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ABSTRACT: We report a hydrogen-bonded supramolecular miktoarm star polymer containing three distinct helical arms. Our

design involves two helical poly(methacrylamide) (PMAc) arms connected by a barbituric acid (Ba) at the center, prepared through

the reversible addition-fragmentation chain-transfer (RAFT)
polymerization with a bifunctional agent. Together with a
telechelic helical poly(isocyanide) (PIC) end-functionalized
with a Hamilton Wedge (HW) that is complimentary to Ba, the
two components assemble into an AB,-type star copolymer. The
assembly is driven by the hydrogen bonding between HW and
Ba which is quantified by 'H NMR titration and isothermal
titration calorimetry (ITC). Gel-permeation chromatography
(GPC) provides evidence for the formation of the desired
miktoarm star architecture. This strategy of site-specific
functionalization on helical polymers provides a modular
approach to prepare non-linear supramolecular ensembles with
topological diverse building blocks.

Nature utilizes noncovalent interactions to drive the
arrangements of secondary structures, resulting in spatially
defined protein architectures with diverse biological
activities." Inspired by these folding processes, the
supramolecular assembly of topologically-diverse polymers
has created well-defined polymeric materials.””® With helical,
sheet, and random-coil mimicking polymers that are
functionalized with molecular recognition units (MRUs), the
Weck group has reported a library of main-chain
supramolecular block copolymers assembled through
hydrogen bonding, metal coordination, and quadrupole
interactions.®'® We have shown that a supramolecular block
copolymer approach is an efficient route to build higher-
ordered and well-characterized materials from the bottom up.

The supramolecular assemblies of secondary structure-
containing building blocks into three-dimensional polymer
architectures display intriguing properties that are unseen in
their linear counterparts." For example, a -sheet-mimicking
structure with up to five poly(p-phenylene vinylene) turns
displays a higher degree of order with increasing number of
folds.”” We reported a supramolecular polymer brush
featuring a helical backbone and coil-like poly(styrene)
pendant chains connected through metal coordination, and
the metallosupramolecular ensemble displayed dynamic
ordering and phase segregation.”
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Star polymers represent one of the simplest 3D-deviations
from linear polymers featuring linear “arms” radiating from
central branching “cores”. If the arms have different chemical
compositions or functionalities, the polymer is referred to as
a miktoarm star.'* The compact core-shell periphery
structures of star polymers lead to unique material properties,
such as altered morphologies, lower viscosities, and low melt
temperatures.* The incorporation of secondary structure-
containing building blocks into the star polymer design,
especially optically-active helical polymers, increases
conformational asymmetry and results in distinctive material
properties and applications.™' For example, a class of core-
crosslinked star polymers with rigid helical arms provides
confined chiral environments which allow for chiral
recognition of enantiomers.””"® Additionally, star polymers
containing one or more helical arms can lead to nanofiber

aggregations and twisted ribbon nanostructures.” ™'

Constructing  complex polymer architectures  with
noncovalent interactions has received increasing attention in
the past few decades because of the degree of flexibility and
dynamics that are unachievable with covalent chemistries.””
* recognition pairs as block conjunctions in the star polymer
design allows for modular design of individual arms, facile
preparation of miktoarm star structures, and controlled
responsiveness to external stimuli.**® To date, the self-
assemblies of supramolecular star polymers have been



Scheme 1. Synthetic route towards the bifunctional CTA containing barbituric acid (Ba-diCTA) and the preparation of

helical Ba-diPMAc through RAFT polymerization.
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realized through hydrogen bonding,” metal coordination,”
and host-guest interactions.” Stimuli-responsive star
copolymers have been recognized as candidates for the

development of smart drug-delivery vehicles.”*

Supramolecularly assembled miktoarm stars featuring arms
with higher-order structures have not been reported. Herein
we close this gap by describing supramolecular miktoarm star
polymers with three distinct helical arms. The ABs-type
miktoarm star contains two helical poly(methacrylamide)
(PMACc) arms as well as a helical poly(isocyanide) (PIC) arm
connected through the directed hydrogen bonding between a
Hamilton Wedge (HW) and a barbituric acid (Ba). The
sextuply hydrogen-bonded HW/Ba pair provides strong and
directional interaction for supramolecular block copolymer
assemblies.” The hydrogen bonding is characterized by 'H
NMR spectroscopy and isothermal titration calorimetry
(ITC). The helicity of the arms is confirmed by circular
dichroism (CD) spectroscopy and the successful preparation
of the supramolecular star copolymer is proven by gel-
permeation chromatography (GPC). The results display the
potential to incorporate persistent helical structures in the
fabrication of well-defined 3D supramolecular polymers.

Our polymer block design involves a telechelic, HW-
functionalized helical PIC (HW-PIC) and a two-armed
helical PMAc segmented by a barbituric acid at the center
(Ba-diPMAc). End-functionalized, one-handed preferred
helical PICs have been prepared in the literature via metal-
catalyzed isocyanide polymerizations.”* Compared to the
well-documented strategies to install functional groups at
polymer chain-ends and monomers, the site-specific
functional group installation at the center of a polymer chain
is less straightforward.*® We tackle this challenge by using a
bifunctional chain transfer agent (CTA) equipped with Ba
(Ba-diCTA). Scheme 1 depicts the synthetic route. The
trithiocarbonate CTA (1) is treated with oxalyl chloride to
convert the carboxylic acid into the corresponding acid
chloride (2), followed by the in-situ esterification with
dimethylolpropionic acid (3) to afford the bifunctional CTA
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(4).* The hydroxyl-terminated barbituric acid (Ba-OH) is
then installed to obtain the final Ba-diCTA. The successful
synthesis of Ba-diCTA is confirmed by observing the Ba
imide proton signal at §7.8 ppm in the '"H NMR spectrum,
the thiocarbonyl carbon signals at §220 ppm in the "C NMR
spectrum, and the molecular ion peak in the high-resolution
mass spectroscopy (Fig. S1 and S2, Supporting Information).

The Ba-containing bifunctional agent is then used to mediate
the reversible addition-fragmentation chain-transfer (RAFT)
polymerization of the
methacrylamide monomer (§), resulting in the two-armed
helical Ba-diPMAc with a Ba group at the center. GPC
measurements display a monomodal peak that corresponds
to M, erc= 6,000 g/mol and a dispersity (M,,/M,) of 1.46. Fig.
1 shows the "H NMR spectrum of Ba-diPMAc, where the
broad peak at §5.3-6.3 ppm represents the two protons of the
amide and ethyl groups on the monomers (a, b). The broad

naphthalene-containing

peak at §3.4-4.2 ppm can be assigned to the signals of six ester
protons (c,e), the four protons of -S-CHzCiHas (d), and the
one 1,3-dicarbonyl proton (f) on the bifunctional CTA.
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Figure 1. 'H NMR spectrum of Ba-diPMAc (CDCl, 600
MHz) with peaks assigned to the monomers and CTA end-

groups.

These CTA proton signals have been used in the end-group
analysis  for the trithiolcabonate = CTA-generated
polymers.**¥” The area ratio of the two broad peaks suggests
that the polymer has a degree of polymerization (DP) of 21
and M, xaur= 6,200 g/mol. The proximity of the results from
GPC measurements and NMR end-group analysis confirms
that Ba-diPMAc has been successfully prepared with
controlled molecular weights.

The functional group analysis of Ba-diPMAc is carried out
with MALDI-ToF mass spectroscopy. Fig. 2 displays periodic
molecular ion peaks with a series of major peaks separated by
239 amu which corresponds to the molecular weight of the
methacrylamide monomer (239.32 amu). The inset of Fig. 2
shows a detailed peak assignment: the molecular weights of
the two peaks found match well with the corresponding
polymers with 10 and 11 repeating units, respectively (n=10,
found m/z = 3600.458, expected mass [M + Na]* = 3600.75).
Along with the major peaks are a series of peaks with lower
intensities that correspond to polymer fragmentation of the
labile thioester bonds.*® The mass distribution observed in
MALDI-ToF MS does not reflect the molecular weight of the
polymer because high molecular weight species cannot be
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Figure 2. MALDI-ToF MS spectrum of Ba-diPMAc. The inset

shows a partial spectrum with m,z values that correlate well

with expected values from Ba-containing polymer species.
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Figure 3. Titration studies to monitor the HW/Ba
supramolecular interaction. (a) Representative 'H NMR
titration experiment (CDCls, 600 MHz, 25 °C) showing the
change of HW amide proton signal as a function of Ba
equivalents. (b) ITC binding isotherm between Ba-diPMAc
and HW-PIC, recorded in CHCl; at 25 °C.

analyzed by MALDI-ToF MS, as reported in the literature.’
Therefore, the A, value obtained from NMR end-group
analysis is used to represent the molecular weight of Ba-
diPMAc.

The miktoarm star polymer assembly through the HW/Ba
recognition pair is carried out by mixing Ba-diPMAc and
HW-PIC in a I:1 ratio in chloroform. HW-PIC with
comparable DP is prepared according to published protocols
using a HW-functionalized palladium initiator.® The
hydrogen bonding is monitored by 'H NMR spectroscopy by
titrating Ba-diPMAc into the HW-PIC solution in CDCl;
from 0.1 to 2.5 molar equivalents. A shift of the HW amide
proton signal from §9.03 to 9.27 ppm is observed (Fig. 3a).
With increasing amount of Ba, the Ba imide proton can be
resolved and its shift from §'13.25 to 13.45 ppm is captured
(Fig. $9). An average association constant (Kanmr) of (1.77 +



18%) x 10* M" in deuterated chloroform at 25 °C is
calculated from the 'H NMR titration experiments according
to published methods.*® This value correlates well with the
association constants obtained from other HW/Ba
assembled supramolecular block copolymer systems.*

The hydrogen bonding between HW and Ba is further
characterized by ITC. Ba-diPMACc is titrated into HW-PIC
over 20 injections in chloroform at 25 °C. A representative
binding isotherm is shown in Fig. 3b where a subtle change in
heat is captured. The average K. irc from multiple
measurements is (1.56 +20%) x 10* M, which is comparable
to the NMR titration results. In diblock copolymer systems
that are connected by hydrogen bonding, increasing degree of
dissociation can be observed with increasing molecular
weight of the associated blocks.**' Higher translational and
rotational entropy values of the released blocks with higher
molecular weights lead to higher dissociation values for the
assembled structures.” In the current miktoarm system, the
mass effects are offset by the use of polymer chains with lower
DPs, resulting in high association constants that are
comparable to the published values in the linear block
copolymers.”® Therefore, the titration studies validate the
supramolecular miktoarm star polymer formation through
the hydrogen bonding interaction between the HW and Ba-
containing polymers.

The star polymer formation is further characterized by
tracking the molecular weight change using GPC. The
HW/Ba supramolecular assembly is conducted by mixing
0.02 mM stock solutions of HW-PIC and Ba-PMAc in
CHCI;, followed by GPC measurement with THF as the
mobile phase. The GPC trace shows two peaks at 12.7 min
and 15.4 min (Fig. 4). The peak at 15.4 minutes corresponds
to the homoblock polymers. The peak at 12.7 minutes can be
attributed to the miktoarm star polymer. The assembled
block copolymer possesses higher molecular weight
compared to the individual building blocks, and the rigid
helical arms contribute to an extended rod-like star structure,
resulting in an increased radius of gyration."

The observed peak at 15.4 minutes in the miktoarm polymer
sample in the GPC indicates the presence of unassembled
building blocks, which we rationalize to be the result of the
dynamic nature of the hydrogen bonding. In highly diluted
samples, the assembled miktoarm polymers and the
unassembled homoblocks are in an equilibrium. With the
initial concentration for HW-PIC and Ba-diPMAc being 0.1
mbM, the final product is calculated to be a mixture of 0.046
mM of miktoarm polymer and 0.054 mM of HW-PIC and
Ba-diPMACc (see SI for calculation details). The peaks with
comparable intensities match well with these theoretical
calculations. Furthermore, the choice of solvent is an
important parameter affecting hydrogen bonded polymer
formation.* THF, a hydrogen bond acceptor, can be in
competition with the HW/Ba interaction and limits the
miktoarm assembly. The presented result here marks one of
the few examples of visualizing supramolecular block
copolymer formation via GPC measurements.
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Figure 4. Normalized GPC traces of (red) HW-PIC, (blue)
Ba-diPMAc, and (black) miktoarm assembly recorded in
THEF. The peak at 12.7 min is indicative of the miktoarm star
polymer formation.

The optical activities of the helical building blocks are
evaluated by CD spectroscopy in dichloroethane (DCE) at
25 °C. HW-PIC shows signature Cotton effects at 360 nm
and 250 nm correlating to the imino and aryl chromophores
in the polymer backbone, respectively (Fig S, red).** The
pattern is indicative of a predominantly left-hand preferred
helix adopted by the PIC polymer backbone. The blue trace
in Fig. S is the CD pattern of Ba-diPMAc under the same
concentration which displays Cotton effect signals at 280 and
230 nm, indicative of a left-handed preferred PMAc helical
structure.” The lower intensity compared to the HW-PIC
trace can be attributed to the lower degree of polymerization
of the single PMAc arm, and the intrinsically low CD
intensities of the PMAc helical backbones, as observed in
similar systems.®*** The miktoarm assembly is obtained from
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Figure S. CD spectra of (red) HW-PIC, (blue) Ba-diPMAc
and (black) miktoarm assembly recorded at 25 °C in DCE
(10 uM). The miktoarm pattern reflects contributions from
both PIC and PMAc helices.

the mixture of the two helical components in 1:1 molar ratio
in DCE and measured after allowing to equilibrate by stirring
for ten minutes. The resulting signal (Fig. 5, black) is the sum



of contributions from the two individual blocks: the band at
280-290 nm is impacted by the negative Cotton effect peak of
Ba-diPMACc, while two peaks can be resolved at 220-230 nm
representing the contributions from both HW-PIC and Ba-
diPMACc blocks. The CD measurements therefore confirm
that the one-hand preferred helical structures of both helical
species are maintained in the miktoarm assembly.

In summary, we describe the synthesis of a two-armed PMAc
helical polymer with Ba functionalization at the center, and
the use of this building block in the supramolecular assembly
of helical miktoarm star polymers. Our design utilizes the
core-first approach to obtain a two-arm PMAc polymer
center-functionalized with Ba, followed by the
supramolecular grafting-onto approach to install the
telechelic PIC helical polymer resulting in an AB, type
miktoarm star connected by HW/Ba hydrogen bonding.
Titration studies demonstrate strong hydrogen bonding and
GPC measurements provide evidence of the formation of a
star architecture. The helical arms maintain their distinctive
one-handedness, as evidenced by CD spectroscopy. The
miktoarm star assembly presented here is an important
extension to the spatially defined assembly of secondary
structure containing elements, which may lead to more
complex polymeric ensembles.
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