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A series of ionic amphiphilic alternating copolymers were charac-
terized via SAXS, TEM and DLS to help understand factors that
could potentially affect self-assembly, including the degree of
polymerization, the length of hydrophobic spacers between ionic
units, the distance between charged groups and polymer back-
bone, solvent environment and counterions.
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Amphiphilic polymers contain both hydrophobic and hydro-
philic components and are of great interest not only because
of their potential applications in the fields of drug delivery,
catalysis, coatings, and cosmetics,' ™ but also because studying
their chemistry provides insight into the mechanism of for-
mation of the higher-order structures of amphiphilic bio-
macromolecules such as DNA, RNA, proteins, and polysacchar-
ides.® Such insight can in turn facilitate the development of
new therapeutics. For example, the sophisticated, well-defined
higher-order structures of proteins, which are amphiphilic bio-
macromolecules with hydrophobic and ionizable hydrophilic
components, arise from finely tuned electrostatic interactions
among hydrophilic units that are precisely located along the
chains. Mimicking the interactions involved in the formation
of such structures in living organisms can be expected to lead
to the establishment of new methods for developing medi-
cines, especially in the fields of drug delivery and gene
therapy.” *°

Self-assembly, the spontaneous and reversible organiz-
ation of molecular units into ordered structures in a process
driven by noncovalent interactions, is often seen in amphi-
philes. This process has been extensively studied not only
because it is crucial for understanding many important bio-
logical structures but also because it offers strategies for orga-
nizing matter on a large scale.'’ Self-assembly of amphiphiles
happens because the energies of the interactions of their
hydrophobic and hydrophilic components with the solvent
surface differ.">'® When the repeat units consist of charged
hydrophilic components, self-assembly of polymers can be
complicated by a variety of electrostatic phenomena that do
not occur in charge neutral systems.'” Ionic amphiphilic
systems can be affected by electrostatic repulsion, osmotic
swelling, and counterion condensation, as well as by external
factors such as changes in solution pH and the presence of
salts that screen charges.'® Therefore, it is essential to under-
stand the mechanisms of self-assembly and the variables that
affect the formation, solubility, and stability of self-
assembled aggregates.
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Assemblies of amphiphilic synthetic polymers with various
architectures can be carefully constructed. Amphiphilic block
copolymers have been widely studied, and they can self-assem-
ble into a diverse array of morphologies, depending on the
solvent and the structure of the polymer chain.' %22 [onic
amphiphilic block copolymers have attracted attention
because they combine highly tunable structures with the
ability to respond to external stimuli such as changes in
solvent pH or ionic strength.>*>® Sternhagen et al has
reported a unique method to precisely tailor the structure of
small spherical micelles formed by ionic block copolymers by
controlling the sequence and position of the ionic mono-
mers.”” Amphiphilic dendritic polymers with various mor-
phologies have also drawn attention.”®' In addition, homo-
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polymers comprising monomers that contain both hydro-
phobic and hydrophilic moieties have been synthesized and
shown to form micelles or inverse micelles depending on the
solvent environment.*?

In contrast, there have been only a few studies focused on
amphiphilic alternating copolymers.**® Examples include
the amphiphilic alternating polyesters designed by Wang
et al., who used ring-opening polymerization to form micelles
with hydrophobic cores and thermosensitive shells in aqueous
solution.?” In addition, amphiphilic copolymers consisting of
alternating sodium maleate and dodecyl vinyl ether units form
unicore or multicore flower micelles depending on the degree
of polymerization (DP).*® Furthermore, investigators have
carried out molecular dynamics simulations on amphiphilic
copolymers and discovered that the aggregates readily adopt
compact spherical conformations in which hydrophobic
chains cluster at the globular core and hydrophilic groups
envelop the core.’® However, the factors that affect self-assem-
bly of amphiphilic alternating copolymers have not been sys-
tematically studied.

In previously reported work, our group used alternating
ring-opening metathesis polymerization (AROMP) to syn-
thesize quaternary ammonium (QA)-bearing cationic amphi-
philic alternating polymers. After expanding the monomer
scope of the method, we were able to obtain long, linear alter-
nating copolymers with varied spacing and a diverse array of
heteroatomic functionality.**™**> Of particular interest was an
AROMP system involving bicyclo[4.2.0]oct-1(8)-ene-8-carbox-
amides and cycloalkenes, which opened up new opportunity
for studies of the morphology of amphiphilic alternating
copolymers.

Herein, we report the synthesis of a panel of QA-bearing cat-
ionic amphiphilic alternating copolymers via AROMP followed
by post-polymerization functionalization to investigate how
their morphology was affected by (1) DP, (2) the length of the
alkyl side chains (3) the length of the spacer between the cat-
ionic units, (4) the solvent, and (5) the counterion (Fig. 1).

The route used to synthesize cationic amphiphilic alternat-
ing polymers poly(A-ait-B), is presented in Scheme 1. First, Cl-
containing alternating polymers poly(A'-alt-B), were syn-
thesized via AROMP of monomers A’ and B with the 3" gene-
ration Grubbs catalyst (3-BrPyr),Cl,(H,IMes)Ru=CHPh (G3),
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Scheme 1 Synthesis of intermediate copolymers poly(A's-alt-Bs), via AROMP and cationic copolymers poly(As-alt-Bs), via post-polymerization

functionalization.
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Table 1 AROMP of monomers A's and Bs?
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A B [A’]/[B]/[Gs]b Conv.” (%) My, theo d (kDa) My, meas © (kDa) M.y, meas f (kDa) Dy Reaction time (h)
1 A1’ B1 10:10:1 100 3.2 3.8 4.9 1.3 2
2 A1’ B1 50:50:1 100 16.2 13.0 19.5 1.5 6
3 A1’ B2 10:10:1 100 3.8 5.0 6.8 1.4 1
4 A1’ B3 10:10:1 100 4.1 5.0 7.0 1.4 6
5 A2’ B1 10:10:1 100 3.5 4.0 5.6 1.4 2
6 A2’ B1 50:50:1 100 17.6 19.0 28.0 1.5 6
7 A3’ B1 10:10:1 100 3.8 5.0 7.4 1.5 3
8 A3’ B1 50:50:1 100 19.0 22.0 32.0 1.5 12

“ All preparative polymerization experiments were performed twice. Representative data from a single polymerization experiment are presented in
this table. ” G3 is the 3rd-generation Grubbs catalyst (3-BrPyr),Cl,(H,IMes)Ru=CHPh. ¢ Conversion was determined by monitoring the "H NMR
spectrum of the reaction mixture for the disappearance of the amide resonance of monomer A’. ¢ Theoretical number-average molecular weight
calculated from the monomer/catalyst feed ratio. ¢ Number-average molecular weight determined by GPC with refractive index detection.

JWeight-average molecular weight.

and the molecular weights of these intermediate polymers
were determined by means of gel permeation chromatography
(GPC) (Table 1). All the AROMP reactions reached 100% con-
version and yielded linear alternating copolymers with accep-
table dispersities and the correct chain lengths according to
NMR spectra and GPC. Then the desired cationic amphiphilic
copolymers poly(A-alt-B), were obtained by means of post-
polymerization functionalization of the intermediate polymers.
Again, conversion was 100%, as indicated by the dis-
appearance of the signal for H; proton from the "H NMR
spectra of the reaction mixtures. In a control reaction (see
General methods and Synthesis in ESIf for control experiment
details), aqueous trimethylamine was confirmed unable to
alter polymer backbone of this work at 50 °C for 24 h. This
result indicates that the backbone of poly(A-alt-B), can be
expected to remain unchanged by treatment with aqueous tri-
methylamine and that the only reaction was replacement of
the Cl atom with the trimethyl amine moiety to yield poly(A-
alt-B),. The liberated Cl atom remained in the system in the
form of a CI” counterion. Excess trimethylamine and salts
were removed by dialysis, and the copolymers were character-
ized by NMR spectroscopy, which showed them to be free of
impurities. Because of the difficulty of obtaining molecular
weight data for poly(A-alt-B),, by means of aqueous GPC, the
length of each poly(A-alt-B), was represented by the length of
the corresponding intermediate polymer poly(A’-alt-B),.
Integration values for the terminal phenyl groups in the 'H
NMR spectra of poly(A-alt-B), (7.0-7.5 ppm) were also exam-
ined to ensure that the cationic copolymers had the expected
lengths (see Fig. S12-S277).

The effects of DP, spacing between charged units, and side-
chain length on the structure of the cationic alternating copo-
lymers were studied by means of small-angle X-ray scattering
(SAXS) analysis of samples dissolved in deionized water and in
100 mM aqueous NaCl. In addition, counterions with various
charges were used to determine the effect of the counterion on
copolymer self-assembly. The structures of the copolymers are
shown in Fig. 1. Two independent replicates of each copolymer
sample were analyzed by SAXS, and the results appeared to be
repeatable; therefore, data from one replicate per sample are

5426 | Polym. Chem., 2020, 11, 5424-5430

reported in Table 1. Sample concentrations of 0.5 and 1.0 wt%
in the deionized water were tested, and the structural results
were similar for the two concentrations. Therefore, to achieve
the best resolution, the data for the 1.0 wt% samples were
used for the SAXS analysis. Data points with large uncertain-
ties due to low signal intensities in the region of high scatter-
ing vector (g) were eliminated from the analysis. Detailed SAXS
analysis was performed over a g range of 0.01-0.5 A~*, which
can provide information about structural features in the
12.56-628 A range.

The SAXS curves of assemblies of poly(A1-alt-B1),,, poly(Al-
alt-B2)y, and poly(Al-alt-B3),, were investigated to study the
influence of the spacing between the charged units (Fig. 2). A
major peak appeared in the g region of 0.02-0.04 A™, indicat-
ing large structures with a characteristic size of 16-31 nm
(d = 2n/gpear). There was a minor peak in the g region of
0.10-0.12 A™!, attributable to secondary structures with
average sizes of 5-6 nm. As the spacing along the backbone
between the cationic units was increased from 6 carbons to 12
carbons, both the major peak and the minor peak shifted to
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[ o poly(Al-alt-B2)o
——poly(Al-alt-B2),o_fit
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Fig. 2 SAXS data for poly(Al-alt-Bs)io assemblies (symbols) and corres-
ponding fits to a core—shell ellipsoid model with a hard sphere structure
factor (curves).
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lower g, suggesting that on average, the lengths of the major
and minor structures of the copolymer assemblies increased.
On the basis of these results, the sets of SAXS data were fitted
to a core-shell ellipsoid model with a hard sphere structure
factor (Fig. 2). The model includes a major equatorial radius
and a minor polar radius. The hard sphere structure factor
provides information about the volume fraction occupied by
the spheres and monodisperse spherical particles interacting
through excluded-volume interactions. The results (with errors
on fitting parameters) based on goodness-of-fit are reported in
Table 2 (entries 1-3).

The ellipsoidal poly(A1-alt-Bs),, assemblies were not very
elongated: the polar radius was approximately half the equa-
torial radius, and the average diameter was in the 18-28 nm
range. The SAXS results confirmed that as the spacing between
the charged units increased, the overall diameter of the ellip-
soids increased and the shell thickness slightly increased. The
core-shell aspect reflects the fact that the ellipsoidal assem-
blies of the 10-mers consisted of two components —a core and
a shell—each with a different scattering length density. The
average sizes of the copolymer assemblies in deionized water
were measured by means of dynamic light scattering (DLS) at a
scattering angle of 173°, which was chosen to minimize the
effects of dusts and aggregation of polymer assemblies. The
DLS data were similar to SAXS results, further confirming the
confidence of SAXS fitting (Table S1).

To determine whether the distance between the charged
headgroups and the polymer backbone affected self-assembly
of the cationic alternating copolymers, a series of poly(As-alt-
B1),, assemblies were characterized via SAXS (Fig. 3). Unlike
the hydrocarbon spacings between charged units that collapse
in the hydrophobic domain, the side chains bearing charged
headgroups are amphiphilic and extend in water due to repul-
sion between charges. The upturn shape of the SAXS curve in
the low-g region (0.01-0.02 A™') for the poly(A2-alt-B1),,
assemblies suggests that the copolymers formed aggregates in
solution,”® and therefore the data for the assemblies of this
polymer were not fitted to the model. The assemblies of the
other copolymers in this series showed major and minor struc-
tures similar to those observed for the poly(A1-alt-Bs),, assem-
blies and therefore were also fitted using a core-shell ellipsoid
model with a hard sphere structure factor (Fig. 3). There was
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Fig. 3 SAXS data for poly(As-alt-B1),;o assemblies (symbols) and fits to a
core-shell ellipsoid model with a hard sphere structure factor (curves).

no significant relationship between assembly size and the dis-
tance between the charged headgroups and the polymer back-
bone for the 10-mers (Table 2, entries 1, 4, and 5); this result
can be explained by the fact that the (As-alt-B1),, assemblies
were relatively small.

Poly(As-alt-B1)s, assemblies were studied via SAXS, and the
data were compared with those for the assemblies of the
corresponding 10-mers to determine how DP affected self-
assembly. The SAXS data for the 50-mer assemblies showed
major and minor peaks in a g region similar to those observed
for the poly(As-alt-B1),, assemblies, indicating that increasing
the polymer chain length had little effect on assembly size.
The 50-mer assemblies showed significant structural differ-
ences due to side-chain variation (Fig. 4). As the distance
between the charged headgroups and the hydrophobic back-
bone increased, both the major peak and the minor peak
shifted to lower g, suggesting that the structures enlarged. The
core-shell ellipsoid model with a hard sphere structure factor
was used to fit the SAXS data for the 50-mer assemblies
(Table 2, 6-8). The wupturn shape at low g¢q
(0.01-0.02 A™') may have been caused by the formation of
aggregation of assemblies that did not fit well with the core-
shell ellipsoid model. SAXS fitting further confirmed that the

entries

Table 2 Fits of SAXS data for cationic alternating copolymer assemblies to a core—shell ellipsoid model with a hard sphere structure factor?

Polymers Req? (nm) R, ¢ (nm) tenen @ (nm) ¢° D/ (nm)
1 (A1-alt-B1)4, 2.5+0.2 4.8+ 0.1 4.1+0.3 0.1 +£0.007 17.9
2 (A1-alt-B2)40 4.1+0.3 8.2 +0.2 5.5 +0.5 0.1 +£0.008 27.4
3 (A1-alt-B3),, 4.2+0.2 7.9 +0.08 6.3+0.3 0.1 + 0.004 28.2
4 (A2-alt-B1)40 1.8+£0.3 4.5+0.2 2.4 £0.08 0.08 £ 0.02 14.9
5 (A3-alt-B1)4, 2.9+0.2 5.2+0.1 3.9+0.3 0.1 £ 0.006 18.1
6 (A1-alt-B1)5, 2.0+0.2 4.4+0.1 3.3+0.3 0.2 £ 0.009 15.3
7 (A2-alt-B1)5, 2.1+0.3 5.3+0.2 4.1 +0.05 0.1+0.01 19.0
8 (A3-alt-B1)s, 2.1+0.4 6.9 +£0.3 4.7 +£0.09 0.2 £ 0.02 23.2

“The results (with errors on fitting parameters) are based on goodness-of-fit. ” Equatorial radius. ° Polar radius. ¢ Shell thickness. ¢ Volume frac-
tion.’ Diameter of ellipsoid, in equatorial direction, calculated as two times the sum of the equatorial radius and shell thickness.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SAXS data for (As-alt-Bl)sy assemblies (symbols) and corres-
ponding fits using core—shell ellipsoid model with hard sphere structure
factor (curves).

ellipsoidal assemblies formed by the 50-mers were similar in
size to or smaller than the corresponding 10-mer assemblies,
suggesting that the 50-mer assemblies were more compact.
The average sizes of the 50-mer assemblies were also measured
by means of DLS, but the diameters obtained in this way were
much larger than those determined by SAXS analysis, a discre-
pancy that may have been due to aggregation of polymer
assemblies (Table S17).

Solutions of 10-mer and 50-mer cationic alternating copoly-
mers in deionized water were dried on grids and analyzed by
transmission electron microscopy (TEM) (Fig. S30 and S317);
representative images are shown in Fig. 5. The images of the
10-mers showed hollow ellipsoids (vesicles) with diameters
ranging from 15 to 30 nm, which agrees well with the SAXS
data (Table 2, entries 1-5). In contrast, the images of the
50-mers showed solid ellipsoids (micelles) with diameters that
were consistent with those determined by SAXS analysis

Fig. 5 TEM images for poly(A2-alt-B1)s, (a, b) and poly(A2-alt-Bl)s, (c,
d). 1 wt% samples in deionized water were dried on copper grids for
TEM imaging.

5428 | Polym. Chem., 2020, 11, 5424-5430
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(Table 1, entries 6-8). Although the structures of 10-mers
appear to be vesicles in TEM, we noted that our SAXS fits
could be interpreted as a micelle where the core is not very
dense and is highly swollen with solvent. In either case, the
10-mers form an assembly with a high fraction of solvent in
the core, and a structure that is less dense than the 50-mers.
Taken together, the TEM and SAXS analyses reveal that in de-
ionized water, the 10-mers formed loosely-packed vesicles/
micelles, whereas the 50-mers self-assembled into densely-
packed micelles with a hydrophobic core and a hydrophilic
shell (Fig. 6).>> The TEM images showing solid ellipsoid mor-
phology further support the conclusion, based on the SAXS
data, that the assemblies of 50-mers were more compact
because the hydrophobic segments clustered and coiled in the
core. The difference between the morphologies of the 10-mer
and 50-mer assemblies can be explained in terms of the criti-
cal packing parameter (p), which is an important property of
self-assembled aggregates. This parameter, which can be used
as a theoretical framework for determining the type of aggre-
gates formed by amphiphilic molecules, is given by the follow-
ing equation:

p=v/al

where v is the volume of hydrophobic chains, a is the effective
interfacial area at the hydrophobic-water interface, and / is the
length of the hydrophobic chains. As the DP of poly(As-alt-Bs),

shell  equatorial
thickness  radius

polar

radius_I_

DIl water

diameter

! ! ssmmmm |Onic side chains
100 mM NacCl wssssm Polymer backbone

Fig. 6 Schematic illustration of ellipsoidal vesicles/micelles self-
assembled from 10-mers and 50-mers in deionized (DI) water (upper
panel where the core and the shell consisted of hydrophobic and hydro-
philic segments, respectively. Both the 10-mer and the 50-mers self-
assembled into cylinders in 100 mM aqueous NaCl (lower panel); both
assembilies transformed into cylinders in 100 mM NaCl solution.
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increased from 10 to 50, p decreased because the length of the
hydrophobic chains extended. A decrease in p has been shown
to favor generation of more compact structures such as
micelles rather than vesicles,**™*® which is consistent with our
observations that the 10-mers formed loosely packed struc-
tures and the 50-mers formed densely packed micelles.

Self-assembly of copolymers in 100 mM NaCl was also
characterized by means of SAXS, and under these conditions,
the SAXS curves showed no major peaks (Fig. S32}). The data
for all polymers (in Fig. 1) were well fitted by a cylinder
model** (as shown by the goodness-of-fit data for the cylinder
lengths and radii listed in Table S2}). These copolymers
formed ellipsoidal micelles/vesicles in water because they have
charged headgroups. In contrast, in 100 mM NaCl solution,
the ions could partially screen the inter-headgroup repulsion,
and as a result, the polymers formed cylindrical micelles/vesi-
cles instead of ellipsoidal micelles/vesicles (Fig. 6).*> There was
no obvious trend in the length or radius of the cylindrical
micelles as DP, lengths of side chains and lengths of spacers
change, which is consistent with the fact that cylindrical
polymer micelles are usually polydisperse because their
growth is sensitive to copolymer chain length and to the temp-
erature and ionic strength of the medium.*

The above-described cationic alternating copolymers had
Cl™ as a counterion. In later experiments, the CI™ in selected
copolymers was replaced with SO,>~ or PO,*” to determine
whether the charge of the counterion affected self-assembly of
the copolymers in deionized water. Complete exchange of the
counterions was confirmed by elemental analysis, which
revealed that there was no residual CI™ or any other impurities
in the aqueous polymer solutions. The resulting copolymers
were characterized by means of SAXS, and the data were fitted
to a cylinder model (Table S3 and Fig. S331). The screening
effect introduced by counterions increased as the counterion
charge was increased from —1 to —3; as a result, the cationic
side chains were more shielded from inter-headgroup repul-
sion, and thus cylinders formed in water instead of ellipsoids.
There was no specific trend of morphological changes of assem-
blies when the counterion charges increased from —2 to —3.

Conclusions

We synthesized a series of cationic amphiphilic alternating
copolymers and investigated various factors with the potential
to affect their self-assembly, including DP, the distance
between charged units along the polymer backbone, the dis-
tance between the charged headgroups and the backbone, and
solvents and counterions. SAXS and TEM results indicated
that the copolymers self-assembled into loosely-packed ellip-
soidal vesicles/micelles when the DP was 10 and into densely-
packed ellipsoidal micelles when the DP was increased to 50.
The assemblies increased in size as the spacing between
charged groups was increased; increasing the distance
between the charged headgroups and the backbone had little
effect on the morphology of the 10-mer assemblies but caused

This journal is © The Royal Society of Chemistry 2020
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the 50-mer assemblies to increase in size. Switching the
solvent from deionized water to 100 mM aqueous NaCl and
increasing the charge number of the counterion resulted in
the copolymer morphology changing from ellipsoidal to
cylindrical, owing to charge-screening effects. This study of
factors that affect self-assemblies of ionic alternating copoly-
mers could potentiate deeper understanding of sequence-
specific macromolecules with complex architectures and shed
light on the development of new therapeutics.
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