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ABSTRACT: Aqueous polymerization-induced self-assembly Predicting Monomers for Aqueous ROMPISA
(PISA) is a well-established methodology enabling in situ Oligomer Hydrophobicity IR
synthesis of polymeric nanoparticles of controllable morphol- ﬁ 005 Evaluation

ogy. Notably, PISA via ring-opening metathesis polymer- Prediction of  _ RIL3se

ization (ROMPISA) is an emerging technology for block ROMP Monomers < 0003 Rz °

copolymer self-assembly, mainly due to its high versatility and fg L

robustness. However, a limited number of monomers suitable 8 0003fRE e e

for core-forming blocks in aqueous ROMPISA have been ool R3

reported to date. In this work, we identified seven monomers nmer Water-soluble

for use as either corona- or core-forming blocks during Hydrophobicity \
aqueous ROMPISA by in silico calculation of relative -R1>-Rz2>>-Rs Aqueous ROMPISA
hydrophobicity for corresponding oligomeric models. The

predicted monomers were validated experimentally by conducting ROMPISA using our previously reported two-step approach.
In addition to predictive data, our computational model was exploited to identify trends between polymer hydrophobicity and
the morphology of the self-assembled nano-objects they formed. We expect that this methodology will greatly expand the scope
of aqueous ROMPISA, as monomers can be easily identified based on the structure—property relationships observed herein.

C onventional preparative methodologies for solution self- robust nature of commercially available Ru-based catalysts, fast
assembly of block copolymers have been extensively polymerization kinetics, and the ability to conduct polymer-
applied in modern polymer science.'™* These involve the izations under air at ambient temperature in either organic or
synthesis of a block copolymer in organic solvent and multiple aqueous milieu.'$72°

steps for its transition into a selective solvent for one or more Since ROMPISA is a newly established concept, a very
blocks to allow for the formation of nanostructures. In general, limited number of monomers that are able to undergo the
such strategies are often limited by low polymer concentration described solubility transition upon polymerization to achieve
(<1% w/w) and precise morphology control issues. ™ in situ self-assembly are known, especially in dispersed aqueous

Recently, polymerization-induced self-assembly (PISA) has
been introduced as an alternative one-pot procedure for in situ
development of nano-objects with tunable morphologies at
high solid concentrations (typically 10—30% w/w).”~"* During
block copolymer PISA, direct nanoparticle fabrication is
achieved as a solvent-soluble corona-forming block is chain
extended using specific solvent-miscible (dispersion PISA) or
solvent-immiscible (emulsion PISA) monomers that form a
second, insoluble core block.'

To date, the majority of literature reports on PISA has been
dominated by reversible-deactivation radical polymerization
(RDRP) techniques, mainly involving atom transfer radical
polymerization (ATRP)'*'? and reversible addition—fragmen-

media. In particular, a few monomers that undergo ROMPISA
in organic solvent or under aqueous emulsion conditions have
been reported thus far,”'~>° while Gianneschi’s group
introduced a quaternary amine-based phenyl norbornene
dicarboximide monomer as the core-forming block in aqueous
dispersion ROMPISA.”**” In addition, exo-S-norbornenecar-
boxylic acid and a di(oligo(ethylene glycol))-based norbor-
nene monomer have been reported by our group for use in
aqueous dispersion ROMPISA via a water-soluble macro-
initiator approach.”® Hence, opportunities exist for identi-
fication of new core-forming ROMPISA monomers.

Recently, our group reported an in silico method that allows

tation chain-transfer (RAFT) polymerization,14_17 in both for prediction of monomers that could be used either as
aqueous and organic media. However, PISA mediated by ring-

opening metathesis polymerization (ROMPISA) has recently Received: February 16, 2019

emerged as a nonradical technology for block copolymer self- Accepted: March 19, 2019

assembly. This growing research interest is facilitated by the Published: April 3, 2019
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corona- or core-forming blocks in aqueous RAFT-mediated
PISA through oligomer hydrophobicity evaluation, as well as
for prediction of morphologies for PISA systems implemented
with different monomer chemistries.”’ Herein, this process is
applied to predict a set of norbornene monomers with various
functionalities for use in aqueous ROMPISA. Diblock
copolymer nano-objects were successfully developed via one-
pot ROMPISA using the predicted monomers as core-forming
blocks and the same hydrophilic stabilizer block as the
macroinitiator, following our recently reported procedure for
controlled ROMP in aqueous media.”® The order of resulting
morphologies increased upon respective degree of polymer-
ization (DP) and relative hydrophobicity increase, while
structure—property relationships were also identified based
on our monomer design.

The predictive methodology followed for identifying
whether a monomer will be able to undergo aqueous
ROMPISA is based on in silico determination of hydro-
phobicity for corresponding oligomeric models by calculating
octanol—water partition coefficients (LogP,). This analysis
has been well-established for small molecules, while transition-
ing to larger polymer molecules benefits from normalization of
LogP,. values by solvent-accessible surface area (SA) to
minimize molecular weight and end-group discrepancies.’’ ™
Olefin end-groups were chosen for the oligomer models in all
calculations for simplicity. While end-group hydrophobicity
contributes to the LogP,./SA value for short oligomers (i.e.,
DP < 10), the influence of end-groups becomes negligible as
DP increases.”’ Positive LogP,./SA values correspond to
hydrophobic polymers that primarily partition into the octanol
phase and as such can be used in core-forming blocks during
ROMPISA in aqueous media. On the contrary, water-soluble
polymers possess negative LogP,./SA values, indicating their
ability to be used in corona-forming blocks. The importance of
the sign of LogP,./SA can be understood by comparing
homopolymer solubility; for example, homopolymers synthe-
sized using M8 or M9 were completely insoluble in water,
whereas P(M10) could be readily dissolved.

Using the described predictive methodology (see Supporting
Information for detailed description), LogP,./SA values of
ROMP oligomers ranging from 3-mers to 12-mers were
calculated for a series of norbornene-based monomers bearing
a wide range of functional groups. A correlation between
oligomer LogP,../SA and monomer LogP,, was also identified,
giving insight into the water solubility of their respective
homopolymers (Figure S1). Monomers used in our study were
mainly selected based on their relatively facile one- or two-step
syntheses from commercially available precursor compounds.
We also hypothesized that hydrophobicity trends for this wide
range of monomers with different anchor or terminal
functional groups would elicit important structure—property
relationships. For comparison, LogP,./SA analysis of
previously reported monomers used in aqueous ROMPISA
(MX = M1, M4, M7, and M11) was also carried out.”*** The
hydrophobicity evaluation results for P(MX), (MX = M1—
M11) ROMP oligomers as a function of increasing chain
length along with their corresponding monomer structures are
shown in Figure 1.

A plethora of studied monomers (M1—M9) were predicted
to be suitable for core-forming blocks in aqueous ROMPISA as
their respective oligomers possess positive LogP,../SA values
across all chain lengths. In general, the imide-based oligomers
(M4—M6 and M9) were less hydrophobic than the ester-/
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Figure 1. (A) Evolution of P(MX), (MX = M1-M11) ROMP
oligomer hydrophobicity as a function of the length of the oligomer.
LogP, values (ALogP98 method) were calculated using an atom-
based approach and normalized by solvent-accessible surface area
(SA) using Materials Studio 2018. The LogP,./SA > 0 region
corresponds to core-forming blocks, while the LogP,./SA < 0 region
corresponds to corona-forming blocks. (B) Core- and corona-forming
norbornene-based monomer structures for aqueous ROMPISA.
Monomers marked with an asterisk (*) have been reported in the
literature.

amide-based ones (M1—M3 and MS8), while multiple polar
functional groups or charges were required to achieve negative
oligomer LogP,./SA values suitable for hydrophilic corona-
forming blocks (M10 and M11).

To correlate computational hydrophobicity trends with
experimental results, two criteria were envisioned for monomer
design. First, the ease of monomer synthesis was considered.
Monomers M2, M3, MS, M6, and M8—M11 were synthesized
following simple imide formation or esterification/amidation
procedures (see Supporting Information for experimental
details). Second, the solubility of prepared monomers in
aqueous media was of major significance. Importantly, the
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Figure 2. (A) Schematic representation of the synthetic route followed for the development of P(M11),,-b-P(MS),, (n = 15, 20, 30, 60, 120, and
180) diblock copolymer nano-objects via aqueous ROMPISA using a water-soluble P(M11);, macroinitiator. (B) Normalized SEC RI molecular
weight distributions, and evolution of M, (filled circles) and Py (empty circles) values calculated from SEC analysis with increasing targeted
DPpys) for P(M11),,-b-P(MS),, diblock copolymers. The solid line represents expected M, values calculated using the monomer feed ratio,
assuming full monomer conversion. M, and Dy, values were calculated from PS standards using THF + 2% v/v NEt, as the eluent. (C) Intensity
weighted size distributions obtained by DLS for P(M11),,-b-P(MS),, diblock copolymer nano-objects. (D) Fitted model to SAXS data recorded
for P(M11),-b-P(MS) ;50 (E) Representative dry-state TEM images of P(M11),-b-P(MS),, diblock copolymer nano-objects, stained with 1 wt%

uranyl acetate (UA) solution.

majority of monomers in Figure 1B were found to be water-
miscible at [MX] = 1 wt%, underlying their ability to be used
in aqueous dispersion ROMPISA. Based on these findings, we
chose to evaluate diblock copolymer ROMPISA using
monomers M2, M3, MS, M6, M8, and M9 as core-forming
blocks and M11 as the corona-forming block following our
reported methodology to conduct well-controlled, open-to-air
ROMP in aqueous media using a macroinitiator approach.28
A P(M11) macroinitiator was first synthesized via ROMP,
under air, in a water-miscible organic solvent (i.e,, THF) using
the commercially available third-generation Grubbs catalyst
(G3) (DPP(MII) =12, M, xur = 2.8 kDa, M, sgc = 2.6 kDa, Dy
= 1.17, Table S1). An aliquot of the resulting macroinitiator in
THEF was then added to a solution of a second core-forming
monomer (MX = M2, M3, MS, M6, M8, or M9) in acidic
phosphate buffer (pH = 2, PB 2) (PB/THF = 9:1, [MX] = 1
wt%), where ionization of the pendant tertiary amine groups of
P(M11) occurred yielding the charged hydrophilic stabilizer
block (see Figure S2 for pH-dependent solubility of P(M11)
oligomers). The presence of acid also promoted pyridine
ligand dissociation to generate the active form of the G3
catalyst. Chain extensions for the development of P(M11),-b-
P(MX), diblock copolymer nano-objects via ROMPISA
targeting increasing DP of P(MX) were fast and typically
completed within a 2—30 min time scale, depending on the
monomer. As a representative example, the obtained character-
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ization results from aqueous ROMPISA of MS are given in
detail in Figure 2.

Based on the described synthetic route, a series of aqueous
ROMPISA reactions using MS were conducted over a range of
DPs of P(MS) core-forming blocks by varying the initial
[M5]/[G3] feed ratio, using a water-soluble P(M11),,
macroinitiator (Figure 2A). A gradual turbidity increase was
noticed for polymerization solutions with increasing DPp(ys),
indicating the onset of particle micellization. Quantitative
monomer conversions (>99%) were achieved in all cases after
approximately 30 min, as determined by 'H NMR spectro-
scopic analysis in methanol-d, of the crude samples. SEC
analysis of P(M11),-b-P(MS5), diblock copolymers, using
THF + 2% v/v triethylamine (NEt,) as the eluent, revealed the
well-controlled character of the aqueous ROMPISA process
using MS. Specifically, symmetrical, monomodal molecular
weight distributions were observed, shifting linearly toward
higher molecular weight (M,) values upon increasing the DP
of P(MS). Calculated M, values agreed well with theoretically
expected values, while dispersity (Dy,) values remained low
(DPy < 1.30) throughout (Figure 2B and Table S4).

DLS analysis of P(M11),-b-P(MS),, ROMPISA solutions
revealed the formation of particles with multiple populations
and high polydispersity (PD) values for the lower DPs of
P(MS), suggesting the development of worm-like micelles or
nano-objects with mixed morphologies, while single particle
populations with low PD were observed for DPpgys) > 60
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Figure 3. Detailed phase diagram for P(M11),-b-P(MX), (MX = M2, M3, M5, M6, M8, and M9) diblock copolymer nano-objects prepared via
aqueous ROMPISA by varying the DP of the P(MX) core block as a function of corresponding 12-mer LogP,./SA values, along with
representative dry-state TEM images of different formulations stained with 1 wt% uranyl acetate (UA) solution (Key: S, spherical micelles; W,

worm-like micelles; V, vesicles).

indicating the formation of uniform assemblies (Figure 2C and
Table S12). Dry-state and cryo-TEM imaging further
supported the DLS findings and showed an evolution in
morphology from spheres and short worms (DPp(ys) < 30) to
mixed morphologies of worms and vesicles (60 < DPpys) <
120) and finally to single-phase vesicles of uniform size
(DPp(ps) = 180) as the DP of the core-forming block increased
(Figures 2E, $28, and S32). The observed pure worm (DPp(ys)
= 30) and vesicle (DPp(ys) = 180) morphologies were further
investigated by small-angle X-ray scattering (SAXS) analysis
(Figures 2D and S33). For DPp(y;s) = 180, the scattering data
were consistent with a parsimonious model for scattering by
spherical particles, and fitted values to describe the particle size
distribution were consistent with TEM imaging observations.
However, the existence of an inner aqueous compartment
could not be verified from SAXS data, as parameters within the
parsimonious model could potentially mask its existence,
especially if the size of this compartment is on the order of
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variability in particle size (i.e., a few nanometers). Notably, our
theoretical model correctly predicted that the rest of the
monomers with positive oligomer LogP,./SA values (MX =
M2, M3, M6, M8, and M9) could also be used as hydrophobic
core blocks during ROMPISA in aqueous media. Similar
analysis with comparable results was performed for P(M11),,-
b-P(MX), diblock copolymer nano-objects prepared via
aqueous ROMPISA using the other predicted core-forming
monomers (see Supporting Information for characterization
results). In contrast, predicted monomer M10 with negative
oligomer LogP,./SA values could be successfully utilized as
the corona-forming block since it only formed water-soluble
polymers, while its ability to be chain-extended in a controlled
manner under the same aqueous ROMP conditions was
further confirmed (Figure S24 and Tables S8—S9).
According to our previous report on predicting new
monomers for use in aqueous RAFT-mediated PISA, we
applied the LogP,./SA analysis to reliably predict ROMPISA
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Figure 4. Hydrophobicity trends for different anchor groups (A) and different terminal groups (B) for norbornene-based monomers involved in
aqueous ROMPISA based on LogP,./SA analysis from Materials Studio 2018 and corresponding dry-state TEM images for P(M11),-b-P(MX),
diblock copolymer nano-objects at DPpyx) = 120 showing higher-order morphologies upon increasing polymer hydrophobicity.

morphologies.”” Herein, contrary to traditional phase diagrams
for PISA formulations that show morphology progression as a
function of increasing DP and solid content, a phase diagram
for P(M11),,-b-P(MX),, diblock copolymer nano-objects was
constructed based on the relative hydrophobicity of P(MX),
homopolymers. To assist comparisons across the phase
diagram, all ROMPISA reactions were carried out at the
same solid concentration (Figure 3).

We hypothesized that nano-object morphology would
evolve toward higher-order structures with increasing DP of
the core block and LogP,./SA value for the same oligomer
length (ie, up and to the right of the phase diagram).
Confirming this hypothesis, small spherical micelles were
generally observed for low hydrophobicity values and low DPs
of P(MX), while worm-like micelles or mixed morphologies
mostly occupied the middle region of the phase diagram.
Finally, TEM imaging revealed the formation of vesicular
structures for high DPs and high 12-mer LogP,./SA values
(Figures $26—S32). The vesicle morphologies were confirmed
to contain inner compartments by cryo-TEM. It is worth
mentioning that some polymers did not conform perfectly to
this trend. This discrepancy did not arise from differences in
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polymer T, values, as confirmed by microDSC (Figure $23).
Instead, morphological exceptions could originate from
differences in polymerization kinetics of the various monomers.
For instance, imide norbornene monomers are known to
polymerize more slowly compared to their ester or amide
counterparts, as could be the case with M5.>*7*° As such, the
morphologies obtained using M2 and M3 could be kinetically
trapped and may not represent equilibrium structures. Despite
that, there is still an overall trend of higher-order structures
obtained as LogP,./SA increases for a certain DP of P(MX)
that agrees well with our predictive methodology.

Based on our sophisticated monomer design, the inves-
tigation of potential hydrophobicity trends for ROMPISA
monomers which differ solely in terms of anchor or terminal
group functionality has yielded meaningful insight into
structure—property relationships. First, the variation in
functionality of the anchor group for monomers with the
same terminal alcohol group was considered (Figure 4A).
LogP,./SA analysis for ROMP oligomers showed that the
ester anchor group of M2 was more hydrophobic than the
amide linkage of M8, which in turn was more hydrophobic
than the respective imide group of M9. Aqueous ROMPISA
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reactions for the synthesis of P(M11),,-b-P(MX), diblock
copolymer nano-objects using MX = M2, M8, and M9 were
conducted targeting the same DP of the core-froming block
(DPpyx) = 120) to confirm this trend. Prepared diblock
copolymers had similar length, although the morphologies of
obtained PISA formulations differed significantly and trended
based on polymer hydrophobicity. For the most hydrophobic
monomer, M2, spherical vesicles were formed at DP = 120,
while networks of worm-like micelles were developed for less
hydrophobic M8 and small spherical micelles for M9 at the
same DP.

Next, hydrophobicity trends for monomers with the same
imide anchor group and different terminal functional groups
were studied (Figure 4B). In particular, our model suggested
that the ether terminal group of MS was more hydrophobic
than the methyl ester group of M6 and the respective alcohol
group of M9, while the protonated tertiary amine group of
MI11 was the most hydrophilic, forming water-soluble
polymers regardless of block length. Indeed, for P(M11),,-b-
P(MX), nano-objects using MX = MS, M6, and M9 with
comparable block lengths, higher-order morphologies were
obtained with increasing magnitude of 12-mer LogP,./SA
values at the same DP of P(MX).

To conclude, we report an in silico predictive methodology
based on oligomer hydrophobicity calculations for successful
identification of new monomers with a wide range of
functionalities for use in aqueous ROMPISA as corona- or
core-forming blocks. Upon ROMPISA using the predicted
monomers, common nano-object morphologies were accessed
that were found to evolve toward higher-order structures with
increasing DP and oligomer hydrophobicity values. Impor-
tantly, valuable oligomer hydrophobicity trends were identified
based on different monomer structures that allow for reliable
morphology prediction. Overall, our study could further
expand the field of PISA beyond RDRP techniques and pave
the way for discovering new monomers that undergo
ROMPISA.
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