Initiator-dependent Kkinetics of lyotropic liquid crystal-templated thermal
polymerization

Younes Saadat,' Kyungtae Kim,? Reza Foudazi !
! Department of Chemical and Materials Engineering, New Mexico State University, Las Cruces, NM 88003, USA

2 Materials Physics and Applications Division, Center for Integrated Nanotechnologies, Los Alamos National
Laboratory, Los Alamos, NM 87545, USA

Abstract

In this study, we examine the polymerization kinetics with different thermal initiators in lamellar
and hexagonal lyotropic liquid crystal (LLC) structures directed by Pluronic L64. Ammonium
persulfate is used to initiate the polymerization from the water phase, whereas
azobisisobutyronitrile and benzoyl peroxide are employed to commence the reaction through the
monomer phase. While the mesophase structure remains intact for all the initiation systems, the
kinetics of polymerization and conversion vary significantly. The obtained differential scanning
calorimetry (DSC) results reveal that, under same conditions, initiation from water (IFW) system
results in enhanced reaction rates as well as higher monomer conversions compared to initiation
from oil (IFO) one. Higher termination rate in LLC nanoconfinements induces lower reaction rates
in IFO system. Moreover, our work on different LLC structures show that the effect of
nanoconfinement on polymerization rate can be minimized through IFW. Chemorheology not only
confirms the results obtained from DSC, but also shows that, in similar monomer conversions, the
polymers obtained from IFW system exhibit an improved mechanical properties over the samples
produced though IFO process.

Keywords: Lyotropic liquid crystal templating, Mesophase, Thermal polymerization, Self-assembly

* Corresponding author. MSC 3805, P. O. Box 30001, Las Cruces, NM, 88003-3805, USA, Email:
rfoudazi@nmsu.edu.



mailto:rfoudazi@nmsu.edu

Introduction

Nanostructured materials have attracted the attention of scientific communities as well as
industries since they have application in a plethora of technical fields such as drug delivery
systems,'> membranes,>* and energy storage devices.® Precise control of the nanostructure,
process-ability, and chemical functionality are important factors which should be considered in
designing such materials to fulfil the requirement of each application.®

Amongst a variety of available methods for fabrication of nanostructured components,
molecular self-assembly has received a great deal of attention thanks to its high performance in
the production of precisely designed structures in nano-scale.»*!3 Self-assembly of amphiphilic
molecules is one of the best examples in this field since it can result in liquid crystals (LCs) with
different nanostructures, which simultaneously have the fluidity of liquids and anisotropy of solids.
LCs of organic compounds are obtained either in the molten state (thermotropic LCs), or in the
presence of a solvent as in lyotropic LCs (LLCs)."* Although LLCs offer a variety of
nanostructures (e.g., lamellar, hexagonal, and bicontinuous cubic), they suffer poor mechanical
properties and thermal stability.!>"!7 Therefore, applicability of such interesting structured
materials in many applications is not practical. Alternatively, LLCs can be used as template to
polymerize organic species, resulting in nanostructured polymers.!”?° Such templating approach
is performed in two main ways: synergistic and transcriptive templating. In synergistic templating,
cured template is obtained though the polymerization of reactive surfactant that forms the template.
In the case of transcriptive templating, one-to-one replica is fabricated through the polymerization
of reactive species confined in the LLC nanostructure.!>?!

The most important challenge in LLC templating is preservation of the nanostructure during
polymerization, which can be altered due to the phase-separation/inversion.?>?* There have been
several efforts to address this issue. Cross-linking the polymer chains!®!1:2%2425 and using block
copolymer surfactants?® > are the main approaches to overcome this problem. Cross-linking
makes the polymer network kinetically trapped and block copolymer amphiphiles induce a
kinetically slow phase-separation/inversion.’® Additionally, the rate of polymerization is a
complementary factor affecting nanostructure preservation during LLC templating. The higher the
polymerization rate, the higher will be the chance of the structure retention. Furthermore, the
polymerization kinetics can be used as a tool to predict any probable structural changes during
templating since any discontinuities in the profile of the reaction rate can be a sign of structural
alterations.!”

Due to the importance of polymerization kinetics during LLC templating, Guymon and
coworkers studied the kinetics of photopolymerization in LLCs. They have examined the
photopolymerization kinetics of different reactive species (e.g., polymerizable surfactants 3!~ and
monomers?®>44335-42) in 3 wide variety of LLC nanostructures. Their results have shown that the
location of polymerizable group on the reactive amphiphile and the length of lipophilic chain are



the main parameters that control the reaction kinetics in synergistic templating.®'** Both of these
parameters affect the polymerization rate via changing the local double bond concentration. The
higher the local double bond content, the higher is the polymerization rate. They have also studied
the photopolymerization kinetics in transcriptive templating.?®34433"#2Their observations show
that the monomer and photoinitiator polarity are the key parameters in the polymerization
kinetics.'® The polymerization rate increases with a change in LLC structure from normal micellar
to lamellar when hydrophilic monomers are used. They attributed this observation to the enhanced
propagating rate due to the higher local monomer concentration in polar domain and suppressed
termination rate because of the limited mobility of propagating chains, which are the consequences
of the monomer partitioning.>¢94>4546 In contrast, hydrophobic monomers show the opposite
behavior, meaning that the polymerization rate decreases with a change in LLC structure from
micellar to lamellar.?%33% Based on the reported results, higher local concentration of the
photoinitiator can promote the recombination reactions of free radicals due to the cage effect,
resulting in lower polymerization rate. Accordingly, while hydrophobic photoinitiators show
higher reaction rate when the LLC structure changes from normal micellar to lamellar, the opposite
trend is seen for hydrophilic species.!>3>737

Even though photopolymerization is frequently used in LLC templating, thermal polymerization
is an alternative approach that is more favorable for industrial scale synthesis of polymers.
However, there are few systematic works on evaluating the thermal polymerization in LLC
templating. DePierro ef al. have reported that it is challenging to preserve the LLC structure during
thermal polymerization of acrylamide, possibly because of slow reaction rate.** However, Qavi
and coworkers have shown the possibility to retain the structure (e.g., hexagonal and lamellar)
when the thermal polymerization is used.>**° They have also found that the reaction is slower in
nanoconfinements with lower domain size of polymerizing phase and attributed this observation
to higher probability of termination reaction.*

In this study, we use poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
PPO-PEO) triblock copolymers (also known as Pluronics or Poloxamers) as the surfactant in
combination with water and oil phases to create inverse hexagonal (Hz) and lamellar (L)
structures. The oil phase contains n-butyl acrylate (nBA) as monomer and ethylene glycol
dimethacrylate (EGDMA) as cross-linker. Two types of thermal initiation system are used to
polymerize the oil phase: initiation from water (IFW) by using ammonium persulfate (APS) and
initiation from oil (IFO) by employing azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO).
Despite the fact that monomer and crosslinker form the oil phase, we show that the polymerization
rate is much faster in the case of IFW compared to IFO. Faster polymerization rate has already
been reported for APS over AIBN in an inverse emulsion polymerization of acrylamide.*” In such
polymerization system, free radicals generated by oil-soluble AIBN diffuse into hydrophilic
polymer particles as monomer-rich loci, resulting in slower reaction rate. In contrast, even though
free radicals of water-soluble APS migrate into the monomer-rich oil phase in the current study,
the reaction is still faster for APS compared to AIBN. Furthermore, our experiments reveal that in



similar monomer conversions, the templated product using IFW system exhibits enhanced
mechanical properties than the samples obtained from IFO approach. Both observations make the
current study unique in terms of the effect of initiation system on polymerization kinetics as well
as the mechanical properties of final products. We also study the effect of initiator concentration
and the temperature on the polymerization kinetics.

Experimental

Materials. Pluronic L64 (PEO13-PPO30-PEO13) with the polydispersity index of 1.1*® was kindly
provided by BASF. nBA, EGDMA, APS, AIBN and BPO were purchased from Sigma-Aldrich
and used as received. Deionized water (0.055 pS/cm, EMD Millipore Direct-Q3) was used as the
aqueous phase. The reaction scheme and chemical structures of the employed materials are shown
in Fig. la-e.

Preparation of Mesophase Samples. Pluronic/water/oil weight ratios of 50/35/15 and 55/15/30
were used to produce lamellar and hexagonal structures, respectively.?* To prepare the
mesophases, the components were mixed using centrifugation at 10000 rpm for 10 min. The
centrifugation was repeated in alternating directions until a transparent gel was obtained. EGDMA
concentration in the oil phase was adjusted on 30 wt% with respect to nBA content. For all of the
initiators, 5 mol% concentration was used with respect to the total monomer content (nBA +
EGDMA). To incorporate the initiators, APS was dissolved in water and the oil soluble initiators
were dissolved in the monomer phase before mixing and centrifugation. To evaluate the effect of
combining IFO and IFW systems on the polymerization kinetics, some samples were prepared
with 2.5 mol% APS in water phase and 2.5 mol% AIBN or BPO in oil phase.

Structural Characterization. A cross-polarized light microscope (model BX60, Olympus) was
used to characterize the structure of mesophases before and after the polymerization to assess any
structural changes during reaction. A small amount of non-polymerized, mesophase sample was
placed on a glass slide and covered with a glass cover slip. Cross-polarized images of samples
were taken using a microscope-mounted digital camera. Small angle X-ray scattering (SAXS) was
employed to further characterize the structure of LLCs before and after the reaction. The
mesophase samples were loaded into quartz capillaries with a nominal diameter of 1.5 mm
(Charles Supper Company, Natick, MA) by centrifugation, followed by sealing with critoseal and
epoxy glue. The samples were then cured in the capillaries at 65 °C for 24 hours to study the
structure after the polymerization. A Bruker Nanostar X-ray scattering system equipped with a
monochromated Cu Ka radiation source was used for SAXS measurement. One dimensional (1D)
scattering profiles were generated via azimuthal integration of the two-dimensional (2D) scattering
patterns.

Polymerization Kinetics. Isothermal differential scanning calorimetry (DSC) was performed using



Q2000 (TA Instruments, New Castle, DE). Approximately 10 mg of mesophased sample was
placed in a Tzero aluminum pan and sealed with a Tzero hermetic lid. The polymerization kinetics
at 65 °C (= 0.1 °C) was studied under nitrogen atmosphere. To evaluate the effect of the reaction
temperature on the reaction kinetics, some experiments were also performed at 55 and 75 °C. To
determine the rate of polymerization (normalized to the total reactive concentration), the procedure
developed by Guymon et al. was employed.>**%343 Having the heat flow, O(¢), the polymerization
rate, R,, was calculated using Eq. (1):*°

R,(1) M M
[M] 0 B Q(t) ![ nAHPm ]monomer ' ( nAHPm jcrosslin ker } (1)

where M, [M]o, AH,, n, and m are monomer molar mass, initial monomer concentration, theoretical
reaction enthalpy (86,200 J/mol for acrylates and 56,000 J/mol for methacrylates),* functionality,
and the total mass of corresponding species (i.e., monomer or crosslinker), respectively.*-° The
degree of monomer conversion was calculated by integrating the area under the R,(¢)/[M]o versus

time curve since R, (¢)/[M], = —fl—p with p being the double bond conversion.*® Schematic of the
t

polymerization process in different LLC structures is shown in Fig. 1f.

Chemorheology and Mechanical Properties. A stress-controlled rheometer DHR-3 (TA
Instruments, New Castle, DE) was used to study the chemorheology and the mechanical properties
of the polymerized samples.>* A 40 mm sand blasted parallel plate geometry with 1 mm gap was
employed in all of the experiments to suppress the wall-slip, which was confirmed to be indeed
negligible in uncured and cured mesophases (Fig. S1) in agreement with previous study.’! A
solvent trap filled with deionized water was used to minimize any probable monomers or water
loss during the reaction at 65 °C under the rheometer. In the case of chemorheology, the tests were
performed in the linear viscoelastic region (0.1% strain, confirmed from amplitude sweep tests).
The evolution of dynamic moduli with time at 65 °C was considered for determining the
polymerization kinetics.’> To evaluate the mechanical properties of polymerized LLCs, after
curing the sample under rheometer, the temperature was decreased to 25 °C and then dynamic
frequency sweep test was carried out in the frequency range of 0.1 to 400 rad/s.
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Fig. 1. (a) Monomers and reaction scheme of their polymerization process in this study; (b-e) Chemical
structures of initiators and surfactant: (b) APS, (c) BPO, (d) AIBN, and (e) Pluronic L64; (f) Schematic of
polymerization process in lamellar and hexagonal structures.



Results and discussions

Cross-polarized light microscopy (CPLM)

We previously showed that Pluronic L64/water/oil systems with weight ratios of 50/35/15 and
55/15/30 have lamellar and hexagonal structures, respectively.>* To confirm the preservation of
these LLC structures after polymerization, Cross-polarized light microscopy studies were carried
out on the LLC samples before and after polymerization. The obtained results are shown in Fig. 2.
Streaky-oil and fan-like texture is observed for lamellar and hexagonal structures,** respectively,
before polymerization regardless of the applied initiation system. The absence of extinction (a dark
image) in the CPLM photograph of polymerized species indicates that the structure remains
birefringent after the polymerization using IFW or IFO systems.
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Fig. 2. CPLM images of LLCs with lamellar and hexagonal structures before and after thermal
polymerization by I[FW and IFO systems. Scale bar: 50um.

Small Angle X-ray Scattering (SAXS)

To confirm the results of CPLM and study the structure of LLCs quantitatively, we performed



SAXS analysis. The SAXS results for lamellar and hexagonal systems before and after curing with
different initiators are shown in Fig. 3. As expected, Bragg peaks with ratios of 1:2 and 1:\3 are
observed for lamellar and hexagonal structures, respectively, before polymerization. The peaks
with similar ratios are obtained after polymerization via different initiators for both lamellar and
hexagonal phases. The only notable point here is the change in positions of the peaks after
polymerization which is a sign of change in d-spacing of the structures after polymerization. Such
structural changes have commonly been reported in the literature for polymerization of
LLCs, 122430553
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Fig. 3. 1D SAXS data for (a) lamellar and (b) hexagonal phases before and after polymerization with
different initiators. The plots are vertically shifted for clarity.

Using the obtained data for the principal scattering vector, ¢g*, we can calculate the lattice
parameter for both structures (see the schematic illustration presented in Fig. 4) using the following
equations:

d="= @)
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where d is the lattice parameter (also known as the lamellar periodicity) for lamellar structure and

a is the lattice parameter (equal to the distance between the centers of adjacent cylinders) for
hexagonal phase.

The volume fraction of apolar domain, ¢, was defined as the volume fraction of the monomer
phase and PPO block. Additionally, the volume fraction of PEO chains and water was considered
as the volume fraction of polar domain, 1- ¢. Using these parameters, we calculated the size of
apolar domain for lamellar () and hexagonal structures (R) using the following equations:>*

o=d¢ 4)

P
R=a 1—[ﬁ(l—¢)] (5)

T

To evaluate the effect of nanoconfinement on the polymerization kinetics, it is required to
calculate the nanoconfinement radius for lamellar (R;, nax) and inverse hexagonal (R, max) structures
using the following equations:*°

Rl,max = % (6)

1
2
2 3

h,max =d E (1 - ¢Pluronic - ¢Wat€r ) (7)

where @oil, pPiuronic, pwarer are volume fraction of oil, Pluronic, and water, respectively. To calculate
the mentioned volume fractions, we followed the assumptions and procedures proposed earlier.?*
Briefly, by considering the complete segregation of the water, PEO, PPO, and monomer phases
and thus using their bulk density, the volume fractions are calculated. The radius of gyration (Ry)
for Pluronic P85 (PEO2s-PPO4o-PEO>s) is 1.7 nm.>® Pluronic P85 has a higher polymerization
degree than Pluronic L64, thus, the latter has even smaller R,. Therefore, as discussed by Qavi et
al.,>* there is hardly any bridging between polar/apolar domains by Pluronic chains in this system.
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Fig. 4. Schematic illustration of (a) lamellar and (b) hexagonal phases with structural parameters that can
be obtained from SAXS analysis. The nBA/EDGMA region is where polymerization/crosslinking occurs.

Table 1 shows the results of the aforementioned calculations. The confinement size almost
remains unchanged regardless of the employed initiation system. Additionally, the confinement
size 1s bigger for hexagonal structure compared to lamellar one, which can significantly affect the
polymerization kinetics, as previously reported in the literature’® and will be discussed in the
following sections. It is also noteworthy that the lattice parameter as well as apolar domain size
change upon polymerization for both structures, which is a common phenomenon in
polymerization of LLCs that happens due to the formation of polymer network and thus the
competition between thermodynamics and kinetics.'> In terms of thermodynamics, the
thermodynamic penalty of mixing increases by increasing the molecular weight of the oil phase.
Such increase in the thermodynamic penalty coupled with the change in surface energy of the
polymerizing phase can induce phase separation, resulting in the domain size increase. On the
other hand, the density increases due to the formation of polymer network (shrinkage of the
polymerizing phase) which can result in smaller domain sizes. Due to the suppression of the chains
mobility by the cross-linking, the phase separation and thus complete loss of nanostructure is
avoided, but yet the domain size is controlled by the competition between demixing and

shrinkage.?*>°
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Table 1. Calculated parameters for different LLC structures before and after polymerization.
oor R Confinement

LLC dora

Sample structure (nm) ¢ ¢Oil ¢Pluronic ¢ Water (nrn) S1Z¢€
(nm)
Le 6.40 046 0.16 0.49 0.36 2.95 ~0.5
Unpolymerized
H» 5.75 0.64 031 0.54 0.15 3.19 ~1.2
Le 5.06 046 0.16 0.49 0.36 2.33 ~0.4
APS-initiated
H» 6.47 0.64 031 0.54 0.15 3.59 ~1.3
L. 4.98 046 0.16 0.49 0.36 2.29 ~0.4
AIBN-initiated
H» 6.25 0.64 0.31 0.54 0.15 3.46 ~1.3
L. 5.15 046 0.16 0.49 0.36 2.37 ~0.4
BPO-initiated
H» 6.25 064 0.31 0.54 0.15 3.46 ~1.3

Thermal Polymerization Kinetics

DSC was used to study the thermal polymerization kinetics in LLC nanoconfinements
dependent on initiators. The calculated normalized polymerization rate and overall monomer
conversion for LLC structures are shown in Fig. 5. It is noteworthy that for all of the initiation
systems, the absence of any fluctuation and/or discontinuities in DSC results (see Fig. S2 for
typical raw DSC data) confirms that no structural changes happen during polymerization of
LLCs." This conclusion agrees with SAXS results, proving the retention of structure during
polymerization of studied samples.
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Fig. 5. Normalized polymerization rate versus time and overall monomer conversion obtained from
thermal polymerization in hexagonal and lamellar structures using different initiation systems: (a) APS,
(b) BPO, (c) AIBN, (d) APS+AIBN and (¢) APS+BPO. For all samples, the total initiator concentration
of 5 mol% was used with respect to the total monomer content.
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Unexpectedly, APS-initiated thermal polymerization (IFW) shows much faster polymerization
rate compared to the IFO reactions initiated by AIBN and BPO. The maximum polymerization
rate for IFW system is ~2.5-3 times higher than for IFO ones. Furthermore, the overall monomer
conversion is more than 90% for IFW, whereas less than 75% conversion is achieved with IFO
approach. One might argue that such difference is due to the different free radical concentrations
generated by different initiators. To examine this hypothesis, we calculated and plotted the
theoretical concentration of free radicals (normalized with the initiator efficiency) produced by
different thermal initiators over time at 55, 65, and 75 °C and initial initiator concentration of 5
mol% with respect to the total monomer content. The calculation and results are presented in the
Supporting Information (SI text and Fig. S3). AIBN has the highest free radical generation
capability and the concentration of the free radicals generated by APS is in between of AIBN and
BPO. Therefore, the free radical concentration is not the major factor determining the reaction
rates for different initiation systems.

To further evaluate IFW and IFO, we polymerized the oil phase in the same structure using a
combination of IFW and IFO systems (APS/AIBN and APS/BPO). We used 2.5 mol% of each
initiator to adjust the total initiator content to 5 mol% with respect to the total monomer
concentration. The acquired results show that the reaction kinetics for [IFW-+IFO fits in between of
IFW and IFO systems. Additionally, the maximum polymerization rate is almost doubled for both
AIBN and BPO when combined with APS. Furthermore, the overall monomer conversion
enhanced from ~75% to ~97% and from ~50% to ~80% for AIBN+APS and BPO+APS,
respectively. These results become interesting when we compare the free radical concentration
trend for the mixed initiation systems with those for separate initiators (see Fig. S3). The
concentration of active sites decreases when we combine 2.5 mol% APS with 2.5 mol% AIBN,
but the reaction rate as well as monomer conversion increases compared to 5 mol% AIBN alone.
In contrast, the free radical content of 2.5 mol% BPO combined with 2.5 mol% APS is higher than
that of 5 mol% BPO and still the polymerization rate and monomer conversion improve. Based on
these observations, one may suggest that there is another important factor controlling the
polymerization kinetics in the nanoconfinements of the LLCs. To determine the controlling
parameter, we performed the same experiments with hexagonal LLC structure to investigate if the
same trend is observed for polymerization kinetics.

As shown in Fig. 5, the reaction kinetics in the hexagonal LLC changes in a fashion similar to
what is observed for lamellar phase, i.e., the fastest polymerization rate is observed when APS is
used. The maximum reaction rate for APS is ~1.6 and ~2.7 times higher than that for AIBN and
BPO-initiated samples, respectively. The monomer conversion of about 90% is achieved for APS
and AIBN, whereas the conversion of 65% is seen for BPO. Furthermore, similar to the
polymerization in lamellar structure, an improvement in the polymerization rate as well as
monomer conversion is seen for AIBN+APS and BPO+APS.

Although the overall trends of polymerization kinetics are similar in lamellar and hexagonal
structures, some noticeable differences exist in terms of the values of polymerization rates and
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monomer conversions. Therefore, it seems crucial to have a comparison between the results for
lamellar and hexagonal phases. Since we have normalized the polymerization rate to the monomer
concentration, we can compare the polymerization kinetics irrespective of monomer concentration
difference between these two LLC structures. Analysis of SAXS data revealed that the
nanoconfinement size of 0.5 and 1.2 nm is obtained for lamellar and hexagonal LLCs, respectively.
We have shown that as the size of confinement decreases, the local concentration of radicals and
macroradicals increases, enhancing the termination reaction and thus slowing down the
polymerization in LLCs.?® Similarly, lower reaction rate and monomer conversion is observed for
lamellar structure for BPO- and AIBN-initiated reactions. In APS-initiated systems, however, the
polymerization rate and overall monomer conversion is slightly higher for lamellar structure
compared to hexagonal counterpart. We hypothesize that since the free radicals of APS are
generated in the non-reactive phase and then migrate into the monomer phase, the local
concentration of radicals/macroradicals gradually rises in the monomer phase. This phenomenon
lowers the chance of termination reactions. In addition, the higher contents of active species near
the walls in [FW system can have a similar effect on the polymerization rate as reported for the
polymerization in hard templates,’’ in which the template surface acts as a catalyst for initiation,
resulting in higher polymerization rate at early stages. When comparing lamellar and hexagonal
structures, we note that the different trend in APS initiated system is caused by the competition
between (i) gradual increase in radicals/macroradicals initiated from interface and (ii)
enhancement of termination reactions due to confinement. In AIBN and BPO initiated systems,
only the latter phenomenon is dominant.

Combined APS and AIBN initiators show an improvement in the polymerization rate and double
bond conversion in hexagonal structure similar to lamellar phase. The reason for such
improvement is that the concentration of free radicals generated by AIBN decreased in half and
the other half is gradually provided by APS, resulting in lower termination rate in oil phase. Thus,
the chain propagation rate increases in AIBN+APS system. The same improvement is also
noticeable for the combination of APS and BPO over IFO polymerization with BPO. Nevertheless,
for both BPO and APS+BPO cases, hexagonal structure still exhibits faster polymerization rate as
well as higher monomer conversion than the lamellar one. Given the fact that BPO generates less
free radicals compared to APS and AIBN (see Fig. S3), enhanced termination reaction is not the
only factor affecting the polymerization kinetics initiated by BPO. One phenomenon that might
predominate in BPO-initiated system is the recombination of free radicals due to the cage effect in
the nanoconfinements of lamellar structure. In other words, under nanoconfinement, the initiator
efficiency (f in equation 8; vide infra) is much lower for BPO in comparison to other initiators.
Bigger size of radicals generated by BPO compared to those by APS and AIBN can be the reason
of such difference. Relative immobility of radicals under nanoconfinement increases the chance
of their recombination. Similar observation has been reported by Guymon and coworkers for
polymerization of LLCs using different photoinitiators.>® To prove this hypothesis, further tests
were required to shed lights on this point.
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We evaluate if combining IFO and IFW systems has a synergistic effect on the polymerization
rate in LLCs. Table 2 lists the average values of maximum polymerization rate and overall
monomer conversion for different initiation system. It also contains the theoretical average values
of IFO and IFW systems and compare them with the experimental results for IFW+IFO system.
Synergistic effect is evident for the monomer conversion for both lamellar and hexagonal
structures as the IFW+IFO systems show higher conversion than the average value of their
corresponding single initiation systems. Having a good balance between propagation rate and
terminate rate may be the reason why the synergistic effect is observed. In the case of maximum
polymerization rate, the synergistic effect is detected only for the combination of APS and AIBN
in the lamellar structure.

Table 2. Overall monomer conversion and maximum polymerization rate for different initiation systems
and theoretical average values for APS+AIBN and APS+BPO mixtures.

Hexagonal Lamellar
Initiation system Conversion {Ry / [M]0} max Conversion {Ry / [M]o0}max
(%) (min"') (%) (min"")
APS 91.4 0.92 95.4 1.00
AIBN 88.1 0.58 74.8 0.37
BPO 65.1 0.34 48.9 0.28
APS+AIBN 93.6 0.71 97.1 0.75
Average of APS and AIBN 89.7 0.75 85.1 0.68
APS+BPO 90.7 0.63 79.2 0.52
Average of APS and BPO 78.2 0.63 72.1 0.64

Based on the obtained results, the gradual increase of propagating chains in monomer phase and
thus suppressed termination rate is the main reason why the polymerization rate is faster for [FW
than IFO system. To further confirm this hypothesis, we run the same experiments in both LLC
structures using initiator concentration of 2.5 mol% with respect to the total monomer content. The
results for lamellar phase are presented in Fig. 6a-c. In the unconfined free radical polymerization
(e.g., bulk polymerization), the rate of polymerization is proportional to the square root of initiator
concentration, meaning that the extent of polymerization (e.g., overall monomer conversion)
decreases with a decrease in initiator content.* In contrary, we observe an increase in the monomer
conversion for all of the initiation systems when the initiator content is reduced to half. This
outcome shows that the lower local concentration of macroradicals due to the reduced initiator
content is the key factor which determines the rate of termination and thus the extent of the
polymerization in LLC nanoconfinements.
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Fig. 6. Normalized polymerization rate versus time and overall monomer conversion obtained from
thermal polymerization in (a-c) lamellar and (d-f) hexagonal structures using different initiation systems
having varied initiator contents. Arrows denote the time points that show the evidence of reduced
termination rate (see main text).
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Another important result here is that the maximum reaction rate slightly decreases with a
decrease in the initiator content for APS and AIBN, whereas it increases for BPO. At a fixed
initiator concentration, the higher the efficiency, the higher the maximum reaction rate will be.
Recombination reaction of the free radicals that usually produces nonreactive components is one
of the main phenomena that lowers the initiator efficiency. It seems that a portion of free radicals
generated by BPO are deactivated through this reaction at high initiator contents due to the relative
immobility of radicals. With a decrease in BPO concentration, the proximity of generated free
radicals decreases, resulting in lower chance of recombination reactions and therefore higher
initiator efficiency. The enhanced initiator efficiency can improve the maximum reaction rate if
the number of total initiation sites is increased. This phenomenon is evident only for BPO possibly
since it generates fewer free radicals at a given time compared to AIBN (see Fig. S3). Even if we
assume that both AIBN and BPO can undergo the recombination of free radicals under
confinement in a same fashion, the polymerization rate with BPO will be affected more intensely
since it is already vulnerable due to the relative immobility of its radicals. This observation
approves our speculation concerning different polymerization kinetics with BPO initiator in LLC
structures compared to APS and AIBN.

Similar trend in polymerization rate and monomer conversion is observed in hexagonal structure
when the initiator content is decreased to half (Fig. 6d-f). The monomer conversion increases for
all of the initiators and the maximum polymerization rate increases for BPO-initiated system,
whereas it decreases for AIBN and APS. As discussed for lamellar structure, lower active site
concentration due to the decreased initiator content reduces the termination reaction, resulting in
higher monomer conversion. The reduced termination rate is evident in the reaction kinetics curves
either in the form of an extended time of reaction and/or gradual decrease of the polymerization
rate after the peak of the reaction rate as indicated by the arrows in Fig. 6. As mentioned earlier,
in the theory of free radical polymerization, the reaction rate scales with the square root of initial
initiator concentration, i.e., R, < ([/]o)*>.*” The maximum polymerization rate of APS-initiated
system in hexagonal structure follows this scaling (Fig. S4), suggesting that other factor(s) (e.g.,
enhanced recombination of free radicals due to confinement) has negligible effect on the
polymerization reaction. Nevertheless, for other cases (e.g., polymerization in lamellar structure
with different initiators and reaction in hexagonal phase using AIBN and BPO), this relation is not
valid probably due to the occurrence of nanoconfinement-related phenomena such as the
recombination of free radicals, diffusion limitations of free radicals, and free radicals concentration
gradient in the confinements.

The polymerization temperature is an important factor controlling the reaction kinetics. The
kinetics for different initiators were studied using lamellar and hexagonal structures at 55, 65, and
75 °C (Fig. 7). As expected, the maximum polymerization rate increased for all of the initiators
when temperature increased. However, the trend of monomer conversion with temperature change
was not anticipated. The overall monomer conversion decreases for APS and AIBN-initiated
systems when the temperature increases from 65 to 75 °C, which can be due to two main factors.
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First, the faster kinetics of cross-linking chains at higher temperatures can expedite the formation
of polymer network and thus suppress the mobility of macroradicals. Such effect has already been
reported in the literature for the polymerization in LLC structures.’® Second, the concentration of
propagating chains increases sharply in a short period of time with an increase in the temperature,
which results in higher local concentration of macroradicals and therefore enhanced termination
rate. The simultaneous presence of these two factors reduces the monomer conversion.
Nevertheless, the conversion for BPO-initiated polymerization slightly increases with temperature
from 65 to 75 °C. The limited local concentration of macroradicals due to the lower free radical
concentration generated by BPO (Fig. S3) compared to the other initiators is likely the reason why
its double bond conversion does not change in similar fashion to AIBN and APS initiated
polymerizations when the temperature increases to 75 °C. In other words, nanoconfinement has
less effect on the termination rate at high temperatures in the case of BPO compared to AIBN and
APS due to the limited number of free radicals and macroradicals generated by BPO. In addition,
BPO is subjected to the cage effect at low polymerization temperatures. Thus, the diminishing
cage effect at higher temperatures can be another reason for the difference between BPO and the
other initiators. Overall, the results show that the rate of termination reaction and free radical
recombination in LLC nanoconfinement control the polymerization rate and monomer conversion.
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Fig. 7. Normalized polymerization rate versus time and overall monomer conversion obtained from

thermal polymerization in (a-c) lamellar and (d-f) hexagonal structures using different initiation systems

at varied reaction temperatures. For all samples, the total initiator concentration of 5 mol% was used with
respect to the total monomer content.
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For IFW system, the polymerization is faster in lamellar structure than hexagonal one (although
it has smaller confinement) and opposite behavior is observed for IFO systems at three different
temperatures. Similar trend is also seen when different contents of initiators are employed. As a
conclusion, for IFW system, polymerization rate is always faster for studied lamellar structure,
whereas the reaction rate has higher pace in hexagonal phase for IFO systems. Therefore, the
reaction rate in soft nanoconfinement not only depends on the confinement size, but also the loci
of polymerization reaction.

To quantify the aforementioned conclusion, we calculated the overall kinetics rate coefficient,
K', and the overall activation energy of the polymerization, E£. By considering the steady-state
hypothesis for the free radical polymerization, normalized polymerization rate can be written as a
function of the double bond conversion, X:>°

Rp_(t)—d_X— & % % — ~ K'(1—
o d _kp[ k J [/](1-X)=K'(1-X) (8)
K=k, (%} e ©)

where ky, ky, f, ki, and [[] are kinetics rate constant of initiator decomposition, the propagation rate
constant, initiator efficiency, the termination rate constant, and initiator concentration,
respectively.

For low degrees of monomer conversion (1% to 10% in the current systems), it is possible to
have an expression which directly correlates double bound conversion to the overall
polymerization rate coefficient, K"

~In(1-X)=K'" (10)

The slope of —In(1 —X) versus ¢ in conversion range of 1 to 10% gives K".>>* Having the reaction
kinetics data at different polymerization temperatures for APS, AIBN and BPO, we calculated the
overall activation energy of the polymerization (in both lamellar and hexagonal structures) by
considering Arrhenius type dependency of reaction rate to temperature (Table 3). For APS
initiator, higher values of K’ at different temperatures (Fig. S5) and lower activation energy in
lamellar structure compared to hexagonal one confirm the higher reaction rate in lamellar phase.
An opposite trend is observed for AIBN and BPO-initiated systems, implying that the reaction rate
is higher in hexagonal structure for IFO systems. Additionally, APS shows the lowest activation
energy as well as the highest K’ values at different temperatures. These results reveal that, under
nanoconfinement, APS is the most efficient initiator among the studied initiation systems in terms
of polymerization kinetics.
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Table 3. Calculated overall kinetics rate coefficient at different temperatures and overall activation energy
of the polymerization in lamellar and hexagonal structures using different initiators.
K'(1073/s) K'(107%s) K'(1073/s) Pre-exponential E

Initiator Structure

at 55 °C at 65 °C at 75 °C factor (kJ/mol)

L, 0.75 1.71 3.21 3.56x107!1! 69.3
APS

H» 0.64 1.54 2.82 2.02x107" 70.2

Lo 0.45 0.97 2.15 3.21x107"2 74.3
AIBN

H> 0.51 1.24 2.37 4.28x10712 73.8

L, 0.29 0.76 1.67 2.12x10712 81.6
BPO

H> 0.38 0.83 1.73 7.95x10713 71.1

Chemorheology and Mechanical Properties

Although chemorheology has been used to study polymerization kinetics for many years,>>6!"%3

there have been few reports applying this technique for the reaction in nanoconfinements.®+
Recently, Qavi et al. have employed this approach to thoroughly investigate the thermal
polymerization kinetics during LLC templating.*° They observed that the rheological properties of
samples show three stages at elevated temperatures: induction, polymerization, and final curing.
The polymerization rate obtained by DSC correlated well with the rate of increase of dynamic
moduli. Also, the mechanical properties of polymerized LLCs can be obtained from viscoelastic

measurements after curing.'®

Fig. 8 shows the chemorheological behavior during polymerization of lamellar and hexagonal
LLC structures by using different initiation systems. In the case of lamellar phase (Fig. 8a-c), the
dynamic moduli of the sample increase faster for APS compared to the other initiators, meaning
that APS-initiated system has the fastest polymerization rate. Additionally, AIBN induces a higher
polymerization rate over BPO. The reaction rate for IFW/IFO systems also lies in between the
rates for [IFW and IFO systems. The interesting result here is that the final values of the moduli for
APS-cured sample is higher than other cases. To further examine such difference in mechanical
properties, we run frequency sweep experiments on the polymerized samples in less than 2 min
after reaching the final curing stage during chemorheological measurements (Fig. 9a). The results
indicate higher dynamic moduli for APS-cured sample. One may argue that this is due to the higher
monomer conversion of APS initiated sample compared to [FO systems. Based on the DSC results,
however, the double bond conversion for APS/AIBN system is almost equal to that for APS alone,
but it has lower dynamic moduli than that of APS system. Therefore, there should be an additional
parameter affecting the mechanical properties of the samples. Investigating the results gained for
hexagonal structure can shed lights on this point.

Chemorheology study on hexagonal structure not only shows that the polymerization rate is
faster for APS compared to other initiators, but also reveals an unexpected phenomenon in the
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development of dynamic moduli during reaction with APS (Fig. 8d-f). When APS is used (in the
pure form or in combination with other initiators), the storage (G') and loss moduli (G") increase
sharply and then decrease to some extent followed by a partial recovery. Such change in
mechanical properties during polymerization, which is seen only for APS-initiated reactions, is
probably due to the way that free radicals migrate from water to the monomer phase. In emulsion
polymerization, as a generally accepted mechanism, the free radicals located in aqueous phase first
react with monomer molecules dissolved (even in very low concentrations) in the aqueous phase
to form surface active species (called z-mers) that subsequently enter the monomer droplets.®”-%
When APS is used in polymerization of LLCs, the z-mers probably form and either remain at the
interface or enter the oil phase to react with the large reservoir of monomers. Since the oil/water
interface is mechanically the weakest component in multiphase systems, the propagation of
polymer chains at the interface results in a sharp increase in the moduli. However, detachment of
growing z-mers from the interface and their entrance into the monomer phase may induce a decline
in moduli. Further propagation and formation of polymer network results in a recovery of the
mechanical properties to some extent. We speculate that the formation of a robust polar/apolar
interface in IFW system is one of the reasons of higher mechanical strengths of the cured samples
compared to IFO ones in different LLC structures, as shown in Fig. 9. It is worth noting that we
do not see the peak in dynamic moduli during the reaction in lamellar phase (see Fig. 8a-c) in
contrast to hexagonal structure. This can be due to the structure itself and/or lower monomer

content in lamellar phase.
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Fig. 8. Evolution of dynamic moduli during LLC templating with (a-c) lamellar and (d-f) hexagonal
structures using different initiation systems.
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Fig. 9. Frequency sweep curves of the samples obtained from polymerization in (a) lamellar and (b)
hexagonal LLC structures using different initiation systems.

To further examine the effect of initiation system on the mechanical properties of the
polymerized samples, we conduct rheological measurements on the LLCs containing 2.5 mol%
initiator content, which have less termination reaction than 5 mol% samples as discussed earlier.
The samples containing 2.5 mol% APS and AIBN are used in this part as they show almost similar
monomer conversion according to DSC analysis. The results are presented in Fig. 10. For both
initiation systems, the dynamic moduli of the polymerized samples having different nanostructures
are enhanced with a decrease in the initiator content. Furthermore, APS-cured samples exhibit
higher moduli over the samples cured with AIBN even under almost same monomer conversions.
These observations confirm the considerable effect of the chains forming at the interface on the
mechanical properties of polymerized LLCs. To further elaborate the effect of the chains formed
at the water/oil interface, we have schematically presented the probable mechanism (as discussed
above) in Fig. 11. In summary, free radicals generated by the water-soluble initiator migrate to the
polar/apolar interface and start the polymerization, resulting in the formation of z-mers. The
growing z-mers can either continue the reaction at the interface or detach from the interface to
continue the polymerization in the apolar domain. A robust polar/apolar interface is obtained at
the end of the reaction due to the formation of polymer chains at the interface resulting in an
enhanced mechanical properties. In the case of IFO system, however, the polymerization mainly
takes place in monomer phase. Such polymerization behavior limits the reaction at the interface,
resulting in the formation of less polymer chains in this location and thus acquiring weaker
mechanical properties compared to I[FW system.
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Conclusion

Different thermal initiators were used to study the polymerization kinetics in lamellar and
reverse hexagonal LLC structures through DSC analysis. The IFW system showed a faster
polymerization rates over IFO ones under any circumstances (e.g., different temperature, initiator
concentration, and LLC structure). We attributed this behavior to the gradual increase of the
propagating chains in the monomer phase which results in lower termination rate and thus higher
overall polymerization rate. Moreover, the experimental results showed that the polymerization
rate in lamellar phase is faster than in hexagonal phase when IFW system is used, whereas an
opposite trend is observed for IFO systems. Additionally, rheological measurements not only
confirmed the DSC results concerning the faster reaction rates by [FW system, but also revealed
that the samples cured by IFW system exhibit enhanced mechanical strength over other initiation
systems even at similar monomer conversions. We attributed this observation to the
polymerization at polar/apolar interface in [IFW system.
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