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ABSTRACT

The hydrolytic kinetic resolution (HKR) of epoxides has been performed in a shell-
crosslinked micellar (SCM) nanoreactor consisting of amphiphilic triblock copolymers based
on poly(2-oxazline)s polymer derivatives with attached Co (Il)-salens to the micelle core. To
investigate the effect of the molecular interaction of reactant/product molecules with the
SCM nanoreactor on the rate of HKR, we calculated the Flory-Huggins interaction
parameters () using the molecular dynamics simulation method. For this, the blend systems
were constructed with various compositions such as 15, 45, and 70 wt% of the
reactant/product molecules with respect to the polymers such as poly(2-methyl-2-oxazoline)
(PMOX), poly(2-(3-butinyl)2-oxazoline) (PBOX), and poly(methyl-3-(oxazol-2-yl)
pentanoate with Co(Ill)-salen (PSCoX). From the y parameters, we demonstrate that the
miscibility of reactants/products with polymers has a strong correlation with the experimental
reaction rate of the HKR: phenyl glycidyl ether (Reac-OPh) > epoxyhexane (Reac-C4) >
styrene oxide (Reac-Ph) > epichlorohydrin (Reac-Cl). To validate this finding, we also
conducted the potential of mean force analysis using steered molecular dynamics simulation
for the molecular displacement of Reac-Cl and Reac-OPh through PMOX and PSCoX,
revealing that the free energy reduction was greater when Reac-OPh molecule enters the
polymer phase compared to Reac-Cl, which agrees with the findings from the y parameters

calculations.

Keywords: hydrolytic kinetic resolution, multicompartment micelle, molecular dynamics
simulation, Flory-Huggins interaction parameter
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1. Introduction

Micelles consisting of poly(2-oxazoline)s (POXs) block copolymers have been
extensively studied due to their potential for a variety of applicationsl’ 2 including drug
delivery, * pharmaceutical applications,”® and catalysis.”” This variety of applications is
attributed to the two aspects of POXs block copolymers: 1) the micelle properties that can be
easily tuned by designing polymer blocks"* '’ and 2) the chain architectures of POXs block

copolymer that can be tailor-made using living cationic ring-opening polymerization." > '

Among the applications mentioned above, we focus on micellar catalysis.> 7% 2" 2!
An exceptional catalytic environment within a micelle structure can be created via well-
defined phase-segregated internal structure of the micelle assemblies.”” Commonly, the
embedment of a catalyst into the core compartment of the micelle forms a high concentration
of catalysts within the given volume of the micelle core, which provides a favorable
condition for catalytic reactions.®® This idea can be expanded further to obtain consecutive
reactions through the neighboring compartments in a micelle or through the combined
multiple micelles.®

We have reported that the hydrolytic kinetic resolution (HKR) of epoxides can be
performed in nanoreactors consisting of POXs-based shell cross-linked multicompartment
micelle (SCM) and Co (III)-salen complex.8 Kinetic resolution is a process in which one
enantiomer reacts significantly faster than the other, leading to an accumulation of the less

reactive enantiomer.’> >

By this, diol product will be produced from epoxide reactant due to
the decisive difference in reaction kinetics. In this study, our simulation will focus on the diol
molecule only because it is the main product. The core domain of the micelles containing Co
(IIT)-salen is a highly reactive site due to its high catalyst concentration. The epoxide of
interest (reactant) diffuses into the micelle core due to its hydrophobicity, while the
hydrophilic diol product from HKR is released into the surrounding aqueous phase due to its
hydrophilicity. Despite our success in developing a highly efficient micelle-based
nanoreactor, we were not able to explain why the HKR for certain types of epoxide (e.g.,
epichlorohydrin) in the SCM does not occur or is very slow in comparison to the HKR in the
bulk phase.®* This contribution investigates the relationship of the properties for
reactant/product with the characteristics of HKR catalyzed by the SCM nanoreactor.
Molecular simulation methods have been widely applied to investigate molecular
properties based on their chemical structures.”> *° Particularly, molecular simulations have
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been extensively performed to study drug-polymer compa1:ibility27'31

properties of drug carriers:*>”’ the former is determined by obtaining the thermodynamic

and the drug release

properties such as free energy, whereas the latter describes kinetic properties related to
molecular transport with energy barriers.

The focus of the present study is to predict the compatibility of reactant/product
molecules with a POX-based block copolymer. In the aforementioned studies on the drug-

polymer compatibility,”’ > **

the quantitative evaluation of such compatibility was attempted
by employing the Flory-Huggins interaction parameters (y). Patel and his coworkers®
reported molecular dynamics (MD) simulations investigating the compatibility between
water-insoluble drugs and self-associating PEO-b-PCL block copolymers. Kasimova et al.*’
performed MD simulations of lipophlilic drug molecules in polymeric micelles, which was
validated by experiments. Both studies employed the ) parameters as a descriptor for phase
segregation or miscibility, which could establish a systematic design guide in efficiently
developing new drugs with less use of resources.

We have reported that the reaction kinetics of HKR of epoxides depend on the
chemical structure of reactant and product in the POXs block copolymer micelles.® Based on
these results, we hypothesize that the compatibility of reactant/product with the POXs-based
block copolymer has a significant influence on the kinetics through the molecular transport
since the reactant may not enter the micelle if the compatibility is low, and similarly, the
product will stay in the micellar core if the compatibility is high.

In this study, we characterize the compatibility of various reactant/product molecules
with each block of POXs-based block copolymer by calculating the y parameter from MD
simulations, in order to investigate the effect of the compatibility on the reaction. Our

simulation results are compared to the corresponding experimental observation.

2. Materials and Simulation Methods
2.1. Simulated Materials

The crosslinked micelle is formed from amphiphilic ABC-triblock copolymers based

on poly(2-oxazoline)s. The polymer has a hydrophilic block (A) and a hydrophobic block (C).

To stabilize the micelle, a crosslinking block (B) is introduced into the middle layer of the
polymer. Monomer C was synthesized following the literature procedure® while monomer B

was synthesized by a two-step one-pot reaction with a yield of 72% (see SI). Poly(2-

4
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oxazoline) triblock copolymers were synthesized via cationic ring-opening polymerization
using methyl triflate as the initiator. The polymerization process was monitored by 'H NMR
spectroscopy and gel-permeation chromatography (GPC). The dispersity (P) and apparent
molecular weight (M,”) of the final triblock copolymer 1 are 1.23 and 7,700 g mol™
respectively, as determined by gel-permeation chromatography using poly(styrene) standards
(see SI). "H NMR spectrum of 1 showed degrees of polymerization of the individual blocks
of a:b:c=62.1:6.7:8.3 (see SI). The ester end groups in the side-chain of hydrophobic block C
were deprotected into carboxylic acids and served as a functional handle to attach the
hydroxyl-functionalized salen ligand. The MALDI-TOF spectrum indicated that four salen
ligands were attached in the hydrophobic block of polymer 2 (see SI). Micelle formation was
induced by dissolving polymer 3 in water (5 mg/mL) and was proved by dynamic light
scattering (DLS) analysis. The thiol-yne reaction was chosen for the micelle crosslinking step
between a dithiol linker and the carbon-carbon triple bonds in block B. The stable
hydrodynamic radius from DLS analysis in different solvents proved the success of
crosslinking. The SCMs were metalated with cobalt(Il) acetate in a glovebox and then
oxidized in air to produce the active Co(Ill)-salen micelles 5 (Scheme 1). The hydrodynamic
radius of 5, determined by DLS, was 47 = 5 nm, consistent with the radius of 50 + 10 nm
obtained by SEM (see SI). We studied the use of 5 as catalyst for the HKR of epoxides. Table
1 shows the reactants and corresponding products for the HKR using 5 with detailed
information on reaction times and conversions. The conversion of HKR reaction was
determined by chiral GC measurement. The chirality of the salen ligand only allows one
enantiomer to reach the cobalt metal while the other enantiomer cannot be catalyzed due to
the steric hindrance. Therefore, the highest conversion of a kinetic resolution reaction is 50 %.
After 24 h, epichlorohydrin (entry 1) was less than 4% converted with an ee of 5%. Stryene
oxide (entry 2) reached 48% conversion and 92% ee after twelve hours. Epoxyhexane (entry
3) with a longer side chain was completed in twelve hours with 96% ee. Phenyl glycidyl ether
was resolved in five hours with 95% ee. These catalytic results using 5 were in agreement
with our previous reported SCM catalysts.® Figure 2 shows the structures of reactants and
products.

For the computations, we investigate three polymer blocks: poly(2-methyl-2-
oxazoline) (PMOX), poly(2-(3-butinyl)-2-oxazoline) (PBOX), and poly(methyl-3-oxazol-2-
yl) pentanoate with Co(Ill)-salen (PSCoX) as shown in Figures 1a, 1b and lc, respectively.
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The POXs block copolymers containing these blocks form micelles in aqueous condition, as
observed experimentally. Co-Salen in Figure lc is Co(Ill)-salen (Figure 1d). To obtain the
compatibility of reactants/products with each block, we modeled each block separately
without other blocks, meaning that we performed MD simulations of the three types of
homopolymers to investigate their molecular miscibility with the reactants and products in

HKR.

2.2. Flory-Huggins Interaction Parameters ( %) for Molecule-Polymer Interactions

The Flory-Huggins (FH) interaction Parameters ( y,,,) is employed to evaluate the

miscibility of reactants and products with each block, which is defined by the following

equation:>’

Vref AH
=9 " "F (1)
XFH RT
where me is the molar volume of molecules in the mixture systems and A#,, denotes

the enthalpy of mixing, a measure of the molecular interaction. The phase separation becomes

greater as a function of y,,, parameter.

In numerous studies, 3% 3

the ., has been used to characterize the interactions in
drug-polymer binary systems. Originally, the FH theory was developed based on the lattice
system to investigate the mixiFng of polymeric binary system using the Gibbs free energy

change:*

AG,, =RT[nIng, +n,In@, +n¢, 7] (2)

where R is the gas constant, T is the absolute temperature (K), and »,and ¢, denote the
number of moles and the volume fraction, respectively. The first two terms express the
entropy of mixing while the last term describes the enthalpy of mixing. The dimensionless

Xy Darameter describes the interaction between reactant/product and polymer.

28-30, 38

Recently, there have been several studies presenting the calculation of .,

through MD simulations. We calculated Af,, from the energy of binding (AE,;,, ) of
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pure molecules (component 1), pure polymers (component 2), and molecule-polymer mixture

(component 1-2) as Kasimova et al® implemented in their work:

AEmix:(DI( Il;mdj +¢2( Il;mdj _( Il;mdj (3)
1 2 1-2

where », and o, are the volume fractions of components 1 and 2 in the mixture, V is the

total volume of the system. Accordingly, the energy of mixing is dependent of the volume

fraction of components in the mixture system, meaning that three systems should be
simulated independently to calculate one Y., for a molecule-polymer pair. All the

parameters in Equation (3) are directly taken from the trajectory of MD simulation.
2.3. DFT and MD Simulation Approach

The POX homopolymers were simulated using a full-atomistic model with the
Dreiding force field.*' The atomic partial charges for the repeating units were calculated
using Mulliken population*? with B3LYP/6-31G** in Jaguar.®

The temperature was maintained using Nosé-Hoover thermostat.** ** The particle-
particle particle-mesh (PPPM) method was used for the long-range electrostatic interaction
calculation.*® The equation of motion was integrated using velocity-Verlet algorithm with a
time step of 1 fs.* A periodic boundary condition was imposed in all directions. The
LAMMPS (large-scale atomic/molecular massively parallel simulator) code developed by

Sandia National Laboratories was employed to perform MD simulations.**

3. Results and Discussion
3.1. Evaluation of hydrophilicity and hydrophobicity

The solvation free energy of each block was estimated via DFT calculation, which
represents the extent of solvation in water. It is noted that the DFT-based solvation free
energy has been widely used to indirectly evaluate the solubility of various molecules in a
certain implicit solvent phase with a very dilute condition.**

On the other hand, MD simulation can describe relatively high concentration
condition using explicit solvent method, and thereby take into account the effect of other

molecules including the solvent molecules on the molecular structure and dynamics. Thus,

the molecular aggregate in water may undergo structural change over a certain period of the
7
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simulation time, depending on the molecular interaction with water phase, which cannot be
fully considered in the implicit solvent method. We presume that, if we start MD simulation
of molecular aggregate in water phase, the hydrophilic molecular aggregate would become
dispersed, whereas the hydrophobic molecular aggregate would be maintained to minimize
the contact with the aqueous phase. Based on this, the proposed work was performed in an
attempt to assess a relative degree of hydrophobicity of blocks through the structural
evolution in water phase in MD simulation.

Solvation Free Energy from DFT Calculations. We used oligomers to model each block as
shown in Figure 3 although each block has much longer length with higher degree of
polymerization in the experimental work. Here, for fair comparison, we need to adjust the
degree of polymerization (DP) to have similar molecular surface area that determines the
amount of interaction with the surrounding water molecules. The Co(Ill)-salen attached with
methyl 3-(oxazol-2-yl) pentanoate (hereinafter SCoX) has a molecular surface area of 262.45
A?, so that an octamer of 2-methyl-2-oxazoline (hereinafter MOX) and a tetramer of 2-(-3-
butinyl)-2-oxazoline (hereinafter BOX) were prepared to have the molecular surface area of
238.35 A”and 237.49 A? respectively, as summarized in Table 2 and Figure 3, in order to
eliminate the effect of molecular surface area.

The solvation free energy of an octamer of MOX, tetramer of BOX, and SCoX were
estimated to be -50.28 kcal/mol, -42.60 kcal/mol, and -32.96 kcal/mol, respectively, via DFT
calculation. The results showed that the octamer of MOX is the most soluble in water
whereas the organic complex of SCoX is the least soluble. This assessment agrees with the
expectation of the hydrophilicity rank along the block copolymer for micelle formation in the
experiment, which consists of PMOX, PBOX, and PSCoX for corona block, intermediate
block, and core block, respectively (hereinafter PMOX, PBOX, and PSCoX) .

Change in Radius of Gyration from Molecular Dynamics Simulations. The clusters of
homo-oligomers in water phase were monitored during equilibration at 300 K and 1 atm via
NPT-MD simulation. As performed in the DFT calculation, since the size of two monomers,
MOX and BOX, is far smaller than the size of SCoX, decamers of MOX and BOX were built
to prepare clusters while a single unit of SCoX was used to prepare its cluster. The details of
the simulation conditions are introduced in Table 3. The initial aggregates were prepared in
vacuum, and then the rest of the space in the simulation box was filled with water molecules.

In the beginning of the simulation, the restrained MD simulations were performed for 2 ns in

8
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order to relax the system, especially the aggregates-water interface as well as the water phase.
Then, the MD simulations were performed to investigate the change in the radius of gyration
(Rg) of the aggregates. Figure 4 shows that the radius of gyration of the MOX-decamer
aggregate (Figure 5a) was gradually increased as a function of time, while BOX-decamer
aggregate (Figure 5b) and SCoX aggregate (Figure 5c) were not changed significantly. In
addition, these two models revealed that the size of aggregates was either sustained or
contracted compared to their initial structures.

We found that our MD simulation results (Figures 4 and 5) are in a good accordance
with the solvation free energy analysis using DFT calculation, confirming that the rank of
hydrophilicity is MOX > BOX > SCoX. Please note that the branch groups determines the
hydrophilicity since the backbone is all commonly 2-oxazoline. In addition, from this study, it
is inferred that our MD simulation method is able to describe the molecular interactions and

corresponding behavior well for further investigation.

3.2. Flory-Huggins interaction parameter

The miscibilities of reactants and products with blocks such as PMOX, PBOX, and
PSCoX are assumed to play key roles for implementing the HKR in SCM nanoreactor. The
permeation of reactant/product through the micelle consisting of block copolymer chains is
affected not only by the miscibility but also by various factors such as the density in the
micelle, the concentration gradient and so on. Though, the miscibility as the result of
molecular interaction of reactant/product with each block should be carefully investigated to
understand the HKR in SCM nanoreactors. For instance, the high solubility of reactants in the
polymer phase indicates the high miscibility between two components, meaning that the
reactants have enhanced permeation into the micellar structure. Based on this hypothesis, the

Flory-Huggins interaction parameters ( y, . ) were calculated to assess the molecular

interactions of reactants/products with blocks in the micelle in order to understand the

experimental results for the HKR in a micelle consisting of block copolymers.® *°

For this calculation, the 2-oxazoline derivatives such as MOX and BOX were
polymerized to have 100 repeating units, while SCoX was polymerized to have 30 repeating
units, which is due to the relatively small block length of SCoX compared to other two blocks

in a micelle as used in the experimental study.® Then, mixtures of polymer-reactant and
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polymer-product were prepared with various compositions of reactants and products (15 wt%,

45 wt%, and 70 wt%).

The interaction parameters as a function of the weight fractions of reactants or
products were used to thoroughly investigate the characteristics of phase segregation with
various mixture compositions. As a result, 72 sets of simulations were performed to
characterize the compatibility of four reactants and their corresponding products with three
polymer blocks. The corresponding number of molecules for each mixture model is listed in

Table 4.

Once the initial structures were constructed, first, we ran annealing MD simulations
for 8.5 ns, which consists of the heating and cooling processes, to achieve the relaxation of
highly strained local structures. The details of the annealing MD simulation is found in the
previous publications.*’ Then, an additional 2-ns NVT MD simulation and a subsequent 5-ns

NPT MD simulation were performed at latm and 300K for equilibration. From the

equilibrated systems, the cohesive energy (AE,,

ohesive

) was calculated by following equation:
AECohesive = ESystem - ZniEi (4)

where Egyqem 1; and E; denote the energy of the system, the number of component molecule,
and the energy of a single component molecule, respectively. After converting the weight
fraction to the volume fraction, all the variables are substituted into Equation (3) to calculate
the Flory-Huggins interaction parameter.

Reac-Cl and Pro-Cl Figures 6a and 6b shows a series of the x as a function of the weight
fraction of reactant (Reac-Cl) and product (Pro-Cl), respectively. Figure 6a presents that the
Reac-Cl has the largest y value for the corona (PMOX) which keeps increasing with
increasing weight fraction of reactant, indicating that that the Reac-Cl would not be well
associated with corona (PMOX) of the micelle. Therefore, it is inferred that Reac-Cl would
have very poor conversion in this micelle system due to the large y parameter estimation
predicting. Since the y parameters with PBOX and PSCoX are smaller than that with PMOX,
it is anticipated that the Reac-Cl in the corona (PMOX) might have a tendency to move

toward to the inner regions of the micelle for better thermodynamic stability.

10
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On the other hand, it is found from Figure 6b that the corresponding product, Pro-Cl
has small y parameter with the core (PSCoX), indicating that the Pro-Cl could stay within the
core for a while. However, as the concentration of Pro-Cl increases beyond the weight
fraction of 0.6, its y parameter becomes similar to that in PBOX. Thus, the Pro-Cl would be
pushed out of the core. Overall, the reactant would not be able to enter the micelle well and
the product would stay long in the micelle, implying that the reaction rate would be low.
Reac-Ph and Pro-Ph. As Figure 7a and 7b, the change of y parameters for Reac-Ph and Pro-
Ph are very similar with the previous case for Reac-Cl and Pro-Cl: it is not easy
thermodynamically that the reactant, Reac-Ph gets into the corona of the micelle. Please note
in Figure 7a that the y parameters with the core is relatively small compared to that in the
corona, so that the insertion of Reac-Ph into the micelle core seems much easier than that for
the case of Reac-Cl. For the Pro-Ph shown in Figure 7b, the curves have similar behavior
with those in Figure 6b. Therefore, it is expected that the association of Reac-Ph into the
micelle is not thermodynamically easy, which is similar to the case of Reac-Cl. However, the
incorporation of reactant into the micelle core would be greater for Reac-Ph than Reac-ClI due
to the higher miscibility (smaller y parameter) with the core.

Reac-C4 and Pro-C4. As can be seen in Figures 8a and 8b, the , = parameters of both

Reac-C4 and Pro-C4 are smaller than the previous two cases. This means that Reac-C4 and
Pro-C4 would be relatively well associated with the blocks in the micelle. Especially, at the
weight fraction of ~ 0.45, the solubility of Reac-C4 in each polymer is expected to be
relatively favorable for the permeation. Therefore, it is anticipated that the favorable mixing
thermodynamics for the reactant-polymer pair would enhance the HKR, which is clearly in a
good agreement with the values in Table 1: the time required to complete the HKR is much
shorter than the previous two cases. Now, we have one more case: according to the
experimental results reported in Table 1, this last reactant has the best HKR efficiency. We

see whether or not the rationalization based on , =~ parameters would be valid.
Reac-OPh and Pro-OPh. First, the , =~ parameter of Reac-OPh with the corona (PMOX)

is the lowest among the reactants simulated in this study, which facilitates the entrance of

Reac-OPh into the micelle. Although the , =~ parameter of Reac-OPh with the PBOX is
slightly higher than that of Reac-C4 with the PBOX, the portion of PBOX block in the block

copolymer in the experiment® is relatively insignificant compared to the portion of PMOX. It

11
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should also be noted that the j =~ parameter with the core (PSCoX) is the lowest among the
reactants. From the overall observations from the j =~ parameters, it seems that Reac-OPh

would have the most supportive environment in the micelle for the HKR. Furthermore, the
miscibility of Pro-OPh with the core is slightly less than those of other products, meaning that,
once the HKR reaction occurs, the Pro-OPh would be released out well compared to other

products. Indeed, our , =~ parameters for Reac-OPh and Pro-OPh rationalize why the HKR

of Reac-OPh proceeds the best compared to other cases.

3.3 Potnetial of Mean Force Analysis

In this study, to validate the conclusions obtained in the previous section, we
performed the potential of mean force analysis using steered molecular dynamics (SMD) that
canestimate the free energy change as molecule is displaced from solvent phase to polymer
phase. Therefore, it was intended that this SMD simulation confirms that the miscibility of
the reactant/product with polymers has strong correlation with the reaction rate of HKR.

To calculate the potentials of mean force (PMF), the molecule was displaced
through the quasi-static states.® For the robust calculation of the PMF, eight sets of SMD
simulation were performed independently to obtain an ensemble average of the PMF results

by the following definition:

)

PMF(r) = —RTln[liexp(Mﬂ
nic

RT

where R, T, n and r denote the gas constant, temperature, number of trajectories, and
displacement coordinate, respectively. Through this procedure, the PMFs were averaged as
introduced from the Jarzynski equality that is most frequently used to calculate approximate
free energy change over a given irreversible paths. The free energy change is estimated by
taking difference in values of PMF between point A and B.

In this study, a single reactant molecule was displaced at the rate of 10 A/fs from
the water phase to the center of polymer phase (Figure 10). To construct the polymer phase in
a slab structure, we prepared the bulk phases of PMOX with the degree of polymerization
(DP) of 50 and PSCoX with DP of 15 using NPT MD simulations at 300 K for 3 ns, and then

12
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extended one axis direction to make a slab. For this PMF analysis, we chose Reac-Cl and
Reac-OPh because Reac-Cl and Reac-OPh show the least and most miscibility with the
PMOX and PSCoX in the previous y parameter analysis results. The reactant molecule was
initially positioned approximately 10~15 A above from the surface of polymer slab.

The results of the SMD simulations are displayed in Figure 11. According to the
profile of PMF and density of polymer in the system, the PMF curves show a noticeable
change along the direction of molecule displacement, especially when the reactants enter the
polymer phase from the water phase. For both reactant molecules, it is commonly observed
that the values of PMF drop at the surface of polymer slab. It is because the reactant
molecules are more stable in the polymer phase compared to the water phase. It is also found
that the PMF drop for Reac-OPh is ~1.2 kcal/mol and ~1.5 kcal/mol in PMOX (Figure 11a)
and PSCoX (Figure 11b), respectively, while that for Reac-Cl is ~0.4 kcal/mol for both
polymer phases (Figures 11a and 11b), which means that the free energy stabilization for
Reac-OPh is greater when it enters the polymer phase in comparison to Reac-Cl. It is thought
that the PMF change of reactants such as Reac-Cl and Reac-OPh is in a good agreement with
the conclusion from the y parameter-based miscibility, confirming that the y parameter-based

miscibility has strong correlation with the reaction rate of HKR.

4. Conclusions

The mixture systems of epoxides and diols with 2-oxazoline-based homopolymers
were investigated using MD simulation method, from which the Flory-Huggins interaction
parameters (y) for each system were obtained to evaluate the miscibility of reactant/product
with blocks in a micelle. Using these y parameters, it was found that the molecular miscibility
has strong correlation with the reaction rate of HKR in multicompartment micelle. To
validate the scheme of the employed MD simulation, the solvation of blocks via MD
simulation were compared to the solvation free energy calculated using DFT method with
COSMO solvation method. According to the MD simulation results, it was observed that the
PMOX oligomers are dispersed from the initial aggregate in water phase whereas the cluster
of PBOX and PSCoX stayed as aggregated. The DFT solvation free energy of each block was
in a good agreement with the MD simulation, confirming that the MD simulation can

describe the interaction of blocks with solvent molecules.
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To perform a thorough analysis based on the y parameters, the blend systems were
constructed with various compositions such as 15, 45 and 70 wt% of the reactant/product
molecules with respect to the mixed polymers, indicating that the solubility of Reac-OPh in
PMOX is the highest among others, followed by Reac-C4, Reac-Ph, and Reac-Cl. To validate
these findings, the change of PMF during molecular displacement of Reac-Cl and Reac-OPh
into polymer phases such as PMOX and PSCoX was calculated using SMD simulation. The
results presented that the decrease of PMF for Reac-OPh is greater than that of Reac-Cl,
meaning that the the incorporation of Reac-OPh is graeter than that of Reac-CIl. Overall, it
was concluded from our y parameter calculations that the better miscibility of the reactants
with polymer blocks would enhance the higher reaction rate as long as the reactivity is the
same.

In the future, the model micelle structure will be investigated to elucidate the radial
density distribution of each block in order to quantitatively characterize the reactant/product
transport with the actual compositions of the micelle. We believe the spatial distribution of
blocks through the micelle will provide more detailed information for molecular diffusion of

reactants/products as well as their thermodynamic distributions.
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492
493
494

495  Table 1. Summary of the HKR of epoxides and experimental results using SCM catalyst 5

0 0 OH
+ H0 SCM Catalyst 0 B on
R/‘Q Excess R/Q R NS
Entry™  Reactant (epoxide) Product (diol) R Tinllbe] Conv.
(h) (%)
Epichlorohydrin Chloropropane diol CH.CI
! (Reac-Cl) (Pro-Cl) 2 24 4
Styrene oxide Phenylethane diol
2 (Reac-Ph) (Pro-Ph) Ph 12 43
Epoxyhexane Hexane diol
3 (Reac-C4) (Pro-C4) n-butyl 8 >0
Phenyl glycidyl
4 ether Phen‘éfgge;ﬁ; cther  cpoph s 49
(Reac-OPh)

496  [a] The reactions were carried out at room temperature using SCM catalyst 5 with a 0.1 mol%
497 catalyst loading.
498  [b] The time required to complete the HKR of epoxide.
499
500
501
502
503
504
505
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Table 2. Specifications of simulated models in DFT calculation

Surface Area (A2)
Species DP* 1
Monomer Oligomer
Octamer of 2-methyl-2-oxazoline (MOX) g 6270 23835
Tetramer of 2-(3-butinyl)-2-oxazoline (BOX) 4 89.65 237.49

Co(III)-salen (SCoX) attached with methyl-3-

(oxazol-2-yl)pentanoate 1 262.45 -

*DP denotes the degree of polymerization or number of repeating units in oligomer
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Table 3. Conditions of the MD simulation for the cluster of oligomers in the water phase

MOX BOX SCoX
Final Density of System 1.002+0.002 1.001+0.001 1.001+0.002
Weight Fraction of Solute 5.3 wt% 3.7 wt% 3.8 wt%
Number of oligomers per Cluster 15
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Table 4. Content information of reactants and products in the mixture

Number of Molecules in the Mixture with Polymer (corresponding volume fraction in %)

Terminal

CH_(C4 CH_OPh
Polymer (R in Table 1) CL(CD Phenyl (Ph) H, (CY) 2
Block Welght Reactant Product Reactant Product Reactant Product Reactant Product
Fraction
15% 100(17) 68(7) 80(11) 55(7) 55(7) 50(8) 68(7) 60(6)
PSCoX 45% 400(46) 317(39) 380(50) 254(39) 254(39) 227(38) 317(39) 276(37)

70%  1200(69)  900(68)  1080(73)  723(69)  723(69)  380(68)  900(68)  790(67)

15% 16(15) 12(11) 15(15) 10(11) 10(11) 9(10) 12(11) 11(10)
PMOX 45% 75(45) 58(42) 70(52)  47(42) 47(42)  41(40) 58(42) 50(40)

70% 220(68)  165(69)  200(76)  132(68)  132(68)  120(68)  165(69)  144(67)

15% 24(15) 18(13)  20(16) 15(13) 15(13) 15(14) 18(13) 16(11)
PBOX 45% 110(44)  84(44)  100(52)  67(43) 67(43)  60(42) 84(44) 73(42)

70% 310(66)  240(70)  290(77)  191(69)  191(69)  170(54)  240(70)  208(69)
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Scheme 1. Schematic representation of the synthesis of poly(2-oxazoline) SCM with Co(II)-salen in the micelle core.
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(d)

Figure 1. Monomers used in this study: (a) poly(2-methyl-2-oxazoline) (PMOX); (b) poly(2-(3-
butinyl)-2-oxazoline) (PBOX); and (c) poly(methyl-3-oxazol-2-yl) pentanoate with (d) Co(III)-

salen (PSCoX).
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(a)
OH
HO\)\/\/
(b)
OH
B HO
(c)
- OH
HO\)\/CI
(d)

Figure 2. Chemical structures of the tested reactants and products. The left side of the figure
contains the chemical structures of the reactants while the products are listed on the right side. (a)
phenyl glycidyle ether and phenol glycerol ether (R-OPh and P-OPh) (b) epoxyhexane and hexane
diol (R-C4 and P-C4) (c) styrene oxide and phenylethane diol (R-Ph and P-Ph) (d)
epichlorohydrine and chloropropane diol (R-Cl and P-CI).
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(b)

(©)

Figure 3. Molecules used in the DFT calculation: (a) octamer of 2-methyl-2-oxazoline; (b)
tetramer of 2-(3-butinyl)-2-oxazoline; (c) Co(Ill)-salen attached with methyl-3-(oxazol-2-
yl)pentanoate.
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Figure 4. Change in the radius of gyration of molecular aggregates during 2 ns of NPT-MD
simulation.
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Figure 5. Snapshot of the cluster structures via 2ns-NPT MD simulations: (a) PMOX; (b) PBOX;
(c) SCoX. The water molecules are invisible for clear view.
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Figure 6. Change of Xmolecule-biock calculated from mixture of block with (a) Reac-Cl and (b) Pro-Cl
with blocks, as a function of weight fraction of molecules.
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Figure 7. Change of Xmolecule-block Calculated from mixture of block with (a) Reac-Ph and (b) Pro-Ph
with blocks, as a function of weight fraction of molecules.
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Figure 8. Change of Xmolecule-block Calculated from mixture of block with (a) Reac-C4 and (b) Pro-
C4 with blocks, as a function of weight fraction of molecules.
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Figure 9. Change of Xmolecule-block Calculated from mixture of block with (a) Reac-OPh and (b) Pro-

OPh with blocks, as a function of weight fraction of molecules.
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Figure 10. Scheme of steered molecular dynamics simulation. Black circle and red arrow indicate
the initial position of reactant molecule and the direction of the displacement, respectively. Red
and blue color denote the water molecules and polymers, respectively.
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Figure 11. Profiles of density and potentials of mean force as a function of position: Polymer slabs
are (a) PMOX and (b) PSCoX.



