visual observation,
SEBS-AOT-MO gels become translucent around 2 wt% AOT suggesting
csqr has been exceeded. Structural characterization of gels (via SAXS), as
discussed below, supports this observation and further clarifies that AOT
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forms precipitate phase just over 1 wt% AOT. The DDOG phase envelope
is, therefore, defined by 2-49 wt% SEBS, 8x1073-1 wt% AOT, and bal-
ance MO (Fig. 3).

3.2. DDOG nanostructure

With the DDOG phase envelope defined, a systematic investigation of
DDOG structure can now be conducted. Gels varying in AOT and SEBS
concentrations (Waor and wsggs, respectively) were formulated (as
shown by the points in Fig. 3) and characterized using SAXS. Prior to
discussing these results, it is important to establish the SAXS model used
to interpret scattering profiles:

1(9) = @rulPias Vs Prit (q) + @ psApysVesPrs(q)Ses(q) + bkg 2

The first portion of the model — with each term denoted by an RM
subscript — reflects the contribution from reverse micelles, the second
part — with each term denoted by a PS subscript — reflects the contri-
bution from polystyrene crosslinks, and the final term — bkg — reflects
incoherent background scattering. Additionally, ¢;, Ap;, P; (q), and S; (q)
are the volume fraction, scattering length density contrast (see Table S6
for values), g-dependent form factor, and g-dependent structure factor of
i domains, respectively, and V; is the volume of a single i domain. The
form factors in this expression represent the shape of individual do-
mains. Both reverse micelle and polystyrene domains are anticipated to
be spherical, at concentrations of interest, based on current literature
[34,38] and so take the form

. 2
Pilg) = sin(gr;) ;1;1;; cos(gr;) 3)

where r; is the i domain radius. Additionally, a distribution of poly-
styrene domain size was taken into consideration through inclusion of a
Schulz distribution of r; with a dispersity of 0.08. As is implicit in
Equation (2), S; (q) is only relevant for polystyrene domains since they
are of sufficient concentration for inter-domain structure to play a role.
Reverse micelles are too dilute for inter-domain scattering (i.e., S(q) ~

SEBS
50 40 30 20 10 O

50 60 70 80 90
MO

100

Fig. 3. A magnified section of the SEBS-AOT-MO ternary phase diagram with
DDOG envelope indicated (dashed line, blue highlighting). Points show gel
compositions structurally examined using SAXS, and the inset shows the ternary
diagram in its entirety highlighting the region of magnification (yellow outlined
region). Note, the magnified diagram is compressed horizontally for clarity.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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1). A hard sphere model is used to capture the liquid-like ordering of
polystyrene domains

where ryps is the polystyrene domain hard sphere radius (i.e., half the
average center-to-center distance between domains), ¢ is the volume
fraction of these hard spheres, and g(r) is their radial distribution
function [39]. The distance between polystyrene domains (dps.ps) is
defined by 2(rp - rps).

To begin our structural investigation, we first examine the effect of
waor and hence focus primarily on reverse micelle structure. Prior to
probing reverse micelle structure within gels, we survey the simpler case
of their presence in pure MO solutions. SAXS experiments conducted on
AOT-MO solutions ranging in AOT concentration from 2~ wt% (i.e.,
6.25x1072 wt%) to 2! wt% reveal scattering profiles mostly consistent
with dilute spheres (Fig. 4a). (An upturn at ¢ < 2x102 A™! indicates that
a small fraction of AOT molecules may participate in the stabilization of
micro-scale water droplets.) These profiles can be modeled using a
simplified form of Equation (2) wherein only reverse micelles are
accounted for (i.e., by eliminating the polystyrene domain term, ¢ps =
0). Model fitting shows that AOT reverse micelles maintain a core radius
of 9.5 + 0.1 A regardless of AOT concentration. Moreover, the intensity
of reverse micelle scattering (reflected by the plateau intensity at q ~
3x102-6x10~2 f\'l) increases with AOT concentration due to an in-
crease in ggry. Fitted gry values match closely with theoretical predic-
tion (pryM = WAOTPsoln/PaoT Where pgorm and paor are the densities of the
solution and AOT, respectively) (Fig. 4c).

Next, gels formulated with the same concentrations of AOT and a
fixed wggps of 20 wt% (blue points in Fig. 3) were examined. Alongside
scattering from SEBS self-assembly (q < 107! /o\_l), the gel SAXS profiles
contain similar reverse micelle scattering behavior (q ~ 101-10° [o\’l)
as that noted in solutions (Fig. 4b) and are well described by the full
form of Equation (2). (An upturn is, once again, evident at ¢ < 1072 A1,
but in this case likely arises from larger copolymer aggregates since it is
also observed in gel SAXS profiles in the absence of AOT, see Figure S2.)
Model fits, again, indicate that AOT reverse micelles maintain a radius
independent of wyor, but at a value lower than solutions (9.3 + 0.1 A).
The slightly smaller radius may reflect the fact that gels are annealed at
elevated temperature and under vacuum, which could remove residual
water from reverse micelles. Fitted @gpy values from gels are similar to
solution values, and for the most part are close to theoretical expectation
(Fig. 4c). Finally, it is clear that varying waor in gels does not alter the
structural aspects of copolymer assembly. The rpg (9.7 £ 0.2 nm), dps.ps
(23.3 4+ 0.3 nm), and ¢ps (5.8 + 0.1 vol%) values remain constant.

One feature in 20 wt% SEBS/1-2 wt% AOT gels that is not captured
by model fitting is the presence of a sharp peak at ¢ ~ 3x10~! AL, This
peak, which appears in a small fraction of the 1 wt% AOT gels (across the
SEBS concentration range) and all 2 wt% AOT gels, is in close corre-
spondence with the 10 diffraction peak of pure AOT’s hexagonal
columnar phase (d;9 = 27/q ~ 20.9 A) [40] suggesting the presence of
AOT precipitate. Simultaneously, the ggy for gels containing 2 wt% AOT
(Fig. 4c) is below expectation suggesting that not all AOT is participating
in reverse micelle formation. As alluded previously, this evidence aided
in assigning csq: on the ternary phase diagram (Fig. 3).

The next logical step in investigating DDOG nanoscale structure is to
examine the effect of varying wggps. In contrast to the gel profiles dis-
cussed above, scattering from gels varying in SEBS concentration (with
1 wt% AOT, see green points in Fig. 3) undergo variations in the g <
107* A~ region and remain relatively unchanged at g ~ 1071-10% A~
(Fig. 5a). The diffuse peaks located at ¢ ~ 4x1072-1x10"! A"}, which
capture polystyrene domain size, shift to lower g values with increasing
SEBS concentration. Additionally, the primary peak at q ~ 1x10~%-
2x1072 A" (along with its secondary peak at ¢ ~ 3x1072 Al), which
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Fig. 4. 1D SAXS profiles for AOT-MO solutions (a) and SEBS-AOT-MO gels
containing 20 wt% SEBS (b) (AOT concentrations indicated), as well as, fitted
reverse micelle volume fractions from AOT-MO solutions (triangles) and SEBS-
AOT-MO gels (squares) (c). Red solid lines in (a) and (b) indicate fitting using
Equation (2). In (a), fitting was performed at ¢ > 0.03 A~! and with ¢gps = 0. In
(b), the red arrow highlights a diffraction peak associated with AOT precipitate.
The solid line in (c) shows the anticipated reverse micelle volume fraction based
on formulated quantities. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

reflects polystyrene domain spacing, shifts to higher g values and be-
comes sharper with increasing SEBS concentration. As before, quanti-
tative values of each structural feature can be determined by fitting
profiles with Equation (2). The first observation from model fitting is
that reverse micelles remain relatively unchanged in size (rgyy = 9.3 +
0.1 ;\) and concentration (¢gpy = 0.6 + 0.1 vol%). Second, gps maintains
good agreement with theoretical expectation (Fig. 5b) and polystyrene
domain radius increases linearly from ca. 8.0 nm for wgggs = 5 wt% to ca.
11.0 nm for wgggs = 40 wt% (Fig. 5¢). The increase in rps can be
explained by a drive for decreased interfacial curvature as polystyrene
concentration in gels (as represented by fpswsgps) increases. The distance
between polystyrene domains, on the other hand, decreases mono-
tonically with increasing wggps (Fig. 5¢) due to decreased swelling of the
EB/MO matrix. Scattering profiles from gels containing 0 wt% AOT, and
corresponding fitting, show that these nanostructural trends are unaf-
fected by AOT presence (Figures S2 and 5b-c).

3.3. Macroscopic DDOG properties

For the final part of this manuscript, two macroscopic DDOG prop-
erties are presented, namely reverse micelle transport and gel mechan-
ical behavior. Reverse micelle mobility can be experimentally measured
using an FTIR-based protocol and corresponding theory that is described
in our previous work [27]. In short, gels are submerged in pure MO
imparting a reverse micelle concentration gradient that causes their
passive diffusion from gels to the surrounding supernatant MO. The AOT
ester groups (see Scheme 1) exhibit an isolated peak in gels’ FTIR spectra
at 1739 cm ™! (Fig. 6a-b), which is used to track AOT concentration with
time. Gel swelling during submersion is accounted for in this analysis
using polystyrene groups’ phenyl overtone peaks at 1940 cm ™!, 1870
em™!, and 1800 cm ™! (Fig. 6a-b). Finally, control samples containing 0
wt% AOT are used for background correction. The data extracted from
these experiments are in the form of retained AOT mass (maor,/Maor,

o where maor,s and maor,o are the masses of AOT in gels at times t and 0,
respectively) as a function of submersion time (Fig. 6c¢).

Retained AOT mass profiles were determined for DDOGs containing
5-40 wt% SEBS and 1 wt% AOT (initially) (Fig. 6¢). As might be ex-
pected, increasing SEBS concentration leads to decreased mobility of
reverse micelles. The time required for 95% release of AOT (i.e., 5%
retained AOT), for example, increases dramatically from ~200 h when
Wwsgps = 5 Wt% to ~1200 h when wgggs = 40 wt%. Furthermore, profiles
can be fitted using an empirical first-order release model defined by
MAOT,t/MAOT,0 % e where k is the first-order rate constant and t is time.
This model fits all gel data reasonably well (Fig. 6¢), does not make any
assumptions about sample geometry, and k quantitatively reflects the
relative mobility of AOT reverse micelles with higher values indicating
faster release. As qualitatively observed above, k values show a decrease
of reverse micelle mobility with increasing SEBS concentration under-
going a reduction of ~85% from 5 wt% to 40 wt% SEBS (Fig. 6d). This
large mobility decrease likely stems from a decrease in gel correlation
length, also referred to as mesh size (£), which affects hydrodynamic
drag on reverse micelles and constricts their diffusion pathway, since
scaling arguments show that £ « WEE{E‘B /MO) X ws’1531§§1 where WepEB/M0) 1S
the concentration of EB within the EB/MO matrix [41]. Additionally,
dps.ps may play a minor role in reducing reverse micelle mobility with
increasing wggps (see Fig. 5¢), but is expected to be considerably less
impactful compared with & due to their relative size scales (dps.ps/& ~
5-10, calculation and values of ¢ can be found in the Supporting
Information).

Diffusivity values can also, in theory, be extracted from the profiles
shown in Fig. 6¢ using Fick’s second law (see Supporting Information for
details). The derived expression, however, assumes constant gel thick-
ness and volume, which is not satisfied over the course of current release
experiments (i.e., gels swell as much as 35% and 105% in terms of
thickness and volume, respectively). That being said, the Fickian model
describes retained mass profiles reasonably well (mathematically) when
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wseps < 20 wt% (Figure S3) and allows diffusivity to be roughly
approximated: (5.3 + 1.5))(10_9 cm [2]/s for wsggs = 20 wt% to (9.4 +
0.9)x10~° cm?/s for wsgps = 5 wt%. For comparison, diffusion of reverse
micelles in MO can be calculated using the Stokes-Einstein equation (Dg
= kgT/6mury, where D is diffusivity, kg is Boltzmann’s constant, T is
absolute temperature, y is viscosity, and rpy is the reverse micelle hy-
drodynamic radius). Previous studies find that ry, of AOT reverse mi-
celles in dodecane is ~ 17 A [42] and our viscometry measurements give
u = 84.7 mPa s (measured with Brookfield DVE Viscometer) resulting in
Dy ~ 1.5x1078 cm?/s. The present analysis indicates that the relative
diffusivity in gels compared to pure solvent (D/Dy) ranges between 0.35
and 0.62 further supporting the proposition that reverse micelles reside
in the EB/MO matrix. If reverse micelles were instead to exist in poly-
styrene crosslink domains, their diffusion would be considerably slower
due to the glassy state of polystyrene at room temperature. This is
indirectly highlighted by others’ measured diffusivity value for trace
styrene monomer diffusing through polystyrene near ambient temper-
ature (D ~ 10714 cmz/s) [43,44].

Gels’ mechanical behavior was characterized using quasistatic uni-
axial tensile testing. These tests enable tensile stress, o, to be determined
at increasing values of axial stretch, 4,, (= L/Lp where L and Ly are
sample length and initial sample length, respectively). Stress-stretch
data (Fig. 7) indicate a number of factors regarding DDOGs’ mechani-
cal properties. First, they show that gels are very tough materials that
exhibit nonlinear elastic behavior and are capable of achieving large
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Fig. 7. Representative stress-stretch profiles for gels with varying wggps (indi-
cated). Data are from gels containing 0 wt% (open symbols) and 1 wt% (closed
symbols) AOT.

deformation without breaking. Second, gels become less compliant (i.e.,
stiffer) as wggps increases. Lastly, and most importantly, stress-stretch
profiles suggest that the presence of reverse micelles (Waor = 1 Wt%)
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do not have an appreciable effect on gels’ tensile behavior. The former
points agree with previous studies on SEBS/MO gels not containing AOT
[22,45] while the latter highlights that the physically-crosslinked
copolymer network is entirely responsible for gels’ mechanical
behavior.

4. Conclusion

This manuscript introduced DDOGs as physically-crosslinked, oil-
based gels that contain nanocarriers. In our initial exploration of these
materials, we presented the phase behavior, nanostructure, reverse
micelle transport, and tensile response of SEBS/AOT/MO gels. DDOGs of
this variety offer many benefits over other loaded gels (many of which
are chemically crosslinked hydrogels) including an ability to be ther-
mally processed and recycled, greater environment-independent sta-
bility, considerably extended release of loaded compound(s) (partially
due to MO’s high viscosity relative to water, upo ~ 85m20), and high
elasticity and toughness. Furthermore, styrenic triblock copolymers and
aliphatic mineral oils are commercially available enabling these mate-
rials to be produced on a large scale. We anticipate that judicious
formulation design will allow detailed structure-property relationships
to be developed for DDOGs in the near future and that these relation-
ships will be broadly applicable to gels comprised of nanocarriers and
physical crosslinks.
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