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Star polymers consisting of three helical poly(phenylacetylene) chains with a precisely controlled molecular

weight (molar mass dispersity < 1.03) were successfully synthesized by the living polymerization of

phenylacetylene derivatives with a Rh-based multicomponent catalyst system comprising trifunctional

initiators, which have three phenylboronates centered on a benzene ring, the Rh complex [Rh(nbd)Cll,,
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active star polymers obtained by the living polymerization of optically active phenylacetylene derivatives
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Introduction

Star polymers are typical topological polymers that have
attracted significant attention owing to their unique structures
and physical properties."* Star polymers possess a spherical
shape and a space in their inner parts, allowing them to be
applied as, for example, drug delivery materials.*>* Furthermore,
star polymers become potential candidates for biocompatible
materials when sugar residues are introduced at the ends of the
arms.>® Thus, star polymers are expected to be new materials
that play important roles in the field of nanotechnology.”® Three
main approaches are widely used for the synthesis of star
polymers: (1) living polymerization using multifunctional
initiators with multiple initiating points (graft-from method),
(2) coupling reaction between multifunctional coupling agents
and linear living polymers (graft-to method, core-first method),
and (3) reaction between living chain ends and a small number
of bifunctional monomers (arm-first method).> Precise
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revealed that the star polymers exhibited chiral amplification properties owing to their unique topology
compared with the corresponding linear polymers.

polymerization control is essential for the synthesis of star
polymers with the desired structures. The development of
various living polymerization techniques, such as ATRP*'® and
RAFT," has facilitated the synthesis of star polymers consisting
of vinyl, conjugated, or helical polymers, with numerous
successful examples reported.’>™® In particular, chiral helical
star polymers exhibit optical properties that distinguish them
from conventional non-helical star polymers. These unique
properties make them promising candidates for a wide range of
applications in chiral materials, such as chiral stationary pha-
ses and asymmetric catalytic scaffolds.

Recently, we have developed a new living polymerization
technique for phenylacetylene derivatives using a Rh-based
multicomponent catalyst system consisting of a commercially
available rhodium complex, a phenylboronic acid derivative,
diphenylacetylene (DPA), triphenylphosphine (PPh;), and
a base.?** This polymerization technique enables not only the
synthesis of cis-stereoregular poly(phenylacetylene) with
a precisely controlled molecular weight and narrow molecular
weight dispersion but also facilitates the introduction of desired
functional groups at the ends of the polymer chain.*

In this study, we report the synthesis of star polymers con-
sisting of three poly(phenylacetylene) chains with precisely
controlled chain lengths through the living polymerization of
phenylacetylene derivatives using our Rh-based multicompo-
nent catalyst system.>* We also explored the relationship
between the structures and functions of these star polymers.
The obtained star polymers were thoroughly characterized
using various spectroscopic techniques, and atomic force

© 2023 The Author(s). Published by the Royal Society of Chemistry
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microscopy (AFM) was employed to visualize their star-shaped
structures clearly. Furthermore, we systematically investigated
the differences in the chiroptical properties between the star
polymers bearing three optically active helical poly-
(phenylacetylene) arms and the corresponding linear helical
poly(phenylacetylene) chains of the same length as the arms of
the star polymers to reveal the effect of polymer topology on the
chiroptical properties of helical poly(phenylacetylene)
chains.>”

Results and discussion

The trifunctional boronic acid ester A was prepared according
to previous reports (Scheme S17).>® A three-armed star-shaped
poly(phenylacetylene) (A(poly-1,);) with a precisely controlled
molecular weight was synthesized using a living polymerization
method with our Rh-based multicomponent catalyst system using
A as the initiator (Scheme 1 and Table 1). An excess amount of
[Rh(nbd)CI], ([Rh]/([A]/3) = 1.5, nbd = norbornadiene) was used
relative to the phenylboronate groups to ensure that the reaction
between all of the boronate groups of the initiator A and the Rh
complex proceeded completely. Initially, the catalyst solution was
prepared by adding 50% (w/v) aqueous KOH to a THF solution of
initiator A, [Rh(nbd)Cl],, and DPA, followed by stirring at 30 °C for
5 min. Then, PPh; was added to the solution to afford the catalyst
solution. After the catalyst solution was diluted with THF, phe-
nylacetylene (1) ([1]/(JA]/3) = 50) was added to initiate the poly-
merization, and the polymerization reaction was carried out at
30 °C (run 1). After 1 h, acetic acid was added to terminate the
polymerization reaction, and the product was precipitated in
methanol to afford a yellow polymer in moderate yield.

The size-exclusion chromatography (SEC) measurement of the
obtained polymer (run 1) showed apparent three peaks when
three SEC columns connected in series were used (Fig. 1a). The
number-average molar mass (M,,) of each peak was larger than
that (15 000) calculated from the feed ratio ([1]/(JA]/3) = 50). These
results suggest that the initiation of the polymerization reaction

R [Rh(nbd)Cl], R’

DPA, Base PPh;, 1
R - > R
THF THF
R 0°C,10min  30°C,1h R’

Scheme three-armed

1 Synthesis of a
phenylacetylene) derivative (A(poly-1)s) with a Rh-based multicom-
ponent catalyst system using trifunctional phenylboronate A as the
initiator.

star-shaped poly(-
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Table 1 Results of the polymerization of phenylacetylene (1) with
a Rh-based multicomponent catalyst system using initiator A

Polymer
Run Base [Rh]/([A)/3)  Yield® (%) M, x 107%  My/M,°
1 50% KOH 1.5 65 — —
2 10% KOH 1.5 85 1.4 1.03
3 10% KOH 2.0 92 1.3 1.05

¢ Reaction conditions: A (0.10 mmol), [Rh(nbd)Cl], (0.05 mmol (runs 1
and 2), 0.067 mmol (run 3)), DPA (0.15 mmol (runs 1 and 2), 0.2 mmol
(run 3)), in THF (0.2 mL) at 30 °C (run 1) or 0 °C (runs 2 and 3) for
10 min, then phenylacetylene (1) (1.7 mmol) and PPh; (0.15 mmol
gruns 1 and 2), 0.2 mmol (run 3)) in THF (3.8 mL) at 30 °C for 1 h.

Methanol-insoluble part. ¢ Determined by SEC using three columns
(TSKgel G4000Hy;, + G3000Hy,, + G3000Hy;) connected in series based
on polystyrene standards (THF, 40 °C).

was not strictly controlled under these conditions (run 1), and star
polymers with different numbers of arms (one, two, or three) were
formed from initiator A.

In this multicomponent catalytic system, the hydrolysis of
phenylboronate groups during catalyst preparation is important
for the initiation of polymerization.”® Therefore, we used 10%
(w/v) aqueous KOH as the base to promote the hydrolysis of
phenylboronate (pinacolborate) groups by increasing the
amount of water (runs 2 and 3). SEC measurements of the
resulting polymers showed nearly a single peak derived from
the three-armed star polymer (Fig. 1b and c¢). When the amount
of the Rh complex used was increased, the yield of the polymer
increased (run 3), and the molecular weight of the obtained
polymer (M, = 13 000) was almost the same as that calculated
from the feed ratio (run 3). In the SEC chromatogram of run 3
(Fig. 1c), a subtle shoulder assignable to a two-armed polymer
was observed, while no peak due to a one-armed polymer was
observed. The generation of the two-armed polymer could be
attributed to steric hindrance arising from the introduction of
two rhodium complexes into the core, which could affect the
efficiency of the introduction of the third rhodium complex.

(@ 2-Armed 1-Armed

3-Armed

(b) 3-Armed

2-Armed

(c) 3-Armed
2-Armed
run 3
T T
10° 10

Molecular weight

Fig.1 SEC chromatograms of the obtained A(poly-1)z ((a) run 1, (b) run
2, and (c) run 3 in Table 1).
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Scheme 2 Synthesis of star-shaped block copolymer A(poly(1,,-b-
2,))z composed of different phenylacetylene derivatives (1 and 2) using
initiator A.

(a)
M,:2.9 x 104
My/M,: 1.05

A(poly(155-b-2;)),

(b)

M,:9.3x 10*
My/M,: 1.35
A(poly(1,50-b-2,50))3
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Fig. 2 SEC chromatograms of block-type star polymers A(poly(1,,,-b-
2,))3 in multistage copolymerization of phenylacetylenes (1st stage: 1,
2nd stage: 2) with a Rh-based multicomponent catalyst system using
initiator A ((a) A(poly(1s9-b-250))3 and (b) A(poly(1,50-b-2250))3).

Based on these results, it was considered that the polymeriza-
tion proceeded uniformly from all three starting points of
initiator A under the conditions of run 3, which was used as the
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standard for the synthesis of the star polymer in subsequent
experiments. Incidentally, the formation of linear polymers
directly initiated with the [Rh(nbd)Cl], is negligible under these
conditions because the MALDI-FT-ICR-MS spectra of the oligo-
mers synthesized under the same conditions with a different
feed ratio ([1]/(JA]/3) = 10) exhibited peaks attributable only to
star polymers (Fig. S11).°

Next, block-type star polymers were synthesized by exploiting
the features of living polymerization using this catalyst system.
After the first monomer 1 was completely consumed, an equal
amount of a second monomer 2 was added to the polymeriza-
tion solution, and the polymerization reaction continued. This
yielded block-type star polymers with a narrow molecular
weight dispersion (Scheme 2 and Fig. 2). The composition of the
two monomers (1 and 2) in the copolymer was estimated to be
[1]:[2] = 1:1 based on the analysis of their "H NMR spectra
(Fig. S21 and Table 2). Notably, the polymerization time of the
first feed monomer significantly affected the molecular weight
distribution of the resulting copolymers. When the polymeri-
zation time of the first feed monomer was longer than 1 h, the
intensity of the shoulder peak in the low-molecular-weight
region increased with time in the SEC measurement of the
resulting copolymers (Fig. S31). This may be because the Rh
complex at the growing chain end is gradually deactivated,
probably owing to an undesired termination reaction. However,
when the second monomer was added immediately after the
first feed monomer was consumed (20 min), star-shaped block
copolymers with narrow molecular weight dispersions were
obtained (Fig. 2).

To confirm whether initiator A functioned as a trifunctional
initiator, hydrolyzable initiator B was designed and synthesized
by introducing a phenylpinacol borate group via an ester group
(Scheme S27) so that the arm polymer chain could be isolated
from the star polymer core by hydrolysis after polymerization.
Similar to the case using initiator A, the star polymers were
synthesized by the polymerization of phenylacetylene (1) with
a multicomponent catalyst system using initiator B. Conse-
quently, the corresponding star polymer (B(poly-1s0);) with
a narrow molecular weight dispersion was obtained in high
yield (Scheme 3). Treatment of the obtained star polymer
B(poly-150); with 40% tetra-n-butylammonium hydroxide
(TBAOH) for 2 h resulted in the quantitative cleavage of the arm
polymer chains from the core by hydrolysis of the ester group
(Schemes 3 and S8t). As shown in Fig. 3, SEC measurements

Table2 Results of multistage copolymerization of phenylacetylenes (1st stage: 1, 2nd stage: 2) with a Rh-based multicomponent catalyst system

using initiator A®

Polymer
run [1)/(A)/3) [2)/(1A]/3) Sample code yield® (%) M, x 10°% M, /M,*
4 50 50 A(poly(1so-b-250))3 94 2.9 1.05
5 250 250 A(poly(1550-b-2550))3 85 9.3 1.35

“ Reaction conditions: A (0.10 mmol), [Rh(nbd)Cl], (0.067 mmol), DPA (0.2 mmol), in THF (0.2 mL) at 0 °C for 10 min, then phenylacetylene (1)
(1.7 mmol (run 4), 8.5 mmol (run 5)) and PPh; (0.2 mmol) in THF (3.8 mL) at 30 °C for 20 min. Then, monomer (2) (1.7 mmol (run 4),
8.5 mmol (run 5)) was added. b Methanol-insoluble part. ¢ Determined by SEC using three columns (TSKgel G4000Hx;, + G3000Hy;, + G3000Hxy,)
connected in series (run 4) or one column (KF-805L) (run 5) based on polystyrene standards (THF, 40 °C).
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Scheme 3 Synthesis of star polymer B(poly-1)s using hydrolyzable
initiator B and isolation of the arm polymers (poly-1) by its hydrolysis.

(a)
/ M,: 4.7 x 103
M,/My: 1.03
(b)
My:1.4x10*
M,/My: 1.02
T T T
105 10¢ 108
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Fig. 3 SEC chromatograms of star polymer B(poly-1s0)s (a) and the
isolated arm polymer (poly-1) by hydrolysis of B(poly-1s0)3 (b).

revealed that the resulting isolated arm polymer had a very
narrow molecular weight dispersion (M,/M,, = 1.03), and its
molecular weight was almost the same as that expected from
the feed ratio (M, = 4.7 x 10%). These results clearly demon-
strate that initiators A and B efficiently functioned as trifunc-
tional initiators in the polymerization of phenylacetylene (1)
with a multicomponent catalyst system.

AFM observation and the chiroptical properties of optically
active poly(phenylacetylene)s bearing alanine-derived pendants
have been reported by Yashima and coworkers.>*** To directly
observe the star polymers by AFM and investigate the effect of
star polymer topology on their thermal properties and chiral
amplification properties, two types of optically active star poly-
mers with a different arm length (25- and 500-mers) (A(poly-3R;s
or 3S,5); and A(poly-3Rsq Or 3Ss00)3) Were synthesized by the
polymerization of 3R and 3S with the multicomponent catalyst
system using initiator A (Scheme 4 and Table 3). Optically active
star polymers (A(poly-3R,5); and A(poly-3S,5)3) with small M,/
M, values (1.02 and 1.03, respectively) were quantitatively

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of optically active star polymers (A(poly-3R,)3
and A(poly-3S,)s, n = 25 and 500) using initiator A.

obtained when the feed ratio ([3S or 3R]/([A]/3)) was 25 (runs 6
and 7 in Table 3 and Fig. 4a, b). In contrast, the M,,/M,, values of
the high-molecular-weight star polymers (A(poly-3Rs00); and
A(poly-3Ss00)3), which were synthesized at a feed ratio ([3S or
3R]/([A]/3)) of 500 (runs 8 and 9 in Table 3 and Fig. 4c, d),
increased (to 1.48 and 1.60, respectively).®

The topology of the optically active star polymer with a high
molecular weight (A(poly-3Rs4)3) was directly observed using
AFM. Fig. 5 shows a typical amplitude-modulation AFM (AM-
AFM) height image of A(poly-3Rs0); on a mica substrate. The
AFM image shows that many A(poly-3Rs00); molecules have
a three-armed star structure. A high-magnification AFM image
of a single A(poly-3R5); molecule is shown in Fig. 5b. Indi-
vidual arms of the star-shaped polymer with an average height
of approximately 1.6 nm are clearly observed (Fig. 5c), and the
exact length of each arm of the star-shaped polymer was
determined. Fig. 5d shows the length distribution of the arms of
A(poly-3Rs500); obtained by analyzing the AFM images of more
than 45 isolated star polymers (Fig. S47); the average length of
the individual arms of A(poly-3Rs); was 84.5 nm, which is
slightly shorter than the estimated length. However, the length
of each arm within an individual A(poly-3R5); molecule was
roughly uniform (75-85 nm), confirming that polymerization
was precisely controlled. The absolute weight-average molecular
weight (M) of A(poly-3Rs0); was determined to be 4.30 x 10>
using SEC-MALS. From this result, the average arm length of
A(poly-3Rs0); was calculated to be 83 nm, which is consistent
with the average length estimated from the AFM analysis. The
AFM images of A(poly-3Rs00)s (Fig. 5a and S47) show that most
polymer molecules have three arms, although a small number
of two-armed and linear polymers was also observed. Therefore,
the AFM observation also directly corroborates that, in this
polymerization system, almost all initiating sites of the initiator
core initiated the polymerization reaction, and the polymeri-
zation reaction does not stop halfway and yields an uniform
molecular length.

RSC Adv, 2023, 13, 30978-30984 | 30981
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Table 3 Polymerization results of chiral phenylacetylenes (3R and 3S) with a Rh-based multicomponent catalyst system using initiator A

Polymer
Run Monomer [3]/([A)/3) Sample code Yield” (%) M, x 10°% M, /My©
6 3R 25 A(poly-3R,5); 95 2.0 1.02
7 3 25 A(poly-35,5), 90 2.1 1.03
8 3R 500 A(poly-3Rs00)s 83 33.4 1.48
9 3 500 A(poly-3Ss00)s 80 32.7 1.60

¢ Reaction conditions: A (0.10 mmol), [Rh(nbd)Cl], (0.067 mmol), DPA (0.2 mmol), in THF (0.2 mL) at 0 °C for 10 min, then phenylacetylene (1)
(0.85 mmol (runs 6 and 7), 17.0 mmol (runs 8 and 9)) and PPh; (0.2 mmol) in THF (3.8 mL) at 30 °C for 1 h. ® Methanol-insoluble part.
¢ Determined by SEC using three columns (TSKgel G4000Hy; + G3000Hy; + G3000Hx;) connected in series (runs 6 and 7) or one column (KF-

805L) (runs 8 and 9) based on polystyrene standards (THF, 40 °C).

(a) A(poly-3R,), My: 2.0 x 104
M,/M,: 1.02

(b) A(poly-3S,4), My: 2.4 x 10°
M,/M,: 1.03

() A(poly-3Ryy0); M,:33.4x 10*

My/M: 1.43

M,:32.7 x 10*
M, /M,: 1.60

(d) A(poly-3S549)3

106 108 104
Molecular weight

Fig. 4 SEC chromatograms of chiral star polymers (a) and (c) A(poly-
3R,)s and (b) and (d) A(poly-3S,)z (n = 25 and 500).

To investigate the effect of polymer topology on thermal
properties and chiral amplification in helical poly-
(phenylacetylene) chains, the chiral properties of star polymers
A(poly-3S,5); and A(poly-3R,5); were compared with those of the
corresponding linear polymers of the same length (poly-3S,s5
and poly-3R,s, respectively), which were synthesized by the
polymerization of 3S and 3R with a multicomponent catalyst
system using 4-methylphenylboronic acid as the initiator
(Scheme S71). For the star polymers, since one chain end of the
arm polymer is anchored to the central core, which could
influence the conformational rigidity, the thermal transition of
the main chain was investigated using DSC. An exothermic peak
was observed at approximately 170 °C in both the chiral star
polymer and the linear polymer with the same chain length
(25 mer) (Fig. S51), suggesting a possible cis-trans transition.?”
This result suggests that the star polymer topology does not
significantly influence the thermal transition of the main chain.
The absorption and circular dichroism (CD) spectra of the
polymers in THF and toluene are shown in Fig. 6a and b,
respectively. In THF, the star polymers exhibited larger CD
intensities than the corresponding linear polymers (Fig. 6a). In
contrast, in toluene, the CD intensities of the star and linear

30982 | RSC Adv, 2023, 13, 30978-30984

polymers are almost the same (Fig. 6b). Thus, chiral amplifi-
cation derived from the unique structure of the star polymer

was confirmed for THF. The chiral amplification observed for

(a)

. 40
£
ot €30
51 8
% 20
10
0 T T )
0 50 100 150 20 40 60 80 100120
Width (nm) Length (nm)

Fig. 5 AFM images of star polymer A(poly-3Rsq0)s. (@) Topographic
image of A(poly-3Rsq0)s prepared by spin casting a dilute toluene
solution onto mica. (b) Magnified image of A(poly-3Rsq0)3s on mica. (c)
Line profile along the white dashed line in (b). (d) Histogram showing
the length distribution of the arm polymers of the star polymers ob-
tained from several AFM images.

@ ®) 29
% é 10 /v\
°©
Ao 0
A 4-109, i
3 A(poly-3555)3 e A(poly-3S;s)s
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Fig. 6 CD and absorption spectra of optically active star polymers
(A(poly-3S5s)3 and A(poly-3R»s)s) and the corresponding linear poly-
mers (poly-3S,5 and poly-3R;s) in THF at —10 °C (a) and in toluene at
—10 °C (b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the star polymers could be largely attributed to the effect of
change in the flexibility at the polymer chain ends. In star
polymers, one end of the polymer chain is anchored to the
central core; therefore, the effect of the flexible polymer chain
ends is reduced compared with that of the corresponding linear
polymer. Therefore, in THF, where intramolecular hydrogen
bonding between the side-chain amide groups is prevented,*
chiral amplification was observed in the star polymer, which is
less affected by this flexible chain end, compared to the linear
polymer. In contrast, in toluene, the helical structures of both
polymers are strongly stabilized by the intramolecular hydrogen
bonds between the pendant amide groups;* therefore, it was
assumed that the effect of the polymer ends was hardly
observed.

Conclusions

In summary, we have synthesized three-armed star-shaped
poly(phenylacetylene) chains by the Rh-catalyzed living poly-
merization of phenylacetylenes using trifunctional initiators
and investigated their structures and chiral amplification
properties. SEC analysis of the arms detached from the star
polymers by hydrolysis clearly demonstrated that polymeriza-
tion was uniformly initiated from almost all the boric acid
groups present in the trifunctional initiators, resulting in star
polymers with a precisely controlled arm length. Direct visual-
ization of the polymers by AFM also clearly corroborated the
formation of star polymers with a precisely controlled structure.
Furthermore, optically active star polymers synthesized from
chiral monomers were, for the first time, confirmed to exhibit
chiral amplification because of their unique topological struc-
tures. These findings will be useful for designing and synthe-
sizing topologically unique star polymers consisting of dynamic
helical polymers to develop functional chiral materials that can
be applied in materials science and nanotechnology.
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