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ABSTRACT: Bicontinuous sugar-based microemulsions, containing up to 80 wt % of liquid divinylbenzene
monomer relative to sugar, can be dehydrated to the solid glass state without phase separation. Photopolymerization
of the liquid divinylbenzene present within the interstices of these solid microemulsion glass templates at
temperatures below the onset glass transition of the sugar template proceeds with no phase separation. Comparison
of the small angle scattering spectra of the microemulsion glasses before and after polymerization show almost
no change in microstructure. Following polymerization, the bicontinuous structure of these microemulsion glasses
permits straightforward and rapid dissolution of the sugar template to yield polydivinylbenzene membranes with
~25 nm pores.

Introduction Experimental Section

Mixtures of water, oil, and surfactant exhibit a rich variety =~ Materials. Technical grade {5, and GG, were supplied by
of microstructures, ranging from spherical micelles, rodlike Henkel (APG 225 and APG 600, respectively) in the form of 65
micelles, and bicontinuous microemulsions to ordered liquid and 50 wt % solutions in water respectively and used as received.

. . VB (mixture of isomer, 80%), 1,2-octanediol, sucrose, trehalose
;:rysttr?lhne ptr;]ases thfat have b?er_l é?;ger;'swely used_?hs :‘emplate ihydrate, and blue dextran were purchased from Aldrich and used
or the synihesis or nanomaterials.> However, wi ew as received. Thermally stable, UV-sensitive free-radical initiator,

exceptions, the structure of the final material is seldom a 5 7_a70bisN-cyclohexyl-2-methylpropionamide) (Vam-111, 10 h
complementary replica of the starting templafeldentified half-life of 111 °C) was purchased from Wako Chemicals.
challenges to replicating self-assembled surfactant templatesDeionized water with a specific resistance of 18.22Mm was
particularly with polymerization reactions, include the follow- used.

ing: (1) overcoming changes to the interfacial curvature and Phase Diagram MeasurementsSamples for phase behavior
equilibrium template structure as monomer is converted to measurements were prepared by gently heating mixtures of sugar,
polymer26 (2) suppressing the effects of spatially nonuniform water, and surfactants in flat bottom screw-cap tubes, evaporating
initiation of reaction that lead to localized regions of polymer €xCess water with a stream of argon, then adding octanediol and
swelling and monomer depletidr(3) preventing the rearrange- DVB. The sample tubes were immersed completely in thermostated

water baths£0.02 °C), stirred vigorously, and allowed to phase
ment of Lhef surfaclt_ani_templa’]t(éTto dtatte, th? rtnost sulc(:cessful fseparately for upat 8 h tolocate accurately the boundaries between
approach for replicaling surtactant templales make use or gne gng two-phase regions. 1 wt % (relative to DVB) of VAmM-
polymerizable surfactants to minimize rearrangement and phase;11 was added to samples prepared for polymerization. The

separation by “anchoring” the template to the polymerizing presence of multiple phases was determined by visual inspection
structuret218-21 in both transmitted and scattered light, using crossed polarizers to

We have proposed an alternative approach using solid determine the presence of liquid crystalline phases. Phase diagrams
microemulsion glasses to overcome template rearrangemente'® determ'ne;j to temperature and composition accuracie8. af
during isobutyl acrylate polymerizations without the need for . 2nd-0-2 wt %, respectively. Following Kahlweit and Stréy;

- . . the phase space was studied by systematically varying the overall

polymerizable surfact'an%.(.:.entral tp this approach is the mass fraction of surfactant in the mixturg) (
replacement of water in traditional microemulsions with sugars
to form solid microemulsions with bicontinuous domains of
hydrophobic monomers and glassy sugar Whose rqbust Nano¥ = 4i sucroset trehaloser water+ surfactants octanediol
structures can hold up against forces that arise during polym- 1)
erization. In effect, liquid monomers are polymerized within a
sugar microemulsion glass template that can easily removed byand the mass fraction of DVB oil on a surfactant-free bagjs (
dissolution in water. Here, we examine the phase behavior of
precursor microemulsions comprising of concentrated sugar o= oil
solutions ¢70%), divinylbenzene (DVB), and alkylglucoside oil + sucroset trehalose
surfactants that can be dehydrated to the glassy state and
photopolymerized without phase separation. Unlike the poly- With these compositional variables, remains fixed whiley
(isobutyl acrylate)/sugar structures reported earlier that collapseincreases slightly as sugar-rich microemulsions are dehydrated to
upon dissolution of the sugar templ&fecross-linked DVB/ the glassy state. The phase diagrams reported here were performed

sugar microemulsions yield robust membranes w6 nm holding fixed the mass ratio ofgG, and GG, surfactants at 60:
pores. 40 and the mass fraction of 1,2-octanediol cosurfactant in the

surfactant/cosurfactant mixture at 9 wt %. Phase diagrams studying
the effects of varying the ratio ofdG; and G,G; and the loading
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3473. E-mail: carlos.co@ uc.edu. dehydration and template polymerization purposes are shown in
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Supplementary Figures—13. The ratio of sucrose to trehalose is 100 1
fixed eqwmolar in all mlxtu_res _to suppress crystalllz_atlon. O 70% Sugar

Preparation and Polymerization of Sugar-Based Microemul- | O 75% Sugar 2%
sion GlassesSugar-based microemulsion glasses were prepared A 80% Sugar

by pouring sugar-based microemulsions into glass troughs in
preequilibrated sealed chambers saturated with DVB vapor and 80 A
dehydrated with anhydrous calcium sulfate af60for 8 h toform
brittle, optically transparent microemulsion glasse8.6 mm thick).
The sealed chambers were saturated with DVB vapor and equili-
brated at 60°C (£2 °C) 1 h before use. Microemulsion glasses
were photopolymerized (365 nm) at 48 for 72 h under argon
usirg a 8 W UVlamp positioned 25 cm from the sample. To eliminate ] —
air-bubbles in samples for membrane permeation/selectivity testing, ] T— —E\E\E—’/E’
DVB and sugar/surfactant solutions were independently degassed® ﬁ
and the precursor microemulsions were fregawed twice before 1 A ] -
dehydration. 40 A
Modulated DSC (MDSC) MeasurementsThe reversible heat
capacities of the microemulsion glasses were measured by modu- ] )
lated DSC (Q1000, TA Instruments), setting the modulation OilNLC/uE
amplitude, period, and heating rate at@, 60 s, and Z2C/min, 1
respectively. All samples were hermetically sealed in aluminum 20 T —
pans during MDSC measurements, and glass transition temperature: 0.10 0.15 0.20 0.25
were determined by the midpoint method. Overall Surfactant Mass Fraction
SEM Characterization. To visualize the cross-sectional structure Figure 1. Phase behavior of DVBsugar microemulsions at equal
of the polymerized microemulsion glasses, samples were fracturedpyg to sugar mass ratioo( = 0.50). Water in typical agueous
at room temperature, immersed in excess water to remove the sugamicroemulsions is replaced with 70, 75, and 80 wt % sugar solutions
template, air-dried, gold-coated, and then imaged using a scanningequimolar in sucrose and trehalose. The star and arrow correspond to
electron microscope (SEM, Hitachi S-900) at an accelerating voltage the path a microemulsion sample prepared from a 75% sugar solution
of 5 kV. takes as it is dehydrated to the glassy state without phase separation.
Small-Angle Neutron Scattering (SANS) Measurements.
Small-angle neutron scattering experiments were performed usingbirefringent phase. The high viscosity of the samples, and the
the small-angle neutron diffractometer (SAND) instrument at the possibility of thermally induced polymerization when samples
Argonne National Laboratory (ANL), Argonne, IL. The scattering are heated for prolonged periods thwarted efforts to check the
length density difference between sugar and divinylbenzene oil hasence of three-phase regions at lower surfactant concentra-
yielded acceptable coherent scattering relative to the incoherent ions that are typical present in aqueous microemulsion

background; thus, no deuterated compounds were used. Backgrouné 59730 \N b i . S
correction and circular averaging was performed using software Systems> With increasing sugar concentration in the

provided by ANL. Random packing of solid microemulsion glass 2duéous phase at fixed both the upper and lower boundaries
pieces in the sample holders, however, precluded absolute intensityof the one-phase microemulsion region shifts downward in
measurements. temperature. Dehydration of the samples presumably removes

Permeability and Selectivity MeasurementsThe permeability water molecules associated with the sugar headgroups of the
of the resulting membranes were measuredgiaid mmdiameter surfactant, biasing the interfacial curvature toward oil-continuity
syringe filter support (Corning) connected to a pressurized water and therefore shifting the one-phase microemulsion region
reservoir maintained at 12 psi. The average thickness of the downward in temperatur®: 27-30

individual membranes was measured using a calibrated microscope Consistent with earlier observations in predominantly aqueous

to determine the permeability (thickness flux/pressure drop). . . a1
Triplicate measurements of membrane selectivity were performed systems with alkyl glucoside surfactafits,* the one-phase

by filtering 0.05 wt % blue dextran water solutions through the €gion of these sugar-based microemulsions span a much larger
poly-DVB membranes. The filtration rate was fixed at 0.005 mL/ temperature window than that typically observed for nonionic
min using a syringe pump. The sieving coefficient, defined by the oligoethylene glycol surfactar#s3 and is not interrupted by
ratio of blue dextran concentration in the permeate and feed streamssingle or multiphase lamellar regions. This comparatively large

60 -

Temperature (°C)

was determined by UV. one-phase microemulsion window permits controlled dehydra-
] ) tion of the microemulsions to the glassy state without phase
Results and Discussion separation. Although the slow dynamics of microemulsions

A. Phase Behavior.Figure 1 shows the phase behavior of containing more than 80% sugar preclude precise phase behavior
sugar-based microemulsions containing equal masses of sugafeasurements, dehydration pathways, such as that marked in
and DVB (o = 0.50). Water in typical aqueous microemulsions Figure 1, can be extrapolated that permit complete dehydration
is replaced with 70, 75, and 80 wt % sugar solutions. Above of microemulsions to the glassy state without phase separation.
the upper phase boundary, excess oil coexists with a one-phaséractical considerations require careful tuning of the phase
microemulsion, consistent with observations of microemulsion behavior to (1) maximize sugar loading to reduce uncertainty
phase behavior in predominanﬂy aqueous Sysﬁgrn%gphase in the extrapolated phase behavior and (2) site the one—phase
behavior scans between the upper and lower boundaries at everynicroemulsion temperature range between 45 andsto
composition shown in Figure 1, revealed no lamellar phases. reduce viscosity and facilitate sample transfer while avoiding
As discussed further later, the absence of lamellar phases withinPremature polymerization. To satisfy these constraints, we
this one-phase microemulsion envelope is necessary for thestudied the effects of varying the ratio o§@ to Ci,G, and
successful dehydration of the microemulsions to the glassy stateloading of octanediol cosurfactant in the surfactant mixture
When cooled below the lower phase boundary, samples becomdesults of which are shown in Supplementary Figures 1 to 3.
increasingly birefringent and opaque and after several hours of Figure 2 shows the phase diagram of sugar-based micro-
settling, a clear oil phase is visible on top of an opaque emulsions for varying DVB loadingo() on a surfactant-fre(&DV
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as the DVB oil loading @) increases from 0.50 to 0.80 while
holding the surfactant loading fixed/ (= 0.225). With the
20 exception of data foor = 0.60 and 0.65, the decrease in glass
transition with increasing oil loading is linear and consistent
] with the reduction inTg observed for molecular liquids confined
80 - in porous silica glasseé$.Extraction of the sugar domain size
is unfortunately complicated by accompanying changes in
microstructural topology with increasing oil loading which
1P 10 makes quantitative analysis of confinement effects by either
electron microscopy or small angle scattering difficult. Dehydra-
80 1 *oKX tion of precursor liquid microemulsions containing higher DVB
oil loadings ¢ = 0.85) yields viscous liquids instead of solid
glasses after dehydration. This failure to form solid percolated
glass structures is not surprising however. At the maximum oil
40 4 loading ofa. = 0.80 where solid microemulsion glasses can be
QillLC/uE prepared by dehydration, the resulting volume fraction of liquid
oil to glassy sugar is already6.7 to 1 because of the higher
density of the sugar glass-1500 kg/n¥) compared to divinyl-
1 benzene oil £915 kg/n¥).
VT T T T T When exposed to UV light at 4%C, the liquid DVB in the
0.0 0.2 0.4 06 0.8 1.0 microemulsion glasses photopolymerize without macroscopic
DVB Mass Fraction (o) phase separation. Samples polymerized below their onset glass
transition temperature remain optically clear and visually
Figure 2. Effects of varying oil loadingd) on the phase behavior of indistinguishable from unpolymerized microemulsion glasses.
DVB-sugar microemulsions. The aqueous phase is composed of a 75%In contrast, samples polymerized above their glass transition
sugar solution equimolar in sucrose and trehalose. Compositions andbecome distinctly opaque. Despite the significant difference in
temperature at which DVBsugar microemulsionsy(= 0.225) are density between DVB monomer and cross-linked poly-DVB,
dehydrated then polymerized are markeq.( microstructural alterations upon polymerization of the micro-
emulsions in their glassy state is minimal. This is evidenced by
the comparable small-angle neutron scattering (SANS) spectra
f the glasses before and after polymerization (Figure 5). The
SANS spectra of these microemulsion glasses are in some cases,

channel's'pannlng the whole range of 9" qudmg IS prgsent_ The however, qualitatively different from that observed for aqueous
compositions and temperature at which microemulsions were microemulsions.

desiccated to the glassy state and photopolymerized are marked From a series expansion of a Ginzbuigandau free-energy,

in Figure 2. . o . . Teubner and Strey developed a phenomenological scattering
B. Preparation and Polymerization of DVB in Micro- model for microemulsion

emulsion GlassesSugar-based microemulsion glasses were

100 -

Temperature (°C)

basis at a fixed overall surfactant loading of 22.5 wt %. In

prepared using alkylglucoside surfactanf§, a one-phase

dehydrated from mixtures of 75% sugar solution, DVB and alkyl 1
polyglucoside (APG) at 60C for 8 h. After dehydration, the (@)=———F—t+b 3
glasses become highly brittle but remain optically clear even atCq+cq

after polymerization (Figure 3A). The glassy nature of these

dehydrated microemulsions is evidenced in the MDSC measure-In this model,b accounts for background scattering while the
ments (Figure 4) that reveal distinct glass transitions. In these key fitting parameteray, ¢;, andc; are related to the correlation
dehydrated microemulsions, the midpoint heating glass transitionlength €rs) and a characteristic domain size or quasi-periodic
temperature shifts progressively downward fremb to~64°C repeat distanced{s) through

—ry

Figure 3. (A) Optically clear microemulsion glass after UV photopolymerization. (B) Dissolution of the sugar glass template with excess water
leaves behind an optically clear and flexible poly-DVB membrane. The precursor microemulsion before dehydration was prepared from a 75%
sugar solution with DVB oil mass loading of = 0.60 and overall surfactant mass loadingyof 0.225. cDV
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(a0 = 0.70) does the spectra of the dehydrated microemulsion
glass become comparable to that of liquid microemulsions.
Analysis of the spectra at this oil loading, before and after
polymerization, using the Teubnrestrey model yields domain
sizes of 8.6 and 8.3 nm, respectively. In all cases, the scattering
of the liquid precursor microemulsions are classical. However,
the increase in viscosity during dehydration impedes diffusional
relaxation of compositional gradients inevitably present in the
drying samples. With increasing loading of liquid oil, the
compositional and accompany microstructural gradients become
locked-in at progressively later stages when the samples are
almost completely dry. These gradients would explain the
anomalous lowg scattering of the microemulsion glasses that
with increasing oil loading, fade away to yield spectra consistent
with the scattering from liquid microemulsions. In all cases
nonetheless, the spectra of the microemulsion glasses before
and after polymerization are comparable and suggestive of one-
to-one templating. The slight broadening of the scattering
features during polymerization appears to be unavoidable, and
may be due to the inevitable increase in density following
polymerization.

Temperature(°C) Key to successful dehydration and polymerization of these
Figure 4. Modulated DSC scans of the reversible heat capacity for a microemulsion glasses is the use of a temperature insensitive
series of ln_ucroemulsmnd gf;lasses7gz/epared thrclJutgh d??ng"\i/t'E?n _IOf UV initiator to avoid premature polymerization while allowing
microemulsions prepared from a 75% sugar solution wi oi - N
loading @) ranging from 0.50 to 0.80 and overall surfactant mass Eff'c"?f“ polymerization at temperatures be.'o."V the onset glass
loading ofy = 0.225. transition of the sugar templates. The azo-initiator, VAm-111,

which has a 10 h half-life at 119C is most suitable for this

DVB Mass
Fraction (cc)

Reversible Heat Capacity

0] 20 40 60 80 100

&\ 16|72 purpose. Radicals formed during dehydration af60or 8 h
Ers= 2 c_2 ZC—z (4) are insufficient to initiate polymerization of DVB polymerization
inhibited with 1000 ppm of-tert-butylcatechol. As with any
N T A R 1 photopolymerization process, matching of polymerization rate
trs = 27 2 C_z o ZC—z ®) and initiator decomposition is important to form robust poly-

mers. The intensity (distance) of the UV source (Spectroline,
Westbury, NY, Model#ENF-280C, 365 nm and 8 W), was
carefully adjusted at-25 cm, such that 5% of the initiator is
at intermediate-q for structured microemulsi¥svhich fit decomposed (measured by UV spectroscopy) following the first
experimental scattering spectra of microemulsions well. 2 h of polymerization at 43C.

With the exception of microemulsion glasses prepared starting Subsequent dissolution of the sugar templates with excess
with an oil loading ¢) of 0.70, the SANS spectra exhibit a water leave behind optically clear and porous poly-DVB
progressive increase in scattering at Iqwhat is much weaker ~ membranes (Figure 3B) that are flexible when wet, brittle when
than that of phase separated samples desiccated outside the onédry, and have robust pores that resist collapse when the
phase region, but nonetheless inconsistent with typical SANS membranes are dried. Figure 6 shows the cross-sectional
spectra of liquid microemulsions. Only at higher oil-loadings structures of porous poly-DVB membranes prepared from

Model calculations of SANS spectra using the Teubriirey
model yield an asymptotically flat profile at logywith a peak

1000 ;
100 After polymerization After polymerization After polymerization
2> 104
‘@
c
L
= 1 Before polymerization : Before polymerization “a,
0.1 1 o
Before polymerization
0.01
0.01 p 0.1 0.01 0.1 0.01 0.1
a(A) a (A" a (A7)
x =0.50 x =0.60 x=0.70

Figure 5. SANS spectra of sugar-based microemulsion glasses before and after polymerization. Spectra are not on absolute intensity scale and
were scaled for comparison. Microemulsion glass samples correspond to precursor microemulsions with initial oil to sugar mass loaglings of
0.50, 0.60, and 0.70 as marked in Figure 2. The solid linestfer 0.70 are model fits to the TeubreBtrey model. CDV
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a=070

a=0.50

Figure 6. Cross-sectional SEM of photopolymerized microemulsion
glasses following dissolution of the sugar template with excess water.
Samples were prepared from precursor liquid microemulsions with
initial DVB oil loadings of a = 0.50, 0.60, and 0.70 as marked in
Figure 2.

a=060
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= r 0.04 E
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£ 8.0
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o

7.5 . . . 0.00

0.50 0.60 0.70

Oil Loading (o)

Figure 7. Permeability and sieving coefficients §2 10° Da dextran
standard) of poly-DVB membranes prepared through dehydration,
photopolymerization, and sugar template dissolution of precursor liquid
microemulsions with DVB oil loading oft = 0.50, 0.60, and 0.70 as
marked in Figure 2.

precursor liquid microemulsions having DVB loadings ©Of
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polymeric membranes for which no suitable solvents are
available. The bicontinuous nature of the oil in the microemul-
sion glass would likely permit exchange of DVB with monomers
containing functional silicon and fluorine groups for example,
which do not plasticize the sugar template. This oil-exchange
process would circumvent the need for extensive phase behavior
studies to establish suitable dehydration pathways to the glassy
state.

Conclusions

Through systematic tuning of the phase behavior of liquid
sugar-rich divinylbenzene microemulsions, dehydration path-
ways were established to allow for their dehydration to the solid
glass state without phase separation or premature polymerization.
The robust microstructure of the resulting microemulsion glasses
permits photopolymerization of the liquid divinylbenzene present
within their interstices without phase separation. Despite the
increase in density upon cross-linking of the divinylbenzene
monomer, comparison of small angle scattering spectra before
and after polymerization show only minimal structural rear-
rangement. Nonetheless, the glassy sugar template is easily
removed by dissolution in excess water to yield poly(divinyl-
benzene) membranes with robus25 nm pores that resist
collapse even when air-dried.
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0.50, 0.60, and 0.70 corresponding to the compositional markers

in Figure 2. Assuming minimal changes to the structures upon
template removal and drying, the morphology and size of these
polymer structures are comparable to the morphology of the
oil domains in traditional microemulsiod8.As expected, the
decreasing porosity of the membranes with increasing oil loading
(o) is reflected in the permeability and selectivity of the poly-
DVB membranes (Figure 7). The sieving coefficients, measured
for a 2 x 10° Da blue dextran standard, which has a radius of
gyration of ~33 nm3° is small but finite, and overall it is
consistent with the distribution of pore sizes visible in the cross-
sectional images of the membranes (Figure 6).

In summary, we have demonstrated a novel approach for

preparing membranes using sugar-based microemulsion glasses
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