Polymer Chemistry

2 Polymer
PN Chemistry

Chain-growth Click Copolymerization for Synthesis of
Branched Copolymers with Tunable Branching Density

Journal:

Polymer Chemistry

Manuscript ID

PY-ART-12-2021-001635.R1

Article Type:

Paper

Date Submitted by the
Author:

06-Jan-2022

Complete List of Authors:

Ma, Kangling; University of Notre Dame, Department of Chemistry and
Biochemistry

Jin, Xiuyu; University of Notre Dame, Department of Chemistry and
Biochemistry

Gan, Weiping; University of Notre Dame, Department of Chemistry and
Biochemistry

Fan, Chengkai; University of Notre Dame, Department of Chemistry and
Biochemistry

Gao, Haifeng; University of Notre Dame, Department of Chemistry and
Biochemistry

SCHOLA

RONE™
Manuscripts




Page 1 of 7

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Polymer €hemistry:

Chain-growth Click Copolymerization for Synthesis of Branched
Copolymers with Tunable Branching Density

Kangling Ma, Xiuyu Jin, Weiping Gan, Chengkai Fan and Haifeng Gao*

In this work, we reported a facile synthesis of (hyper)branched copolymers with tunable degree of branching (DB) via one-
pot chain-growth copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions. By using a tri-azido core molecule as
initiator, a variety of difunctional AB monomers with different linkers were designed for CUAAC copolymerization with a
trifunctional AB. monomer to produce a series of branched copolymers with tunable compositions and low dispersity.
Kinetics study and chain-extension experiments confirmed the features of chain-growth mechanism and living
polymerization. Although the AB. monomer showed higher homopropagation rate than AB monomers, their
copolymerization consumed AB monomer slightly faster than AB. monomers probably due to their steric difference.
Incorporation of pH-responsive and redox-responsive linkages into AB monomers allowed stimuli-responsive degradation
of the branched copolymer structures into fragments. Preliminary studies indicated that branched polymers with lower DB
showed higher loading capacity than hyperbranched polymers from homopolymerization of AB,, demonstrating the
dependence of payload encapsulation efficiency on polymer structure compactness. This exploration expanded our toolbox
to tune the composition and structures of (hyper)branched polymers for their potential application as unimolecular

nanocontainers.

Introduction

(Hyper)branched polymers, a class of three-dimensional globular
macromolecules, attracted significant attentions in the past few
decades,'* due to their interesting features of easy synthesis, low
viscosity, and multiple chain-end functionality.>-8 Different strategies
have been reported to prepare (hyper)branched polymers by using
(m>2)
monomers,®11 pairs of A, and B, monomers,2 13 multivinyl

various multifunctional monomers, including ABm
crosslinkers, trifunctional inimers and transfers in self-condensing
vinyl polymerization (SCVP),1418 and self-condensing ring-opening
these methods,

copolymerization of multifunctional monomers with difunctional

polymerization.> 1% 19 In all synthesis
monomers provides a practical method to alter the branching
density, i.e., degree of branching (DB), of the produced polymers.20-
22

During the synthesis of (hyper)branched polymers, reactions of the
multifunctional monomers often follow step-growth polymerization
or the combination of step-growth and chain-growth polymerization
mechanism,? 232> in which random monomer-monomer reactions
occur concurrently with polymer-monomer reactions throughout the
polymerization processes. As a result, these polymer structures
suffer from low molecular weights and very broad molecular weight
distribution, which significantly limits their advanced applications as
biomaterials,” optical materials2® and catalysts.?’ In this context,
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exclusive chain-growth synthesis of (hyper)branched copolymers
with narrow molecular weight distribution and freely tuned DB
represents a desirable endeavour in the field of polymer chemistry.
In literature, several strategies have been developed to achieve
chain-growth polymerization of ABm monomers or inimers via slow
addition,1% 28 and

reactivity,2%-32 in which engineering and/or chemistry methods were

monomer reaction-manipulated monomer
applied to selectively favour the monomer-polymer reactions rather
than the monomer-monomer reactions. Meanwhile, separate efforts
have been reported to achieve tunable DBs of (hyper)branched
polymers by varying the ratios of difunctional monomers to
multifunctional monomers (e.g., feed ratios of AB and AB;),20 33-35
tuning reaction pressure,3® or acid catalyst concentrations.3?
However, none of these developments could simultaneously achieve
chain-growth polymerization and accurately tuned DB in one system.
group developed a
polymerization technique by using copper-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction.3® With the introduction of a
trifunctional B; core molecule, Cu(l) catalyst was complexed at the
very beginning and enhanced the reactivity of azido groups on B3 or
Bs-containing polymers. The Cu(l)-containing oligomers served as in-
situ generated core with higher reactivity to promote polymer
propagation and prevent monomer cross-coupling, leading to a
chain-growth polymerization mechanism.3840 To date, several AB;
and AB3 monomers have been successfully homopolymerized in this
CuAAC reactions to produce hyperbranched polymers with DB >

Recently, our one-pot chain-growth



Polymer Chemistry:

0.7,2%38,39,41, 42 glthough the synthesis of branched copolymers with
low DB, has not been available.
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Scheme 1. Chain-growth copolymerization of AB, and AB in the use
of B3 core and degradation process of branched copolymers
prepared using degradable AB monomers.

Herein, we reported the first one-pot chain-growth
copolymerization of AB, and AB monomers via CuAAC
chemistry and obtained branched copolymers with
dispersity and freely tuned DB. One typical AB, monomer 3-
azido-2-(azidomethyl)-2-((isobutyryloxy)methyl)propyl pent-4-
ynoate was chosen to copolymerize with five AB monomers
with different linkers to demonstrate the robust compatibility
of monomer compositions (Scheme 1). The DB of synthesized
copolymers could be easily tuned from 0 to 0.78 by adjusting
the feed ratios of two monomers, while the feature of living
chain-growth polymerization was well retained throughout
these practices.

low

Results and Discussion

CuAAC homopolymerization of AB, trifunctional monomers has been
explored in previous studies to produce hyperbranched polymers
with linear increase of molecular weight versus conversion,
exhibiting a living chain-growth mechanism with selective polymer-
monomer reactions. However, all the produced hyperbranched
polymers had densely branched structures with DB > 0.7, which could
limit the accessibility of interested payloads to the core domains and
affect the property of polymers as unimolecular nanocontainers.*3
Previous attempts from our group introduced external Cu ligands
during the CuUAAC homopolymerization to adjust the DB values,?®
although the presence of strong ligands compromised the effective
confinement of Cu catalyst within the polymers, resulting in
concurrent step-growth polymerization mechanism.

In this study, we were interested in the CUAAC copolymerization
of AB, monomer with difunctional AB monomers containing one
alkynyl group and one azido group to tune the polymer branching
density without losing the intriguing chain-growth feature. One AB,
monomer and five AB monomers were designed with their structures
shown in Scheme 1 and detailed syntheses in the Supporting
Information (Figure S1). As reported earlier, a tris-triazoleamine-
based B3 molecule was used as the core that by complexing with Cu(l)

2| J. Name., 2012, 00, 1-3

catalyst achieved an increased azido reactivity than monomer and a
fast initiation process via selective core-monomer reactions.39 44
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Figure 1. A) Kinetics and (B) evolution of number-average molecular
weights (M,) of polymers in the one-pot CUAAC polymerization at
feed ratios of [monomer(s)]o:[Bs]o:[CuSO4-5H,0]0:[ascorbic acid]o =
200:1:10:20 in DMF at 45 °C, [monomer(s)]o = 0.5 M; compositions
of P1-P3 were listed in Table 1. (C) Stacked SEC traces (Rl signal) as a
function of reaction time of P3: [AB,]o:[AB-
1]0:[B3]o:[CuSO4-5H,0]0:[ascorbic acid]o = 100:100:1:10:20. The SEC
using THF as mobile phase with Rl detector based on linear
poly(methyl methacrylate) (PMMA) standards. (D) Integrated
Beckingham-Sanoja-Lynd (BSL) model fitting of P3.

To demonstrate the concept, three CUAAC polymerizations were
set up for comparison, including two homopolymerizations and one
copolymerization of AB; and AB monomers in DMF at 45 °C with the
total molar ratio of monomers to B3 core as [monomer(s)]o:[Bs]o =
200:1 (where monomer(s) were AB, and/or AB-1, [AB,]o + [AB-1]o =
0.5 M). The homopolymerizations of AB, and AB-1 reached 96%
monomer conversions at 40 min and 4 h, respectively (Figure 1A), in
which the monomer conversions were calculated from the 'H NMR
characterization of samples taken out of reactions at timed intervals.
When both AB, and AB-1 monomers were copolymerized at feed
ratio of [AB,]o:[AB-1]o:[B3]o = 100:100:1, the recorded kinetics curve
was between those of two homopolymerizations, in which the
copolymerization reach 96% conversions of total monomers at 70
min. The produced hyperbranched polymer from
homopolymerization of AB, monomer and the three-arm star
polymer from the homopolymerization of AB-1 monomer showed
linear increase of molecular weights with conversion and very low
dispersity My,/M, = 1.06 and 1.11 (entries P1 and P2 in Table 1),
respectively. Intriguingly, the copolymerization retained the chain-
growth feature and exhibited similar molecular weight increase pace
as the two homopolymerizations (Figure 1B). The monomodal
elution chromatograms in the size exclusion chromatography (SEC)
characterization and their smooth evolution (Figure 1C) indicated the

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Polymers prepared by CUAAC polymerization of AB, and/or AB monomers in the use of B; core.

Entry? AB [AB2]o:[ABlo:[Bslo My (kDa)®  Mn, maus (kDa)d M, theor. (kDa)®  Mu/MnS Dy (nm)f  DBe
P1 / 200:0:1 28.7 64.9 67.8 1.06 6.13 0.78
P2 AB-1 0:200:1 32.1 20.7 36.7 1.11 4.85 0
P3 AB-1 100:100:1 26.4 441 52.3 1.12 5.63 0.46
P4 AB-1 33:165:1 36.2 25.2 41.5 1.10 6.75 0.13
P5 AB-1 10:190:1 33.0 22.2 38.2 1.11 494 <0.05
P6 AB-1 2:198:1 34.0 21.6 37.1 1.12 5.60 <0.01
P7 AB-2 100:100:1 24.4 41.6 55.3 1.09 6.59 0.46
P8 AB-3 100:100:1 37.9 49,5 57.1 1.16 7.33 0.42
P9 AB-d1 100:100:1 36.5 / 61.1 1.08 6.55 0.49
P10 AB-d2 100:100:1° 429 / 63.1 1.20 5.56 0.42
P11 AB-1 150:150:1 31.7 67.9 78.1 1.10 6.43 0.44
P12 AB-1 200:200:1 36.4 93.9 104 1.11 6.87 0.43
P13 AB-1 1000:1000:1 173 488 518 1.08 12.2 0.44
P14 / 900:0:1 71.4 267 303 1.09 8.49 0.78
P15 AB-1 450:450:1 70.2 199 233 1.10 9.05 0.41

a. All polymerizations used conditions of [B3]o:[CuSO45H,0]o:[ascorbic acid]o = 1:10:20, [AB3]o + [AB]o = 0.5 M in DMF at 45 °C
except stated otherwise. b) [B3]o:[CuSO4-5H,0]0:[sodium ascorbate]o = 1:5:5. c). Apparent number-average molecular weight
(M,) and molecular weight distribution (My/M,) of entries P2, P4, P5, P6, P8, P13-P15 were determined by DMF SEC with RI
detector based on linear PMMA standards, other entries were determined by THF SEC with Rl detector based on linear PMMA
standards. d) Absolute number-average molecular weight (Mn maws) measured by DMF SEC with a multi-angle laser light
scattering (MALLS) detector. €) Mn, theor = ([AB2]o/[B3]o) X FWag2 + ([AB]o/[Bs]o) X FWas+FWa3 as FWag2, FWap and FWss were the
formula weights of AB,, AB and Bs, respectively. f) Hydrodynamic diameter (Dy) was determined by dynamic light scattering
(DLS) in the same solvent for SEC measurement. g) The degree of branching (DB) was calculated using the equation DB = 2D/(D +

T + L) according to H NMR spectra, in which the linear unit (L) and terminal unit (T) were from both the reacted AB; and AB

monomer units, while the dendritic unit (D) was only from fully reacted AB; units.

excellent compatibility of AB; and AB-1 in the copolymerization. The
conversions of both AB; and AB-1 during the copolymerization were
then fitinto equations S1-A and S1-B (supporting information), which
were recently reported as the integrated Beckingham-Sanoja-Lynd
(BSL) model and worked well for ideal copolymerization.*® In Figure
1D, the black dotted curve by fitting overall conversion vs.
[AB,]i/[AB3]o provided ras.; = 1.39, while the red dotted curve by
fitting overall conversion vs. [AB-1]i/[AB-1], determined ras; = 0.68.
The product of ras.; and ragz was close to unity, indicating the current
copolymerization systems fitted well with the integrated BSL model.
Although the propagation rate of AB, in homopolymerization was
higher than that of AB-1 (shown in Figure 1A), the reactivity of AB-1
monomer seemed higher than that of AB, monomer regarding their
reactions with either AB-1 or AB, terminated propagating centers
(i.e., ras.1 > 1 and ragz < 1). This reactivity difference during
copolymerization was probably due to the steric difference of the
two monomers, in which the bulky AB; had lower accessibility than
AB-1 to the peripheral azido groups on polymer for CUAAC reaction.*!

To explore the broad scope of DB tunability, the monomer AB-1
was selected for copolymerization with AB, under varied feed ratios
but fixed total molar ratio of monomers to initiator ([AB]o+[AB-1]o):
[Bs]o = 200:1. Four copolymerizations with feed ratios of [AB2]o:[AB-
1]o from 100:100, 33:165, 10:190 to 2:198 were compared (P3 — P6,
Table 1). By increasing the fraction of AB-1 monomer, the
polymerizations required longer time to reach > 96% monomer
conversions, up to 4 h when only AB-1 was used in P2. Figure 2B
underscored the linear increase of molecular weight with
conversions in these copolymerizations to produce branched

This journal is © The Royal Society of Chemistry 20xx

copolymers with low dispersity My,/M, ~ 1.1 (Figure 2B). At similar
monomer conversions, the apparent molecular weights of these four
branched copolymers were in the same range because the monomer
compositions affected the apparent polymer molecular weight in
two opposite directions. On one side, the increased fraction of AB-1
monomer units in polymers decreased the theoretical molecular
weight of the branched copolymers due to the lower formula weight
of AB-1 monomer than AB,. On the other side, the increased fraction
of AB-1 unit in polymers decreased the structural compactness, i.e.,
lower DB, which resulted in an enlarged polymer hydrodynamic size
in good solvent and a higher apparent molecular weight than higher-
DB polymers.

The structure and DB of branched copolymers were determined
using the proton nuclear magnetic resonance (*H NMR)
spectroscopy. A typical *H NMR spectrum of P3 in Figure 3 showed
well-resolved peaks with carefully assigned protons from different
dendritic (D), terminal (T) and linear (L) units, in which the L units and
T units were contributed from both the reacted AB, and AB-1
monomers. The DB of the polymer increased from 0 to 0.78 by
increasing the AB,% in the feeding from 0% to 100% (Figure 2C). The
hydrodynamic sizes of these polymers were measured by dynamic
light scattering (DLS) and exhibited similar values at the range of 4.9
nm to 6.8 nm.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. A) Kinetics and B) evolution of number-average molecular
weights (Mn) of branched copolymers in the one-pot CuAAC
polymerization at feed ratios of
[monomer(s)]o:[Bs]o:[CuSO4-5H,0]o:[ascorbic acid]o = 200:1:10:20 in
DMF at 45 °C, [AB;]o+[AB-1]p = 0.5 M, compositions of P3-P6 were
listed in Table 1. C) DB evolution as the function of [AB;]o% in the
feeds. D) DLS traces of two homopolymers and four copolymers with
different feed ratios of [AB]o:[AB-1]o.

To demonstrate the features of living polymerization, selective
chain extension reactions were carried out via sequential addition of
monomer mixtures in several batches into a one-pot polymerizing
system. As an example, when a copolymerization with feed ratio of
[AB2]o:[AB-1]0:[B3]o=100:100:1 approached the complete conversion
(> 99%), a mixture of 50 equiv. AB, and 50 equiv. AB-1 monomers
relative to the original amount of B initiator was added in situ to the

L

1.C

8.0 75 45 40 35 3.0 25

Chemical Shift (ppm)
Figure 3. 'H NMR spectrum of copolymer P3 in CDCls at 25 °C.

1.5

system to test chain extension. After 2 hours, the 2" batch monomer
reached complete conversion and produced a clean shift of the SEC
chromatogram to lower elution volume (Figure 4A). It was
discovered that the new elution chromatogram after 2-batch

4| J. Name., 2012, 00, 1-3
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monomer addition completely overlapped with the curve of product
from one-batch polymerization at feed ratio of [AB,]o:[AB-1]o:[Bs]o =
150:150:1, which confirmed the selective polymer-monomer
reactions and clean chain extension of branched macroinitiators in
this copolymerization. Similar results were also achieved when
comparing the polymers from either one-batch or three-batch
monomer addition of total feed ratio of [AB:]o:[AB-1]o:[Bs]o =
200:200:1. The hydrodynamic size of these branched copolymers
increased with the molecular weight from 5.63 to 6.43 nm and 6.87
nm when the total monomer amount [AB;]o:[AB-1]o:[Bs]o increased
from 100:100:1 to 150:150:1 and 200:200:1, respectively, regardless
the monomers were added in one batch or multiple batches (Figure
4B). This demonstrated feature of living chain-growth polymerization
paved the possibility to produce branched copolymers with not only
tunable molecular weight and DB, but also layered structure with
radially placed segments within one macromolecule.*®
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Figure 4. (A) Evolution of SEC curves and (B) hydrodynamic size of
copolymers synthesized from one-pot and batchwise monomer-fed
CuAAC  copolymerization.  One-pot  reaction:  [AB]o:[AB-
1]0:[B3]o:[CuSO4-5H,0]p:[ascorbic acid]p = x:x:1:10:20, where x = 150
(P11, Table 1) or 200 (P12, Table 1) in DMF at 45 °C, [AB;]o+[AB-1] =
0.5 M; Batch-wise reaction: first batch  [AB2]o:[AB-
1]0:[B3]o:[CuSO4-5H,0]:[ascorbic acid]o = 100:100:1:10:20 in DMF at
45 °C, [AB;]o+[AB-1]p = 0.5 M with the second and the third batches
of 50 equiv. of AB, and AB-1 monomer (in DMF at [AB;]o+[AB-1]o =
0.5 M) added at > 99% conversion of the prior batch of AB; and AB-1
monomers. C) The plot of My maus VS Mntheor Of branched polymers
with different DP. D) TEM image of the branched copolymer P13
([AB2]o:[AB-1]0:[B3]o = 1000:1000:1) on a carbon-coated copper grid
(mean diameter ca. 12 nm).

Using this technique, a branched copolymer P13 with targeted
degree of polymerization (DP = 2000, [AB;lo:[AB-1]o:[Bs]o =
1000:1000:1) and theoretical molecular weight = 488.4 kDa was
produced with complete conversion of monomers. The polymer after
purification showed an apparent molecular weight M, = 172.7 kDa
and low dispersity My/M, < 1.08 (P13 and Figure S4). When
characterized by MALLS detector connected in DMF SEC, the
absolute molecular weight Mnmaus of P13 matched very well with
the theoretical value (Table 1). In fact, the Mnmaus values of all

This journal is © The Royal Society of Chemistry 20xx
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branched copolymers under constant ratio of [AB;]o:[AB-1]o = 1:1 but
varied DPs from 200 to 2000 were in linear correlation with the
theoretical molecular weights, confirming the living polymerization
feature with fast initiation. Meanwhile, the high molecular weight of
P13, close to half a million allowed direct visualization of individual
branched copolymers using transmittance electron microscopy
(TEM, Figure 4D), which showed a mean diameter of 12 nm of each
individual polymer under dry state. The successful preparation of P13
suggested the considerable competence of the copolymerization to
attain branched copolymer with high molecular weight while the DB
controllability maintained.

—P9
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M, =365k (M =11k
M,/M, = 1.08||M /M, = 1.56

18 21 24 27 30
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Figure 5. (A) Stacked 'H NMR spectra as a function of time to monitor
the degradation of P9 in CDCl; with 0.1% CF3COOH. (B) Comparison
of the SEC chromatograms between P9 and the degraded products.
C) Stacked 'H NMR spectra monitoring the degradation of P10 in
CDCl; at different conditions. D) Comparison of the SEC
chromatograms between P10 and the degraded products.

The thermal properties of homopolymers and copolymers were
investigated using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). In Figure S5B, all curves showed a first
stage < 3 wt% weight loss below 100 °C, which was ascribed to the
loss of moisture. During the TGA measurement, the three-arm star
polymer P2 with the least branched structure showed a Tq,10% 100 °C
higher than that of hyperbranched polymer P1 (Table S1). In
comparison, the decomposition temperature of copolymer P3 from
1:1 ratio of AB, and AB-1 was between those of the two
homopolymers (Figures S5B and S5C). It was interesting to point out
that the three glass transition temperatures (Tg) of P1, P2 and P3
measured by differential scanning calorimetry (DSC, Figure S5A)
were very close to each other at around 8 °C, although the monomer
compositions were significantly changed from pure AB; to AB-1 and
their equal molar mixture. This discovery was pretty accidental, it
may be used to produce a series of branched copolymers with varied
DB, but constant Tg values.

Besides AB-1, four other AB comonomers were also applied in the
copolymerization with AB,. AB-2, a flexible monomer with one more
CH,CH,0 unit and AB-3, a rigid monomer with an aromatic linker,
were prepared for copolymerization with AB, at the feed ratio of
[AB2]o:[ABlo:[Bs]o= 100:100:1 (P7 and P8 in Table 1). Similar to the

This journal is © The Royal Society of Chemistry 20xx
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copolymerization of AB; and AB-1, the molecular weights of P7 and
P8 increased linearly with monomers conversions (Figures S6 and S7)
with final polymer products showed low dispersity with My/M, =
1.09 and 1.16, respectively. AB-2, which had similar structure as AB-
1 demonstrated the analogous reactivity to prepare P7 (Figure S6),
while the rigid AB-3 presented higher reactivity in P8 (Figure S7), and
the DSC characterization confirmed the more rigid structure of P8
copolymer as it exhibited a higher Tg = 26 °C than the Ty = 8 °C of
copolymers from AB-1.

In addition, two functional AB monomers, termed as AB-d1 and
AB-d2, which contained degradable acetal or disulfide linker (Scheme
1) were used to prepare two branched copolymers (P9 and P10,
Table 1) with the feed ratio of [AB2]o:[AB]o:[Bs]o = 100:100:1, where
AB was either AB-d1 or AB-d2. Both copolymerizations were
completed within 1 h, produced branched copolymers with linear
increase of molecular weight with conversion (Figure S8) and low
dispersity. The degradation of acetal-linked copolymer P9 was
carried out in an NMR tube by dissolving 10 mg P9 in 1 ml CDCls
containing 0.1% TFA solution. The degradation was monitored in *H
NMR spectroscopy, in which the peaks at 4.71 ppm and 1.30 ppm,
assigned to the protons from acetal methine and adjacent methyl
groups of the AB-d1 unit exhibited decreased intensity with time.
Meanwhile, the peaks at 9.79 ppm and 2.22 ppm belonging to the
hydrolysis product acetaldehyde appeared and increased with the
progress of degradation. After 2 days, the final degradation product
was characterized by THF SEC, which confirmed that only low-
molecular-weight fragments were left after 2 days. The M, decreased
from 36.5 kDa to 1.1 kDa and the dispersity increased from 1.08 to
1.56. The degradation of disulfide-linked copolymer P10 was carried
out under two concentrations of dithiothreitol (DTT) using disulfide-
thiol exchange reaction, in which 10 mg P10 was mixed with either 1
mg or 4 mg DTT in 1 ml CDCls. After 1-day reaction, these two
conditions resulted in 21% and 76% disulfide bond breakage in the
polymer backbone, respectively. The 76%-degraded P10 product was
further characterized by THF SEC showed a decreased molecular
weight from 44.6 kDa to 0.8 kDa, indicating the successful
degradation.

To demonstrate how the DB of these branched polymers affect
their property as unimolecular nanocontainers, a biocompatible dye,
Nile Red (NR) was used as a model guest molecule to evaluate the
loading competence of homopolymer and copolymer with the same
DP. For this purpose, two polymers, P14 and P15, were selected that
had the same DP = 900, but different compositions and branching
densities (Table 1). To enable polymer dispersibility in water, P14 and
P15 after polymerization were further reacted with alkyne-
terminated PEG (ay-PEGsgg) on the periphery azido groups to
introduce PEG short chains as the products termed as P14-PEG and
P15-PEG, respectively. The complete conversion of azido groups was
demonstrated by Fourier-transform infrared spectroscopy (FTIR,
Figure 6B). In a typical loading process. A residue pellet of polymer
and NR was prepared by evaporating the solvent of the mixed
solution of polymer and NR in hexafluoroisopropanol (HFIP) and
reconstituted in aqueous buffer (20 mM HEPES, pH 7.4) with 30 min
sonication before centrifugation to remove any unloaded NR. The
encapsulated NR was confirmed by the UV-VIS spectroscopy, and the
amount was quantified based on NR calibration curve in DMF (Figure
S9. Details in the Supporting information).
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Figure 6. (A) Stacked SEC chromatograms and (B) FTIR spectra of P14-
PEG and P15-PEG. (C) UV-VIS spectra of Nile Red (NR) loaded in P14-
PEG and P15-PEG. (D) DLS traces of P14-PEG and P15-PEG before and
after loading NR in buffer (20 mM HEPES, pH 7.4).

As shown in Figure 6C, broad absorption peaks from NR were
observed, indicating the aggregation of NR inside P14-PEG and P15-
PEG. Meanwhile, DLS results (Figure 6D) after loading NR proved that
there was no aggregation of polymer, and both P14-PEG and P15-
PEG functioned as unimolecular containers. The NR-loaded samples
were freeze-dried and reconstituted in DMF to quantify the amount
of encapsulated NR. According to the calibration curve (Figure S9),
both the NR loading efficiency and the loading content of NR@P15-
PEG were about 4 times larger than those of NR@P14-PEG.
Averagely, there was about 23 NR molecules in one P15-PEG
nanocontainer, which confirmed the application of this strategy to
afford nanocontainer with designed branching density for suitable
payloads.

Conclusion

One-pot CuAAC copolymerization of AB, and AB monomers were
developed to produce branched copolymers with highly regulated
DB (from 0 to 0.78) via a chain-growth polymerization mechanism
with fast kinetics. Within the studies, the copolymerizations
demonstrated living polymerization characteristics that exhibited
clean chain-extension and produced branched copolymers with
precisely regulated molecular weight, tunable DB values, and low
dispersity. Five AB monomers with different compositions were
applied for copolymerizations with the AB, monomer, demonstrating
robust compatibility of the polymerization method in synthesizing
degradable polymers. Meanwhile, Nile Red encapsulation
experiments using two branched polymers with similar sizes but
different DBs demonstrated the influence of branched polymer
structures on the dye loading efficiency and content. This work
provided a facile tool to synthesize tailor-made branched copolymers
with designed branching densities for possible applications as
unimolecular nanocontainers.
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