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ABSTRACT: Miktoarm star copolymers with variable arm compositions, high star yield (>85%), and low
polydispersity (M /M, < 1.2) were successfully synthesized by a simple “arm-first” method, one-pot cross-
linking a mixture of linear macromonomers (MMs) and/or macroinitiators (MIs), via the atom transfer radical
polymerization (ATRP) technique. Characterization of the star product by liquid adsorption chromatography proved
that the star polymers obtained by cross-linking different MMs and MIs were miktoarm stars containing two arm
species in one molecule. The incorporation of MM into miktoarm star molecule increased the star molecular
weight and the average number of arms but did not change the number of initiating sites in the star core because
the initiating sites independently originated from the incorporated MIs or low molar mass ATRP initiators. By
using lower amount of initiator, the molar ratio of initiating sites to incorporated arms in the miktoarm star was
decreased, which effectively reduced the extent of star—star coupling reactions and resulted in the formation of
miktoarm star copolymers with low polydispersity. The molar ratios of arms in the miktoarm star copolymers
were in agreement with the composition of initial MMs and/or MIs mixture. During the cross-linking reaction of
a mixture of two MMs, addition of extra cross-linker and low molar mass initiator increased the molecular weight

and yield of the miktoarm star molecules while preserving their low polydispersity.

Introduction

Star polymers, consisting many arms connecting to a central
core, represent a branched nanoscale material with compact
structure, globular shape, and large surface area.'* Introduction
of various functional groups into the star polymers, either in
the star core or at the star periphery, significantly expands the
potential applications of star polymers in various areas, such
as in catalysis, optical imaging, and drug delivery systems.*™®
On the basis of the chemical compositions of the arm species,
star polymers can be classified into two categories: homoarm
and miktoarm (or heteroarm) star polymers. The homoarm star
polymers with a symmetric structure comprise radiating arms
with similar molecular weight and identical chemical composi-
tion. In contrast, miktoarm star molecule contains two or more
arm species with different chemical compositions and/or mo-
lecular weights.” Compared to the large number of reports on
synthesis of homoarm star polymers by using various controlled/
“living” polymerization techniques, such as living anionic
polymerization,>® living cationic polymerization,” metathesis, '
and controlled radical polymerization (CRP),"'~"? the synthesis
of miktoarm star copolymers is more difficult and consequently
covered by fewer reports.

For synthesis of miktoarm star copolymers by using CRP
methods, three strategies are possible. The first one involves
the use of a multifunctional miktoinitiator (“core-first” method)
by combining various CRP techniques with other living po-
lymerization methods, especially the ring-opening polymeriza-
tion (ROP) technique.'**° Chain-end modification of preformed
macroinitiator (MI) is an alternative strategy for synthesis of
miktoinitiators.>' > In a second method, miktoarm star copoly-
mers are synthesized by chain-end coupling reactions between
multifunctional coupling agents and reactive linear chains. For
instance, the recently developed “click reactions”,?® Cu(D)-
catalyzed 1,3-dipolar cycloaddition reactions between an azide
and an alkyne, have been used as a highly efficient organic
coupling reaction for synthesis and functionalization of star*’ "
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and miktoarm star copolymers.>'* In the third method,
miktoarm star copolymers containing a highly cross-linked core
(nodule) and statistically distributed arms are synthesized by
using the polymerization of divinyl cross-linker. Traditionally,
the “in—out” method’*® was reported for synthesis of
miktoarm star copolymers containing two kinds of arms with
different chemical compositions, in which the word “in” refers
to the formation of star MI by the “arm-first” method and the
word “out” represents the subsequent growth of the second
generation of arms from the multifunctional star MI. Because
of the congested environment around the cross-linked core in
the star MI, not all of the initiating sites participated in the
formation of the second generation of arms, and the initiation
efficiency of the star MI was less than 100%.?”*® Thus, the
number of the second generation of arms is lower than the
number of the first generation of arms, and it is conceptually
impossible to synthesize a miktoarm star copolymer containing
more than two kinds of arms by using the “in—out” method.*

In order to synthesize miktoarm star copolymers with
potentially any molar ratios and species of the arms, we recently
reported a new method for synthesis of miktoarm star copoly-
mers by using a simple and general “arm-first” method, i.e.,
one-pot cross-linking a mixture of different linear MIs by divinyl
cross-linker.*® Linear MIs with high degree of bromine chain-
end functionality but different chemical compositions and
molecular weights, including polyacrylate, polystyrene, poly-
methacrylate, and poly(ethylene oxide), were incorporated into
one miktoarm star molecule by a one-step atom transfer radical
polymerization (ATRP)*'~** cross-linking reaction. The obtained
miktoarm star copolymers are formulated as (polyA),-(polyB),-
polyX, where polyX represents the cross-linked core of the
miktoarm star copolymer; n and p are the average numbers of
polyA and polyB arms per miktoarm star molecule, respectively.
Within our investigation, the molar ratios of arms in the obtained
miktoarm star copolymers were always in agreement with the
composition of the initial MI mixture, indicating the powerful
capacity of this general “arm-first” method for synthesis of
miktoarm star copolymers. However, one concern of this method
is that the polydispersity of the obtained miktoarm star
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Table 1. Molecular Weights and Distributions of Linear MIs and

MMs

Mn,lheor Mn,GPC
entries” linear chains (kg/mol)> DP?  (kg/mol)® M /M,
MI-Bsg PolyBA-Br MI 4.80 36 4.69 1.10
MI-Mgy ~ PolyMA-Br MI 6.10 69 5.76 1.06
MI-E4s PEO-Br MI 2.16 45 2.06 1.03
MM-B4; PolyBA MM 5.48 42 5.30 1.05
MM-Bgy  PolyBA MM 11.7 90 10.4 1.13
MM-E,; PEO-MA MM 1.10 23 1.26 1.04
MM-Ess PEO-MA MM 2.08 45 2.23 1.05

“ The code to denote each MI or MM follows the rules: B represents
polyBA, M represents polyMA, and E represents PEO. The subscript number
represents the degree of polymerization (DP) of the linear arm precursors.
Detailed synthetic procedures and supplies for all MIs and MMs are
described in the Experimental Section. ® Theoretical molecular weight
(M heor) and average DP of linear polymers determined from monomer
conversions or producer data. © Number-average molecular weight and
polydispersity, measured by GPC in THF with RI detector, calibration with
linear polySt as standard.

copolymers was relatively high (M,/M, > 1.3) when linear MIs
were used as arm precursors.

Functional star polymers with high molecular weight and low
polydispersity were synthesized recently via copolymerization
of linear macromonomer (MM) as arm precursor with divinyl
cross-linker using low molar mass ATRP initiator (MM
method).*>*® In this method, the number of initiating sites
(derived from the low molar mass initiator) and the number of
arms (derived from MM) per star molecule were independently
controlled. A low molar ratio of initiator to MM decreased the
number of initiating sites in the star core, reduced the possibility
of star—star coupling reactions, and decreased star polydisper-
sity. Moreover, various functionalities can be easily introduced
into the star cores by using different functional initiators.*®

It is evident that the combination of the MM method and the
general one-pot “arm-first” method provides a practical strategy
for synthesis of miktoarm star copolymers with both variable
arm compositions and low polydispersity. Herein, we report the
first synthesis of high-yield and low-polydispersity (M/M, <
1.2) miktoarm star copolymers containing a cross-linked core
and multiple arms with different chemical compositions by using
linear MMs to partially or completely replace linear Mls as the
arm precursors.

Experimental Section

Materials. Methyl acrylate (MA, 99%), n-butyl acrylate (BA,
99%), and divinylbenzene (DVB, 80%) were purchased from
Aldrich and purified twice by passing through a column filled with
basic alumina to remove the inhibitor. For poly(ethylene oxide)
methyl ether methacrylate MM (PEO MM, M, ~ 1100 g/mol,
Aldrich), the inhibitor was removed by passing the PEO MM
solution in methylene chloride through a basic alumina column and
evaporating the methylene chloride solvent. PEO MM with M,, ~
2080 g/mol (50 wt % solution in water, Aldrich) was extracted by
methylene chloride from water, followed by the rotary evaporation
of methylene chloride. Two types of polyBA MMs containing an
acrylate chain-end group but different molecular weights (MM-
B422 Mn,theor = 548 kg/IIlOl, MW/Mn = 105, MM-BQ()Z Mn,theor =
11.7 kg/mol, M/M, = 1.13, Table 1) were generously provided
by Kaneka (Japan) and used as received. These linear MMs were
synthesized by ATRP of BA using a method similar to that reported
in the open literature.*” CuBr (98%, Acros) was purified using a
modified literature procedure.?” PEO-based monofunctional ATRP
MI containing tertiary bromine chain-end functionality was syn-
thesized by a one-step esterification reaction between PEO-OH (M,
~ 2000 g/mol, Fluka) and a-bromoisobutyryl bromide.*® Linear
polyBA-Br MI and polyMA-Br MI were synthesized by ATRP of
BA and MA, respectively, based on the published procedures.*°
Tris(2-(dimethylamino)ethyl)amine (MesTREN) was synthesized
following the previously reported procedure.*® All other reagents—ethyl
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2-bromoisobutyrate (EBiB), CuBr,, and solvents—were purchased
from Aldrich with the highest purity and used as received without
further purification.

Synthesis of Miktoarm  Star  Copolymers via
Cross-Linking a Mixture of Linear MIs and/or MMs. All
experimental procedures for synthesis of various kinds of miktoarm
star copolymers via one-pot cross-linking reaction of a mixture of
linear MIs and/or MMs were similar. A typical procedure for
synthesis of (polyBA),-(polyMA),-polyDVB miktoarm star co-
polymers by cross-linking linear polyBA MM (MM-Buy, M, heor =
5.48 kg/mol, Table 1) and polyMA-Br MI (MI-Meg, My, theor = 6.10
kg/mol, Table 1) via ATRP reactions is briefly described, started
with the ratios of reagents [MM-Bu,]o/[MI-Mgo]o/[DVB]o/[CuBr]y/
[MesTREN](= 0.80/0.20/3.0/0.2/0.2. A clean and dry Schlenk flask
was charged with polyBA MM (1.6 g, 292 umol), polyMA-Br MI
(0.45 g, 73 umol), DVB (0.156 mL, 1.09 mmol), MecTREN (19.3
uL, 73 umol), and anisole (3.4 mL). The flask was deoxygenated
by five freeze—pump—thaw cycles. During the final cycle the flask
was filled with nitrogen, and CuBr (10.5 mg, 73 umol) was quickly
added to the frozen mixture. The flask was sealed with a glass
stopper then evacuated and back-filled with nitrogen five times
before it was immersed in an oil bath at 80 °C. At timed intervals,
samples were withdrawn via a syringe fitted with stainless steel
needle and immediately diluted with THF. The samples were used
to measure DVB conversions and polymer molecular weights by
gas chromatography (GC) and gel permeation chromatography
(GPCQ), respectively. The reaction was stopped at 100 h by exposure
to air, and the solution was filtered through a column filled with
neutral alumina to remove the copper complex. The final miktoarm
star polymers were obtained after precipitation into cold methanol
and drying under vacuum at 60 °C for 1 day.

Characterization. Monomer conversions were determined from
the concentration of the unreacted monomer in the samples
periodically removed from the reactions using a Shimadzu GC-
14A gas chromatograph, equipped with a capillary column (DB-
Wax, 30 m x 0.54 mm x 0.5 um, J&W Scientific). Anisole or
DMF was used as internal standard for calculation of monomer
conversions. The polymer samples were separated by GPC (Polymer
Standards Services (PSS) columns (guard, 105, 103, and 102 A),
with THF eluent at 35 °C, flow rate = 1.00 mL/min and differential
refractive index (RI) detector (Waters 2410)). The apparent
molecular weights and polydispersities (M/M,) were determined
with a calibration based on linear polystyrene (polySt) standards
using WinGPC 6.0 software from PSS. Area fractions of both star
and linear polymers were determined by multipeak splitting of the
GPC curve using Gaussian function in Origin 6.0 software. The
obtained GPC curves with flat baseline were imported into the
WinGPC software for calculation of the apparent molecular weights
and polydispersity of the star and linear polymers. The detectors
employed to measure the absolute molecular weights (My marLs)
were a triple detector system containing RI detector (Wyatt
Technology, Optilab REX), viscometer detector (Wyatt Technology,
ViscoStar), and a multiangle laser light scattering (MALLS) detector
(Wyatt Technology, DAWN EOS) with the light wavelength at 690
nm. Absolute molecular weights were determined using ASTRA
software from Wyatt Technology. '"H NMR spectra of the polymer
solutions in CDCl; were collected on Bruker Avance 300 MHz
spectrometer at 27 °C. Liquid chromatography under the critical
conditions (LCCC) of polyMA homopolymers***® was used to
analyze the star and miktoarm star copolymers.

Results and Discussion

The classic “arm-first” method,***~>? based on cross-linking
a linear MI and/or mixture of Mls, is a convenient strategy for
synthesis of star and/or miktoarm star copolymers with high
molecular weight and large number of arms. Unfortunately, the
resulting (miktoarm) star polymers generally had a relatively
broad molecular weight distribution because of the inevitable
star—star coupling reactions, which included radical—radical
coupling reaction and radical—pendant vinyl group reaction
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Scheme 1. Synthesis of Low-Polydispersity Miktoarm Star
Copolymers by Cross-Linking a Mixture of (A) MM and MI or
(B) Two MMs via the One-Pot “Arm-First” Method

A. Cross-linking Ml and MM

n mole M
Cross-| Ilnklng
p mole \,\M ATRP ‘J ?_

(PolyA) +(polyB) -polyX
M IM <12

w!

B. Cross-linking two MMs

n mole V\J\ﬁ
Cross- Ilnklng
p mole ATRP
V\J\_/& R-Br

(PolyA) -(polyB) -polyX
M, M, < 1.2

between two star molecules. The star—star coupling reactions
could be decreased by using less divinyl cross-linker, e.g., lower
molar ratio of cross-linker to arm precursor, although the
molecular weight and averaged arm numbers of the obtained
star molecules also decreased significantly. In order to synthesize
star polymers with both high molecular weight and low
polydispersity, a critical strategy is to decease the number of
initiating sites (dormant form of radicals) per star molecule while
keeping the number of arm unchanged.*> However, this is
difficult to be achieved in the traditional “arm-first” method via
cross-linking linear MIs because both the initiating sites and
arms in the obtained star molecules originate from the linear
MlIs, and every linear MI contains one chain-end initiating
functionality. In contrast, by using linear MM as arm precursor
for synthesis of star polymers, the incorporation of linear MM
into star molecule only increased the averaged arm numbers,
rather than changing the number of initiating sites, which
originated from low molar mass initiators. The number of
initiating sites in the star core was decreased by using lower
ratio of initiator to MM, which effectively limited the extent of
star—star reactions and resulted in star polymers with low
polydispersity.*> Therefore, it was expected that by using linear
MMs to partially or completely replace the linear MIs as arm
precursors, the miktoarm star copolymers synthesized via the
one-pot cross-linking reaction could have high molecular weight
as well as narrow molecular weight distribution.

To illustrate the hypothesis for synthesis of miktoarm star
copolymers with high molecular weight and low polydispersity
by using the one-pot “arm-first” method, several types of linear
MIs and MMs with different chemical compositions and
molecular weights were used for the ATRP cross-linking
reactions. All linear precursors had narrow molecular weight
distribution (low M,/M,), and the relevant information is
summarized in Table 1. Simply cross-linking a mixture of MM
and MI or a mixture of two MMs by a divinyl cross-linker,
such as DVB, produced miktoarm star copolymers with high
star yield and low polydispersity (Scheme 1).

Synthesis of (PolyBA),-(PolyMA),-PolyDVB Miktoarm
Star Copolymers via Cross-Linking a Mixture of Linear
MM and MI. As the first example to use linear MM as arm
precursor for synthesis of low-polydispersity miktoarm stars
copolymers, a mixture of linear polyBA MM (MM-By; in Table
1) and polyMA-Br MI (MI-Mgy in Table 1) with molar ratio of
[MM-B4,]o/[MI-Mgolo = 0.80/0.20 was cross-linked by using
DVB as cross-linker and CuBr/MesTREN as catalyst (entry
M-BM2, Table 2).

Before polymerization, the system was a mixture of two linear
precursors, MM-B4, and MI-Mgy. Because of their similar
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molecular weights and the relatively low resolution of the GPC
technique, the mixture of MM-B4, and MI-Mgg precursors
showed one elution peak during GPC analysis (Figure 1B.)
During the cross-linking reaction, the conversion of DVB
increased with reaction time and reached essentially 100% at
21 h (Figure 1A). The GPC curves in Figure 1B indicate that
as the conversion of DVB increased, the amount of linear chains
(both MM and MI) incorporated into the star polymers
increased. This was confirmed by the decreasing RI signal
corresponding to the mixture of linear precursors and an
increasing GPC peak at higher molecular weight direction.
Although there was no free DVB cross-linker left after 21 h,
the yield of star polymers continued to increase via the reaction
of propagating radicals and pendant vinyl groups located in the
linear primary chains and/or star cores until the reaction was
stopped at 100 h. The obtained star product at 100 h had an
apparent molecular weight, M, g = 64.7 kg/mol, determined
by GPC with RI detector and linear polySt as standard, which
was lower than the absolute molecular weight My, marLs = 157.2
kg/mol, indicating the compact structure of the star polymers.
The area fraction of star product was 86%, based on the
multipeak splitting of the GPC curve using Gaussian function,
and the polydispersity of the star was as low as M,/M, = 1.15
(entry M-BM2, Table 2). After precipitation of the star product
into cold methanol to remove the unreacted linear chains, the
purified star polymers were obtained successfully (Figure 1B).

As reported previously,*® during the cross-linking reaction
of a mixture of two reactive linear chains, the obtained star
product could be either a miktoarm star copolymer containing
two kinds of arms in one molecule or a mixture with
contaminant of homoarm star polymers. Since the polyMA-Br
MI was the only initiating species in the initial mixture of
polyBA MM and polyMA-Br MI, the possibility for generation
of (polyBA),-polyDVB homoarm star contaminant in the final
star product should be excluded, although the existence of
(polyMA),-polyDVB homoarm stars was still possible. In order
to determine the distribution of the two kinds of arms in the
final star product, the liquid chromatography under the critical
conditions (LCCC) for polyMA homopolymer,>® which sepa-
rates polymers based on their chemical compositions, was
employed to characterize polyBA MM, polyMA-Br MI, and
the obtained star product (Figure 2). Under this condition, the
linear polyMA-Br MI showed a chromatographically “invisible”
elution behavior due to the compensation of enthalpic interaction
and entropic exclusion between polyMA polymers and the
stationary columns.*’ Therefore, the elution volume of linear
polyMA-Br MI was similar to the void volume of the columns
(Ve = 5.18 mL). In contrast, the elution behavior of polyBA
MM (MM-By4,, V. = 4.36 mL) was in a size exclusion mode:
polymers with high molecular weight eluted earlier.

Before purification, the star product M-BM2 obtained by
cross-linking the mixture of polyBA MM and polyMA-Br MI
showed two elution peaks. The smaller one at 4.36 mL
represented the unincorporated linear polyBA MM, and the
bigger one at V. = 3.27 mL represented the formed star
polymers. The absence of elution peak ca. 5.18 mL indicated
that all polyMA-Br MIs were incorporated into the star format.
The (polyMA),-polyDVB homoarm star polymers synthesized
under similar conditions to M-BM2 with molar ratio of [MI-
Mgolo/[DVB]y = 1/3 (S-M1 in Table 2) showed an elution
volume at V. = 4.84 mL, different from those in M-BM2
product. The results in Figure 2 proved that there was no
(polyMA),-polyDVB homoarm star contaminant in the obtained
star product M-BM2. Since the possibility for (polyBA),-
polyDVB homoarm star contaminant has been excluded, the
obtained star product (M-BM2) was a miktoarm star copolymer
containing two arm species in one star molecule. After purifica-
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Table 2. Synthesis of (PolyA),-(PolyB),-PolyDVB Miktoarm Star Copolymers by the “Arm-First” Method with MI and MM“

My, r1 My MmaLLS
entries”  polyA polyB  froyalfpoys  Asw”  (kg/mol)?  (kg/mol)*  My/Ma®  na/mg’  Num per star®  Num.a per star®  Nymp per star®
S-B1 MI-Bs¢ 1.00/0 0.89 50.2 124.5 1.31 1.00/0 24 24 0
S-M1 MI-Mg  0/1.00 0.90 59.4 153.2 1.34 0/1.00 23 0 23
M-BM1 MI-Bsg MI-Mg  0.50/0.50  0.89 50.7 119.9 1.33 0.47/0.53 20 9 11
M-BM2 MM-B;; MI-Mg  0.80/0.20  0.86 64.7 157.2 1.15 0.77/0.23 26 20 6
M-BM3 MM-By; MI-Mg  0.50/0.50  0.88 58.8 147.7 1.22 0.53/0.47 24 13 11
M-BM4 MM-By;, MI-Mg  0.20/0.80  0.90 56.5 157.1 1.24 0.22/0.78 25 5 20
M-BE1 MM-By, MI-Eys 0.83/0.17 0.86 82.3 181.6 1.14 0.80/0.20 36 29 7
M-BE2 MM-By, MI-Eys 0.67/0.33 0.87 63.7 154.7 1.16 0.65/0.35 35 23 12
M-BE3 MM-By; MI-Eys 0.50/0.50  0.89 50.9 127.2 1.19 0.48/0.52 33 16 17

“ Synthesis of (polyA),-(polyB),-polyDVB miktoarm star copolymers by cross-linking a mixture of linear MM and MI (Table 1). Experimental conditions:
[polyAlo/[polyBlo/[DVB]o/[CuBrlo/[Mes TREN]o = fpoyalfpotys /3.0/0.2/0.2, ([polyAly + [polyBlo) = 0.065 M, 80 °C in anisole for 100 h. ? In “M-08y”,
“M” represents “miktoarm star”, “a’” and “f” represent the corresponding linear MM and/or MI with abbreviations of B, M, E for polyBA, polyMA and
PEO, respectively. Similarly, “S-oty” represents homoarm star (S) with arm composition “o”. © Area fraction of star or miktoarm star polymers, determined
by the multipeak splitting of the GPC curve using Gaussian function. ¢ Weight-average molecular weight and polydispersity, measured by THF GPC with
RI detector, calibration with linear polySt as standard. ¢ Weight-average molecular weight, measured by THF GPC with MALLS detec-
tor. / Average molar fraction of arm A and arm B in the fractionated miktoarm star copolymers, determined by 'H NMR, 27 °C, CDCl; as sol-
vent. * Number-average value of the number of arms per star or miktoarm star molecule (N,m) was calculated based on eq S1 in the Supporting Information.

Narm-o = Narm X na; Narm-B = Narm X nB.
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Figure 1. (A) Dependence of DVB conversion and In([DVB]y/[DVB])
on reaction time and (B) the GPC traces during the synthesis of
(polyBA),-(polyMA),-polyDVB miktoarm star copolymers (entry M-
BM2 in Table 2) by cross-linking polyBA MM (M, heor = 5.48 kg/
mol, MM-By4,) and polyMA-Br MI (M, heor = 6.10 kg/mol, MI-Mgo).
Experimental  conditions: [MM-Ba,]o/[MI-Mgo]o/[DVB]o/[CuBr]o/
[MesTREN], = 0.80/0.20/3.0/0.2/0.2, (IMM-B4:]o + [MI-Mgolo) =
0.065 M, 80 °C in anisole; linear polySt standards for GPC calibration.

tion of the miktoarm star copolymers by precipitation into cold
methanol, the peak representing the unincorporated polyBA
chains was essentially absent, indicating the successful removal
of linear polymer contaminant from the miktoarm star product
(Figure 2).

The purified miktoarm star copolymers were characterized
by 'H NMR spectroscopy (Figure 3). Based on the integration
of proton peaks (H, from polyBA arm and H. from polyMA
arm) and the DP of each arm, the molar ratio of polyBA and
polyMA arms in the final miktoarm star copolymer was around
na/ng = 0.77/0.23, which was close to their initial fyoya/fpolys
= 0.80/0.20 molar ratio (M-BM2, Table 2). Given the absolute
molecular weight of the miktoarm star copolymer was My MaLLS
= 157.2 kg/mol, the total averaged arm number per miktoarm
star molecule in M-BM2 was calculated ca. Nym = 26, in which
20 arms were polyBA and 6 arms were polyMA (detailed
calculation is described in the Supporting Information).

polyBA MM

MM-B,, polyMA MI

S-M1 after purification
M-BM2 before purification

M-BM2 after purification

2 3 4 5 6 7
Elution volume (mL)

Figure 2. LCCC chromatograms of polyBA MM (MM-B4»), polyMA-
Br MI (MI-Mg), (polyMA),-polyDVB homoarm star (S-M1), and
(polyBA),-(polyMA),-polyDVB miktoarm star (M-BM2) before and
after purification. LCCC conditions for polyMA homopolymer: two
sets of silica columns with pore size of 100 and 300 A, mobile phase
as 2-butanone/cyclohexane (86/14 by volume) with flow rate as 0.5
mL/min at 32 °C.*

VRN

5 4 3 2 1
& (ppm)

Figure 3. '"H NMR spectrum of the purified (polyBA),-(polyMA),-
polyDVB miktoarm star copolymers (M-BM2, Table 2). NMR condi-
tions: 27 °C, CDCl; as solvent.

Effect of Initial Molar Ratio of MM and MI on the
Polydispersity of Miktoarm Star Copolymers. By changing
the initial molar ratios of linear polyBA MM (MM-B4,) and
polyMA-Br MI (MI-Mgo), a series of (polyBA),-(polyMA),-
polyDVB miktoarm star copolymers were synthesized (Table
2). The obtained miktoarm star copolymers were purified by
precipitation into cold methanol to remove the unincorporated
linear chains before '"H NMR analysis of the arm compositions
in the miktoarm star product. It is found in Table 2 that the
arm compositions in different (polyBA),-(polyMA),-polyDVB
miktoarm star copolymers were in agreement with the molar
ratios of MM and MI in the initial mixture. By systematically
changing the molar ratios of polyBA MM and polyMA-Br MI
(from 0.80/0.20 to 0.50/0.50 to 0.20/0.80, M-BM2 to M-BM4),
miktoarm star copolymers with different arm compositions were
obtained.
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Figure 4. GPC traces during the synthesis of (polyBA),-(PEO),-
polyDVB miktoarm star copolymers by cross-linking polyBA MM and
PEO-Br MI (M-BE2, Table 2). Experimental conditions: [MM-Ba,]o/
[MI-E4s]o/[DVB]y/[CuBr]o/[Mes TREN], = 0.67/0.33/3.0/0.2/0.2, ((MM-
Ba]o + [MI-Ess]o) = 0.065 M, 80 °C in anisole; linear polySt standards
for GPC calibration.

As discussed above, a major target of the current study is to
obtain miktoarm star copolymers with uniform structure (e.g.,
low polydispersity). Compared to the star or miktoarm star
copolymers synthesized by cross-linking MI or mixture of MIs
(S-B1, S-M1, and M-BM1 in Table 2), the miktoarm star
copolymers obtained via cross-linking mixture of polyBA MM
and polyMA-Br MI had lower polydispersity because the molar
ratio of initiating sites to arms in the miktoarm star copolymers
was less than unity. When the molar ratio of polyBA MM and
polyMA-Br MI was 0.80/0.20, the polydispersity of the mik-
toarm star copolymer was My/M, = 1.15 (M-BM2). While the
polydispersity of the miktoarm star copolymer increased to M.,/
M, = 1.24 (M-BM4), when the molar ratio of polyBA MM to
polyMA-Br MI was changed to 0.20/0.80, this result was
reasonable because the number of initiating sites per star
molecule increased with the increasing molar ratio of MI to
MM in the initial mixture, which enhanced the star—star
coupling and increased the polydispersity of miktoarm star
product.

PolyBA MM (MM-B4,;) was also used for synthesis of
(polyBA),-(PEO),-polyDVB miktoarm star copolymers by
combining with PEO-Br MI (MI-Eys). The evolution of GPC
traces with reaction times in a typical reaction is shown in Figure
4, in which the initial molar ratios of reagents were [MM-Buz]o/
[MI-E4s]o/[DVB]o/[CuBr]o/[Mec TREN]y = 0.67/0.33/3.0/0.2/0.2
(M-BE2, Table 2). With the increase of reaction time, the GPC
peaks representing the formed miktoarm star copolymers shifted
to higher molecular weight direction with increasing area
fraction. At 100 h, the yield of (polyBA),-(PEO),-polyDVB
miktoarm star copolymer reached 87% by area, and the
polydispersity was as low as My/M, = 1.16 (M-BE2, Table 2).
After precipitation in cold methanol, the purified miktoarm star
polymers were analyzed by "H NMR spectroscopy to determine
the arm composition. Based on the integration of proton peaks
(H, from polyBA arm and Hyq from PEO arm, Figure 5) and
the DP of each arm, the molar ratio of polyBA and PEO arms
in the M-BE2 miktoarm star copolymer was around na/ng =
0.65/0.35, which was in agreement to the initial molar ratio of
the two arm precursors fyolya/fpolys = 0.67/0.33 (M-BE2, Table
2). By changing the molar ratios of polyBA MM and PEO-Br
Ml in the initial mixture (M-BE1 to M-BE3 in Table 2), a series
of (polyBA),-(PEO),-polyDVB miktoarm star copolymer were
synthesized. The similar trend was found that the polydispersity
of the miktoarm star copolymers increased from M,,/M, = 1.14
to 1.19 when the molar ratios of MM-B4, to MI-E4s changed
from 0.83/0.17 to 0.50/0.50 in the initial mixture of arm
precursors.

The results in Table 2 indicate that miktoarm star copolymers
with low polydispersity were successfully synthesized by cross-
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3 (ppm)

Figure 5. 'H NMR spectrum of the purified (polyBA),-(PEO),-
polyDVB miktoarm star copolymers (M-BE2, Table 2). NMR condi-
tions: 27 °C, CDCls as solvent.

MM-B42\

——0h
——6.83h
——205h
——100 h
purified

MM-E;s

10° 10* 10°
Molecular weight (g/mol)

Figure 6. GPC traces during the synthesis of (polyBA),-(PEO),-
polyDVB miktoarm star copolymers (M-BE4, Table 3) by cross-
linking polyBA MM (MM-B4,;) and PEO MM (MM-Eys). Experi-
mental conditions: [MM-Bu>]o/[MM-E4s]o/[DVB]o/[EBiB]o/[CuBr]o/
[MeﬁTREN]() = 080/020/30/02/02/02, ([MM—B42]() + [MM—E45]())
= 0.065 M, 80 °C in anisole; linear polySt standards for GPC
calibration.

linking the mixture of linear MI and MM. The polydispersity
increased with the molar ratio of MI to MM in the initial
mixture. In other words, the molar ratio of linear MM to MI
should be high in order to obtain a low-polydispersity miktoarm
star copolymers (My/M, < 1.20), which limited the free
variation of the molar ratios of incorporated arms in the
miktoarm star product. In order to synthesize low-polydispersity
miktoarm stars with potentially any molar ratio of the two types
of arms, totally replacing the linear MI by MM as arm precursor
was necessary, in which low molar mass initiator, such as EBiB,
was used for the terpolymerization of two MM species and one
cross-linker by using the ATRP technique. Since the initiating
sites in the star format completely originated from the low molar
mass initiator, the molar ratio of initiating sites to arms in the
miktoarm star copolymer was independent of the molar ratios
of the two MMs in the initial mixture.

Synthesis of Miktoarm Star Copolymers via
Cross-Linking Mixture of Two MMs. By copolymerization
of polyBA MM (MM-B,;), PEO MM (MM-Eys), and DVB with
EBiB as initiator and CuBr/MesTREN as catalyst, miktoarm
star copolymers, (polyBA),-(PEO),-polyDVB, were synthesized
via ATRP. The molar ratios of reagents in the reaction were
[MM-B4,]o/[MM-Eus]o/[DVB]o/[EBiB]y = 0.80/0.20/3.0/0.2, and
GPC traces of the obtained miktoarm star copolymers are shown
in Figure 6. During the reaction, both linear polyBA MM and
PEO MM were consumed and incorporated into the miktoarm
star polymers, as evidenced by the decreased intensity of the
two linear MMs in GPC analysis. After 100 h, the reaction was
stopped because further increasing the reaction time had no
effect on the molecular weight of miktoarm star copolymer and
the star yield. The absolute molecular weight of the miktoarm
star molecule at 100 h was My marLs = 210.9 kg/mol, higher
than its apparent molecular weight, My g1 = 63.7 kg/mol,
indicating its compact structure. The polydispersity of the
miktoarm star copolymers was as low as M,,/M, = 1.15 (Table
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Table 3. Synthesis of (PolyBA),-(PEO),-PolyDVB Miktoarm Star Copolymers by Cross-Linking Two MMs via the “Arm-First” Method”

Myri  MgymaLLs
entries”  MM-1 MM-2 [MM-11/[MM-2] Ay (kg/mol)? (kg/mol)* My/My"  ni/nd Nam per star®  Nym. per star®  Nymo per star®
M-BE4 MM-By; MM-Ess 0.80/0.20 0.78 63.7 210.9 1.15 0.76/0.24 42 32 10
M-BE5” MM-Bs; MM-Eus 0.50/0.50 0.77 50.6 230.1 1.13 0.46/0.54 57 26 31
M-BE5s” MM-Bs; MM-Eus 0.50/0.50 0.96 78.4 378.5 1.19 0.48/0.52 89 43 46
M-BE6 MM-By; MM-Eys 0.20/0.80 0.75 34.3 202.6 1.17 0.16/0.84 66 10 56
M-BE7 MM-By; MM-Ej; 0.50/0.50 0.82 44.7 187.1 1.16 0.45/0.55 53 24 29
M-BES8 MM-Bgy MM-Eys 0.50/0.50 0.64 78.4 325.5 1.13 0.48/0.52 49 23 26

“ Experimental conditions: [MM-1]o/[MM-2]o/[DVB]/[EBiB]/[CuBr]o/[MecTREN]y = fum-1/fmm-2/3.0/0.2/0.2/0.2, (IMM-1]p + [MM-2]p) = 0.065 M,
80 °C in anisole. ” In “M-BEy”, “M” represents “miktoarm star”, “B” and “E” represent the corresponding polyBA MM and PEO MM, respectively. ¢ Area
fraction of miktoarm star copolymers, determined by the multipeak splitting of the GPC curve using Gaussian function. ¢ Weight-average molecular weight
and polydispersity, measured by THF GPC with RI detector, calibration with linear polySt as standard. ¢ Weight-average molecular weight, measured by
THF GPC with MALLS detector. Average molar fraction of arm 1 and arm 2 in the miktoarm star copolymers, determined by 'H NMR, 27 °C, CDCl; as
solvent. ¢ Number-average value of the number of arms per star or miktoarm star molecule (N,m) was calculated based on eq S1 in the Supporting Information.
Narm-1 = Narm X 11; Num2 = Narm X n2. " During this reaction, two extra batches of 1 equiv of DVB and 0.05 equiv of EBiB were added into the reaction
system at 95 and 130 h, respectively, in order to increase the yield of miktoarm star copolymers. The reaction was finally stopped at 160 h. The codes
M-BES and M-BESs represent the miktoarm star product at 95 and 160 h, respectively.

——0h

——12h

———095h, 1 eq DVB, 0.05 eq EBIB
——130 h, 1 eq DVB, 0.05 eq EBiB
——160 h

~— purified

3, M-BE4). The star yield was Ag, = 78%, based on the
multipeak splitting of the GPC curve using the Gaussian
function. After precipitation into cold methanol to remove the
unincorporated linear chains, the purified miktoarm star product
was analyzed by "H NMR spectroscopy to determine the molar
ratio of the two types of arms in the miktoarm star molecule.
The result indicates that the molar ratio of the polyBA and PEO
arms in the miktoarm star product was around n;/n, = 0.76/

0.24, which was in agreement with the molar ratios of two MMs 10° - 10'  10° 10°

. .. R . olecular weight (g/mol)

in the initial mixture. Based on the absolute molecular weights

of the miktoarm star copolymer, the averaged arm number per Figure 7. Synthesis of (polyBA),-(PEO),-polyDVB miktoarm star

miktoarm star molecule in M-BE4 was Nym = 42, in which 32 copolymers with high star yield and low polydispersity by cross-linking

arms were polyBA (M-BE4, Table 3). polyBA MM (MM-B4,) and PEO MM (MM-Eys) via multistep addition
B " tically ch ine th | ti £ 5olvBA MM of DVB and EBiB (M-BE5 and M-BESs, Table 3). Experimental

y systematically changing the molar ratios ot poly conditions:  [MM-By2]o/[MM-Eus]o/[DVB]¢/[EBiB]o/[CuBr]o/[Mes-
(MM-By;) and PEO MM (MM-Eys) in the initial mixture from TREN], = 0.50/0.50/(3.0 + 1.0 + 1.0)/(0.2 + 0.05 + 0.05)/0.2/0.2,
[MM-B4,J/[MM-Eys] = 0.80/0.20 to 0.20/0.80 (M-BE4, M-BES, (IMM-Buz]o + [MM-Ess]p) = 0.065 M, 80 °C in anisole; linear polySt

and M-BE6 in Table 3), (polyBA),-(PEO),-polyDVB miktoarm standards for GPC calibration.
star copolymers with various arm compositions and narrow

molecular weight distribution were obtained. For all of the molar ratio of EBiB to total MMs was unchanged. The
obtained miktoarm star copolymers, the polydispersities were increasing arm length of MMs decreased the star yield from
low (My/M, < 1.17), and the values were almost independent 82% (M-BE7) to 64% (M-BES) but increased the molecular
of the variation of the arm compositions. Such a result proved weights of the obtained polymers. As a result, the averaged arm
that by cross-linking two MMs the molar ratio of initiating sites numbers per miktoarm star molecule were nearly constant when
to arms in the miktoarm star product was determined by the the molecular weights of these two MMs changed.

ratio of initiator to total MMs, instead of the ratios of two MM It should be noted that compared to the (polyBA),-(PEO),-
species in the initial mixture. By using less moles of EBiB than polyDVB miktoarm star Copolymers Synthesized by Cross-
MM during the cross-linking reaction, low-polydispersity mik- linking MM-By4, and MI-Ey4s (Table 2), the miktoarm stars
toarm star copolymers with freely varied arm compositions were obtained by cross-linking two MMs, MM-By, and MM-Eys,
synthesized successfully. In addition, the absolute molecular always had a lower polydispersity, which was independent of
weights of the obtained miktoarm star polymers were similar the composition of the initial MM mixture. However, the
when the molar fraction of PEO MM in the initial MM mixtures miktoarm star copolymers synthesized by cross-linking two

varied from 0.20 (M-BE4) to 0.80 (M-BE6). However, because MMs had a lower star yield (Ag < 80% for M-BE4, M-BES,
of the fact that the molecular weight of MM-Eys (My theor = 2.08 and M-BE6 in Table 3), which increases the complexity of star

kg/mol) was smaller than that of polyBA arm (Mp heor = 5.48 purification and significantly hinders the application of this novel
kg/mol), the averaged arm number per miktoarm star molecule method for synthesis of low-polydispersity miktoarm star
increased from Nym = 42 in M-BE4 to Nym = 66 in M-BEG6. copolymers in large scale. In order to increase the star yield as
(PolyBA),-(PEO),-polyDVB miktoarm star copolymers were well as keeping the low polydispersity, a multistep addition of
also synthesized by using MMs with different molecular weights low molar mass cross-linker and initiator was applied during
(e.g., arm lengths). For example, miktoarm star copolymers (M- the cross-linking reaction, which has been verified as a promis-
BE7, Table 3) with shorter PEO arms compared to M-BE5 were ing strategy for synthesis of low-polydispersity star polymers
synthesized by cross-linking a mixture of equimolar MM-By; with quantitative star yield.*> By adding another batch of DVB
and MM-Ey; (Myheor = 1.10 kg/mol), and miktoarm star and EBiB during the reaction, more pendant vinyl groups and
copolymers containing longer polyBA arms were synthesized initiating sites were introduced to the star core, which expanded
by using MM-Byg (M}, theor = 11.7 kg/mol) and MM-Eys as arm the core size and decreased the core congestion. With appropri-
precursors. The results in Table 3 indicate that by fixing the ate amounts of DVB and EBiB added in each batch, it was
molar ratio of [MM-1]¢/[MM-2]¢/[DVB]o/[EBiB]y = 0.50/0.50/ possible to increase the star molecular weight and star yield
3.0/0.2 and the total concentration of MMs ([MM-1], + [MM- while retaining the narrow molecular weight distribution of the
2]o) = 0.065 M (M-BE5, M-BE7, and M-BES), variation of star polymer.*>*¢
the molecular weights of linear MMs had no significant effect An example, in Figure 7, shows the results for synthesis of

on the polydispersity of miktoarm star polymers because the high-yield and low-polydispersity miktoarm star copolymers,
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(polyBA),-(PEO),-polyDVB, via multiple step addition of cross-
linker and initiator during cross-linking the mixture of MM-
B4, and MM-Ey4s with equal moles. The initial composition was
[MM-B4,]o/[MM-Ess]o/[DVB]o/[EBiB]y/[CuBr]o/[Mes TREN], =
0.50/0.50/3.0/0.2/0.2/0.2. The GPC peak representing the formed
miktoarm star copolymer shifted to higher molecular weight
direction with the increasing reaction time. At 95 h, the yield
of miktoarm star copolymer reached Agy = 77%, and its
absolute molecular weight was My marLs = 230.1 kg/mol (M-
BES, Table 3). In order to increase the miktoarm star yield, a
second batch of 1 equiv of DVB and 0.05 equiv of EBiB was
added into the reaction system at 95 h, which expanded the
miktoarm star core and facilitated the incorporation of more
linear chains into the miktoarm star format (Figure 7). Similarly,
a third batch of DVB and EBiB was added into the system at
130 h, and the reaction was stopped at 160 h with final star
yield as high as Ag,r = 96% and polydispersity as low as M,/
M, = 1.19 (M-BESs, Table 3). These results clearly indicate
that by using linear MMs as arm precursors, the ratio of initiating
sites to arms in one miktoarm star molecule could be decreased
by using a less amount of low molar mass initiator, which
decreased the star—star coupling reaction and resulted in
miktoarm star copolymers with low polydispersity. Addition of
extra cross-linker and initiator during the reaction increased the
molecular weight and yield of the miktoarm star molecule, while
keeping the low polydispersity.

Conclusions

A simple one-pot “arm-first” method was successfully applied
for synthesis of miktoarm star copolymers with both variable
arm compositions and low polydispersity by cross-linking a
mixture of linear MMSs and/or MIs using the ATRP technique.
On the basis of the LCCC analysis, the obtained star product
was proved to be miktoarm star copolymers containing two arm
species in one molecule without any contaminant of homoarm
star polymers. When a mixture of linear MM and MI was used
as arm precursors, the molar ratio of initiating sites to arms in
the miktoarm star molecule is less than unity because the
incorporation of linear MM into star format did not increase
the initiating sites in the star core. The lower amount of initiating
sites in the star molecule decreased the extent of star—star
coupling reactions and produced miktoarm star copolymers with
low polydispersity (M/M, < 1.2). However, the polydispersity
of miktoarm star molecules increased with the molar ratio of
MI to MM in the initial mixture due to the increased number
of initiating sites in the miktoarm star molecules. Low-
polydispersity miktoarm stars with freely varied molar ratios
of the two arm species were successfully synthesized via cross-
linking a mixture of different MMs using low molar mass ATRP
initiator. In such a case, the initiating sites in the star format
completely originated from the low molar mass initiator and
the molar ratio of initiating sites to arms in the miktoarm star
copolymer was independent of the molar ratios of the two MMs
in the initial mixture. Addition of extra cross-linker and initiator
during the reaction increased the molecular weight (up to ~380
kg/mol) and yield of the miktoarm star molecule (up to ~96%),
while the molecular weight distribution of the miktoarm star
polymers remained narrow (M,/M, < 1.2). All these results
indicate that the one-pot “arm-first” method via cross-linking a
mixture of linear MMs and/or Mls is a powerful strategy for
synthesis of various kinds of miktoarm star copolymers with
both high molecular weight and low polydispersity.
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