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ABSTRACT: Star polymers containing a highly cross-linked core and many arms were synthesized by sequential
polymerization of cross-linker and monomer. This novel method, termed as “star from in situ generated core”,
belongs to the category of “core-first” method and presents an alternative strategy for star synthesis when compared
to the traditional “arm-first” method, in which monomer is polymerized first before cross-linker. To illustrate
this new concept for the synthesis of star polymers by using controlled radical polymerization techniques, atom
transfer radical polymerization was applied for homopolymerization of ethylene glycol diacrylate (EGDA) to
generate a multifunctional cross-linked core (nanogel). At high cross-linker conversion, monovinyl monomers
were added into the system and polymerized from the polyEGDA nanogel macroinitiator (M) to form the star
arms. By use of different acrylate monomers, including methyl acrytaleityl acrylate, andert-butyl acrylate,

star polymers with different arm chemical compositions were successfully synthesized. Several parameters affected
the star structures, such as the initial concentration of cross-linker, the molar ratio of cross-linker to initiator, and
the addition moment of monovinyl monomer. The star polymers preserved the initiating sites at the chain ends,
and they were further used as star Mls for arm extension by polymerization of a second monovinyl monomer to
form a star block copolymer.

Introduction number of arms and a highly cross-linked céte?23! The
preformed arms can be either linear macroinitiator @¥r
macromonomer (MM$233The preserved initiating sites in the
star cores can be further employed to initiate the polymerization
of another monomer to form miktoarm star copolymers by the
“in-out” method34-36 Recently, we further developed a simple
and general arm-first method for synthesis of miktoarm star
copolymers, i.e., one-pot cross-linking of a mixture of different
linear MIs37 By use of this method, miktoarm star copolymers
containing various molar ratios of arms and as many as five
arm species with different chemical compositions were suc-

cessfully synthesized.

Star polymers, containing multiple linear arms connected at
a central branched core, represent one of the simplest nonlinea
polymerst? As one of the most popular controlled radical
polymerization (CRPJ® techniques, atom transfer radical
polymerization (ATRP) 12 has been widely used for synthesis
of star polymers with controlled architecture, predetermined
chemical composition, and multiple functionalities via one of
three strategies: “core-firs#415 “coupling-onto”16-19 and
“arm-first”,20-24 which differentiate from each other based on
the formation sequence of core and arms.

The core-first method involves the use of a multifunctional Itis worth noting that in the third arm-first method, monomer
initiator (core). The polymerization of monomer from the 4nq cross-linker are sequentially polymerized and star polymers
initiating sites on the preformed core generates a star moleculeyith various structures are synthesized by adjusting the addition
with preserved initiating site at the chain end of each arm, which ,oment of cross-linker and the molar ratios of monomer. cross-
can be further used for chain extension with a second MONOMEr|inker. and initiator431 In contrast one-pot copolymerization

T . [l . . [} .
to form star block copolymer$:2® In the second coupling-  of monomer and cross-linker under the same reagent ratios
onto .method, a stqr polymer is _synthegzed by the co_uplmg produces highly branched polymers or g8l Such a result
reactions between linear polymeric chains (arms) containing ajngjcates that the polymerization sequence of monomer and
reactive chain end group and a multifunctional coupling agent ¢ross.finker should have a significant influence on the polymer
(core). Due to the slow reaction between the polymer chain end 5rchitectures. Polymerization of monomer before cross-linker
and the multifunctional core, an organic reaction with high |egts in starlike polymers with a cross-linked core, while
coupling efficiency and benign experimental conditions is highly copolymerization of monomer and cross-linker together gener-

recommended. For example, the recently developed Cu(l)- ates pranched polymers or gels. Following this logic, it is easy
catalyzed 2+ 3 cycloaddition reactions between an azide and 4 imagine that the polymerization of cross-linker before

an alkyne, i.e., “click reactions’s have been used for synthesis  1onomer should also produce a starlike moledf€4745Since

of various kinds of star and _m|ktoarm_ star polymers with 5 highly cross-linked core by homopolymerization of cross-

predetermined structure and high star yiid:>*° linker is formed before the growth of arms, this synthetic
In the third arm-first method, the linear arms of the star strategy belongs to the category of core-first method. However,

polymers are synthesized first followed by binding of the arms it is different from the traditional core-first method, in which

to form the core, usually by using a divinyl cross-linker. The the core containing multiple initiating sites is usually synthesized

resulting star polymers have a statistical distribution of the by separate organic reactions before polymerization. Therefore,

we term this new method as “star from in situ generated core”.
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initiating sites in a statistical distribution are generated in situ
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Scheme 1. lllustration for Synthesis of Star and Star Block Copolymers by the Star from in Situ Generated Core Method

Br
B Br
Br: r ' o
EBrP  BgBr M; Br Br
S G — B Bf ———u B — Br
°  Diluted BTEBr  ATRP  °F 5, ATRP
condition & g, c Br
Br

X PolyX PolyX-(polyM;)n PolyX-(polyM-b- In

Cross-linker Multifunctional core Star polymer Star block copolymer

by homopolymerization of divinyl cross-linker. On the basis of (tBA, 98%), and ethylene glycol diacrylate (EGDA, 90%), were
Flory—Stockmayer's theor§# when the molar concentration of ~ purchased from Aldrich and purified twice by passing through a
reacted cross-linking units (cross-linker with both vinyl groups column filled with basic alumina to remove the inhibitor. CuBr
reacted) is larger than that of the primary chains in a system (98%, Acros) was purified using a modified literature procedére.

i ; ; : 1 All other reagents: ethy2-bromopropionate (EBrPN,N,N,N'",N"-
the critical gel point of the system is reached and gelation should - I
occur#! Ingordper to preveﬁt the macroscopic gelation it is pentamethyldiethylenetriamine (PMDETA), CuBand solvents

ial h he i lecul lizati . were purchased from Aldrich with the highest purity and used as
essential to enhance the intramolecular cyclization reactions ,caived without further purification.

rather than i_nter_mo!ecula}r cross-link_ing reactions by performing Synthesis of PolyEGDA-(PolyM),, Star Polymers with Vari-

the polymerization in a diluted solutidfiln such away, highly  oys Structures and Arm Compositions via ATRP Using the Star
cross-linked individual nanogels containing many initiating sites, from in Situ Generated Core Method. A typical procedure for
such as alkyl halide, are generated in a homogeneous polym-synthesis of polyEGDA-(polyMA) star polymers is briefly de-
erization system (Scheme 1). At high cross-linker conversion, scribed as follows starting with the ratio of reagents [MA]
certain amount of monovinyl monomer ¢Ms added into the  [EGDA]o/[EBrP]/[CuBr]o/[CuBr]o/[PMDETA]o = 50/1.5/1.0/0.45/
System P0|ymer|zat|on Of the monomer from the in s|tu 005/05 A Clean and dry SChIenk ﬂask. was Charge.d W|th EGDA
generated core forms the linear arms and the star polymers (0-202 mL, 1.17 mmol of cross-linker given the purity of EGDA

_ . as 90%), PMDETA (0.081 mL, 0.39 mmol), and 2.7 mL DMF.
polyX I'(?(Ong)m thr_e ?r? lyX represents E)he meItul g'\znerated The flask was degassed by five freezrimp—thaw cycles. During
Cross-iinked core anu'Is the average NUMDET Of POIMATMS 6 fing cycle, the flask was filled with nitrogen before CuBr (50.2
per star molecule. The initiating sites preserved at the chain g 0 35 mmol) and CuBr(8.7 mg, 0.039 mmol) were quickly

end of each arm can be further used for chain extension by added to the frozen mixture. The flask was sealed with a glass
polymerization of a second monomer §Mo form star block  stopper and then evacuated and back-filled with nitrogen five times
copolymers (Scheme 1). Compared to the star polymers before it was immersed in an oil bath at 60. The N-bubbled
synthesized from the traditional core-first method, this new initiator EBrP (0.101 mL, 0.78 mmol) was injected into the reaction
strategy skips the tedious synthesis of the multifunctional System, via a purged syringe, through the side arm of the Schlenk
initiator before polymerization. The structure of the formed star flask. At 1 h, N-purged MA (3.5 mL, 38.9 mmol) was injected
polymer is similar to the star synthesized by the traditional arm- iNto the reaction system. At timed intervals, samples were with-

first method because both of them contain a highly cross-linked drawn via a syringe for measurements of monomer conversions

core with statistically distributed arms. However, the arm-first and polymer molecular weights by gas chromatograph (GC) and
N ; ’ gel permeation chromatography (GPC), respectively. The reaction

method employs the polymerization of monomer before cross- a5 stopped after 46 h via exposure to air and dilution with THF.

linker, while the star from in situ generated core method applies The solution was filtered through a column filled with neutral
the polymerization of cross-linker before monomer. It is worth  alumina to remove the copper complex before the polymer was
noting that an alternative way to form a cross-linked multifunc- dried under vacuum at 6TC for 2 days.
tional nanogel is copolymerization of monomer and cross-linker  Synthesis of (PolyMA),—PolyEGDA Star Polymers by Using
in a diluted solutiorf® although the incorporation of monovinyl  the Arm-First Method. PolyMA—Br linear chainsNn theor= 3620
monomer unit into the core decreases the core cross-link densityd/mol, degree of polymerization (DR; 40, My/M, = 1.07) were
and makes it more like a multifunctional branched polymer. ~ Synthesized by ATRP at 6% with the ratio of reagents as [M4(]

In this paper, we report the first synthesis of star polymers [EBrP]O"/[C“Br]O/[C”BFZ]d[PMDETA]O = 50/1.0/0.45/0.05/0.5. At
by using the star from in situ generated core method via CRP ca. 80% MA conversion, the reaction was stopped and the purified

. . L linear chains were used as Mls for formation of (polyMA)
techniques. ATRP was applied for homopolymerization of a polyEGDA star polymers by using the previously published pro-

commercially available cross-linker, ethylene glycol diacrylate cedureg The molar ratio of the reagents during star synthesis was
(EGDA), to generate the cross-linked core before the formation [polyMA- Br] [EGDA]/[CuBr]y/[CuBr;]/[PMDETA]o = 1.0/1.5/
of arms. The multifunctional polyacrylate nanogels (polyEGDA) 0.45/0.05/0.5, and the reaction was conducted at@®or 46 h.
were used as Mis for polymerization of different acrylate Synthesis of PolyEGDA-(PolyBA-b-PolytBA), Star Block
monomers, including methyl acrylate (MA)-butyl acrylate Copolymers by Using PolyEGDA-(PolyBA—Br), Stars as Mis.
(BA), andtert-butyl acrylate (BA), to form the star polymers  After precipitation into cold methanol to remove the unincorporated
with different arm chemical compositions. The star polymers linear polyBA chains, the purified polyEGDA-(polyBABr), star
with the preserved initiating sites at the chain ends were further POlymers, with preserved bromine chain end functionalities, were

used as star Mls for arm extension by polymerization of a secondUS€d as MIs for the ATRP of another monontéi, to synthesize
monomer to form star block copolymers. star block copolymers. The theoretical number of initiating sites

per star Ml was equal to the average number of arms per star. The
Experimental Section experimental procedures for polymerizationtBA was similar to
those for synthesis of polyEGDA(polyMA), star polymers. The
Materials. All monomers and cross-linker, including methyl composition of reaction mixture for synthesis of polyEGBA
acrylate (MA, 99%)n-butyl acrylate (BA, 99%)tert-butyl acrylate (polyBA-b-polytBA), star block polymers is: purified polyEGDA
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Figure 1. (A) Dependence of conversion and In([JM]) of EGDA and MA on reaction time, (B) evolution of GPC traces, and (C) molecular
weights and averaged arm numbers per star moledlylg) during synthesis of polyEGDA(polyMA), star polymers by sequential polymerization
of EGDA and MA via ATRP. Experimental conditions: [MAJEGDA]d/[EBrP]o/[CuBr]o/[CuBr,]o/[PMDETA], = 50/1.5/1.0/0.45/0.05/0.5 in DMF
at 60°C, [EGDA]o = 0.39 M, and N-deoxygenated MA was added at 1 h. Linear polyMMA standards were used for GPC calibration in THF
(Table 1).

(polyBA—Br), star M1 (0.3 g, 72.Jumol of alkyl bromide initiating Results and Discussion
sites giverMp arm ri= 4160 g/molMy/M, (arm, RI)= 1.18),tBA ) .
(3.17 mL, 21.6 mmol), PMDETA (22.6L, 108.2umol), anisole For a successful synthesis of star polymers by using the star
(1.1 mL), CuBr (14.0 mg, 97.4mol), and CuBj (2.4 mg, 10.8 from in situ generated core method, a prerequisite is that no
umol). The reaction was conducted at 85 for 21 h. Samples ~ macroscopic gelation should occur during the homopolymeri-
were withdrawn periodically for GC and GPC measurements to zation of cross-linker. Then, a large amount of monovinyl
determi_ne monomer conversions and polymer molecular weights, monomer can be added when most of the cross-linkers and
respectively. ) ) pendant vinyl groups are consumed (e.g., high cross-linker
o Characterization. I\?Ionhomer COI’IVGI’;IOI’]S were de_terrr;]med fron|1 conversion). In the first screening experiment, a commercially
the concentration of the unreacted monomer in the samples , 5ijap|e divinyl cross-linker, EGDA, was homopolymerized
periodically removed from the reactions and determined using a . iy ; " .
under a diluted condition to form a highly cross-linked multi-

Shimadzu GC-14A gas chromatograph equipped with a capillary . . ! . .
column (DB-Wax, 30 mx 0.54 mmx 0.5xm, J&W Scientific). functional nanogel core without macroscopic gelation. At high

DMF or anisole was used as the internal standard for calculation EGDA conversion, MA was added into the system to grow
of monomer conversions. The polymer samples were separated byPolyMA arms from the in situ generated multifunctional core
GPC (Polymer Standards Services (PSS) columns (guardl.E) (Scheme 1).

and 16 A) Wit.h THF as elqent at 38C, flow rate= 1.00 mL/min, Synthesis of PolyEGDA-(PolyMA), Star Polymers via
and differential refractive index (RI) detector (Waters, 2410)). The ATRp Using the Star from in Situ Generated Core Method.
apparent molecular weightdg r; andM,, ) and polydispersities Figure 1A-C and Table 1 summarize the results during the

(Mw/M;) were determined with a calibration based on linear poly- . :
(methyl methacrylate) (polyMMA) or polystyrene (polySt) standards SYNthesis of polyEGDA (polyMA), star polymers with [MAJ/

using WinGPC 6.0 software from PSS. Area fractions of both star [EGDA]J/[EBrPl/[CuBr)/[CuBr]/[PMDETA] = 50/1.5/1.0/
and linear polymers were determined by multipeak splitting of the 0.45/0.05/0.5. At first, 1.5 equiv of EGDA (0.2 mL) was
GPC curve using Gaussian function in Origin 6.0 software. The homopolymerized by ATRP in 2.7 mL DMF ([EGDA}= 0.39
obtained GPC curves with flat baseline were imported into the M). Although the molar ratio of cross-linker to initiator was
WinGPC software for calculation of the apparent molecular weights |arger than 1, no macroscopic gelation occurred at high EGDA
and polydispersity of the star and linear polymers. The detectors conversion due to the significant intramolecular cyclization
\?vrggoée?rit;lemgZtseucrt?)rt'hgyz?esr%lué?)r?:;:ﬁﬁglalr?rvzlg“t;atgmw(‘?LL?\3Vyatt reactions under diluted condition. The conversion of EGDA
. X reached 97% at 30 min, determined by GC analysis of the
Technology, Optilab REX), viscometer detector (Wyatt Technology, . :
ViscoStag,)/andpa multiangjle laser light scattering(; (I\)//IALLS) detec?gr unregcted EGDA (Elgure 1A). Incorpqratlon of EGDA 10 a
growing polymer chain consumes one vinyl group and generates

(Wyatt Technology, DAWN EOS) with the light wavelength at 690 . . .
nm. The values of refractive index incrememtn(dg of star one pendant vinyl group. The latter can react with a propagating

polymers were measured in THF at 35 by using a refractometer. ~ radical by either intramolecular cyclization reaction or inter-
Absolute molecular weights were determined using ASTRA molecular cross-linking reaction. To ensure that most of the
software from Wyatt Technology. pendant vinyl groups were consumed before the addition of the



Macromolecules, Vol. 41, No. 4, 2008 Star Polymers by A New “Core-First” Method1121

Table 1. Synthesis of PolyEGDA-(PolyMA), Star Polymers by Using the Star from in Situ Generated Core Method

Mn,arm,theor Mn,arm,RI Mw,arm,RI Mn,arm,R/ Mw,star,RI Mw,star,MALLS Mw/Mn
time (h) conversioga® (g/moly (g/moly! (g/moly! Mnamtheor  (@/moly! (g/moly (star}! Astaf Narnd
2.0 0.11 920
35 0.16 1110 1280 1400 1.15 18 500 48 400 2.07 0.84 34.6
5.5 0.26 1550 1780 1980 1.15 22100 69 100 1.98 0.80 34.9
7.8 0.34 1920 2230 2580 1.16 29900 92 100 1.96 0.78 35.7
21.7 0.57 2910 3480 4160 1.20 49700 153 000 1.97 0.77 36.8
46.0 0.77 3760 4540 5430 1.21 74 900 242 000 2.45 0.76 44.6

a Experimental conditions: [MAJ[EGDA]«/[EBrPly/[CuBr]o/[CuBr;]o/[PMDETA]o = 50/1.5/1.0/0.45/0.05/0.5 in DMF at 8C, initial [EGDA]o = 0.39
M, addition of MA (3.5 mL) at 1.0 h with [MA} = 6.0 M. Linear polyMMA standards were used for GPC calibration in THRonomer conversion
determined by GC analysesTheoretical molecular weight of linear polyMA chains (arm$)i am.theor= [MA] o/[EBrP]o x Conversioga x MWya +
MWegp + 1.5 x MWegpa. 9 Apparent number-average and weight-average molecular weights and polydispersity of linear and star polymers measured by
GPC in THF with RI detector (calibration with linear polyMMA as standafd)eight-average molecular weight of star polymers measured by GPC in
THF with MALLS detector.f Area fraction of star polymers determined by the multi-peak splitting of the GPC curve using Gaussian firidtiother-
average value of the number of arms per §am = My star MALLSMw,arm RH

monovinyl monomer, the reaction was left for an additional 30 coexisting linear polyMA chains, originated from the free
min before 50 equiv of Mdeoxygenated MA (3.5 mL) was  monofunctional initiating site, served as such a standard and
injected into the system to start the star formation. helped us calculate the averaged arm number per star molecule

Figure 1A shows that the conversion of MA increased with based on the ratio oNam = My starmaLLsMw,arm Ry Where
reaction time and reached 77% after 46 h. The semilogarithmic MwstarmaLLs and My amri are the weight-average molecular
plot is slightly curved, suggesting a slight decrease of radical weights of the star polymer determined by GPC in THF with
concentration in the system with the reaction time. Figure 1B MALLS detector and the linear polymer determined by GPC
shows the GPC traces of the polymer product, in which two or in THF with RI detector, respectively.
more peaks were observed and were shifted to higher molecular In Figure 1C, the absolute molecular weights of star molecules
weight with increasing reaction time. The broad high-molecular- increased with MA conversions, indicating the growth of the
weight GPC peak represents the star polymers growing from star polymers. Due to the compact structure of the star polymers,
the multifunctional nanogel Mis. The apparent polydispersity the value oMy star maLLs Was larger than the apparent molecular
of the star polymers was arouhi,/M, = 2.0, which reflected weight of star polymersMu star,r). The averaged arm number
the broad size distribution of the nanogel cores. The narrowly per star moleculegNam) was almost unchanged when MA
distributed low-molecular-weight GPC peak represents linear conversion was below 57% at 22 h and increased significantly
polyMA chains, originating from the free single initiating sites when MA conversion reached 77% (Table 1). The change of
(red circle in Figure 1B). The molecular weight distribution of N, values with MA conversions was mainly ascribed to the
the linear polyMA was symmetric and the polydispersity was star-star coupling reactions although the possibility of star
low, indicating a good control of the linear polymers in the linear coupling reactions cannot be completely excluded. The
system. The apparent molecular weights of the linear polyMA star-star coupling reactions include intrastar coupling and
polymers My amr), determined by GPC in THF with Rl  interstar coupling reactions, in which only the latter one has
detector and linear polyMMA as standards, were higher than contribution to the increase dfym value. The evolution oflam
the theoretical molecular weights of the linear chains (arms) values in Figure 1C indicates that intrastar coupling reactions
(Mn,arm,thed}, Calculated from MA conversions (Figure 1C and should be more significant than interstar coupling reactions at
Table 1). The ratio 0Mp arm r(Mn,am.theorWas around 1.21 at  low MA conversions because the value N, was almost
46 h, indicating that 83% (1/1.21) of the added EBrP started unchanged when MA conversion was below 57%. In contrast,
linear polyMA chains and/or arms. The area fraction of the star interstar coupling became more dominant at high conversions,
polymers A slightly decreased with reaction time, according resulting in a sharp increase Mfy, value. This hypothesis is
to the multipeak splitting of the GPC curves using Gaussian further supported by the change of the apparent polydispersity
function16 of star polymersNi,/Mn) with MA conversions. The polydis-

As discussed above, the slightly curved semilogarithmic plot persity of the star molecule was aroulll/M, = 2 when MA
of MA (Figure 1A) was plausibly due to the occurrence of conversion was below 57% but reach®f,/M, = 2.45 at
radical coupling reactions. Since star polymers contain more conversioga = 77% (Table 1), indicating the occurrence of
initiating sites than their linear counterparts, the possibility of more interstar coupling reactions at high MA conversion.
star—star radical coupling is higher than that of stiinear Figure 2 compares the structural compactness of the two
radical coupling and lineatlinear radical coupling. The star ~ polyMA-based star polymers synthesized using different meth-
star radical coupling reactions decreased the average numbebds: polyEGDA-(polyMA), star polymers synthesized by the
of initiating sites per star molecule and resulted in a slight star from in situ generated core method (polymerization of cross-
decrease ofsiarWith reaction time fromAsi,r=0.84 at 3.5hto  linker before monomer) and (polyMAY polyEGDA star poly-

ar = 0.76 at 46 h (Table 1). mers synthesized by the traditional arm-first method (polym-

An important parameter determining the structure of star erization of monomer before cross-linker). Without further
polymers is the number-average value of the number of armsfractionation for removal of linear chains, the two star polymers
per star moleculeNarm). Since the cross-linked polyEGDA star  were analyzed by GPC with MALLS detector. The star polymers
core was formed in situ by random coupling of various numbers were separated based on hydrodynamic volume, and each eluate
of primary chains, the accessible number of initiating sites per slice was analyzed by MALLS detector to determine the absolute
star core is unknown. In order to determine the valué&gf, molecular weightw maLLs). Since the light scattering detector
for star polymers at different times, a linear polyMA standard is more sensitive to high molecular weight polymers, the
is needed, which should exist in the system from the beginning unincorporated linear polymers with low molecular weight
and grow at the same pace as the star arms. Fortunately, thddecame less visible in the GPC curves when compared to the
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107, « PolyEGDA-polyMA), star ] 1.0 Zgr |g§|)y2]1:r§ystem for synthesis of polyEGDBDApolyMA),
] = (PolyMA) -polyEGDA star wn '
] *  PolyMA linear 5 When the initial molar ratio of EGDA and EBrP was fixed
% 1 0.8 o at [EGDAJY/[EBrP]y = 1.5/1, a higher concentration of EGDA
£ 10°- ] 7 (IEGDA]Jo = 0.78 M, entry 2 in Table 2) resulted in star
:@ 0.6 & polymers with higher molecular weight, broader molecular
» ] T o weight distribution, and more arms per star molecule when
§' 5 0.4 ; compared to the reaction with [EGDAFE 0.39 M (entry 4,
s 10 T S Table 2). Additionally, the effect of molar ratio of [EGDé]
= : 0.2 = [EBrP]o on the structures of the star polymers was studied when
] 1 = the initial concentration of EGDA was kept unchanged at
104 0.0 - [EGDA], = 0.39 M. The results indicate that decreasing the
2'0 2'2 2'4 2I6 molar ratio of [EGDA];/[EBrP]o from 3.0 to 1.5 (by doubling_
V_(mL) the [EBrP} value) increased the polymerization rate of MA in
e entry 4 because more initiator EBrP was used. However at
Figure 2. Absolute molecular weights (squarédy maiLs) and 90 similar MA conversions, the polyEGDA(polyMA), star
light scattering intensity (lines) as function of elution volunw) (for polymers under the condition of [EGD#JEBrP], = 1.5 (entry

various polyMA-based polymers with different structures: polyEGDA ;
(POlyMA), star polymers (Table 1, 46.0 h) synthesized by the star from 4) had a lower molecular weight and less arms per star molecule

in situ generated core method (black), (polyMApolyEGDA star than the stars obtained under [EGRAEBrP], = 3.0 (entry
polymers synthesized by the arm-first method (red), and polyMA linear 3). Thus, homopolymerization of EGDA with higher amount
polymers M, meor = 32 400 g/mol) synthesized by normal ATRP of  of EBrP produced polyEGDA nanogels containing less initiating
Z/'(;A (m;le)- Bffﬂl‘zggkpob’rme\:vsitﬁorgggf’d ES%MA arms V‘gtht 'ﬁp @ sites in each nanogel MI. In other words, at a constant amount
oo b b in the [Expe;?gnentaI]OSectidn).( etaie of EGDA cross-linker, increasing the EBrP amount generated
more polyEGDA nanogel cores but decreased the size of the

GPC results in Figure 1, where RI detector was used. At a given nanogels. AS_ a resul, th_e star p(_)lymers growing from the
elution volumeVs (same hydrodynamic volume), polymers with "anogel Ml with smaller size contained fewer arms.
higher molecular weight have a more compact structure. It is  The addition moment of MA also had an influence on the
seen in Figure 2 that both star polymers had similar structural structures of the obtained polyEGBApolyMA), star polymers.
compactness because, at a givénvalue, both of them had ~ Compared to the star polymers in entry 4, addition of the same
similar molecular weight, which is larger than the value of the amount of MA at a later stage (3 h) slowed down the MA
polyMA linear counterpart. These results indicate that starting polymerization and produced star polymers with lower molec-
from the same molar ratio of [MAIEGDA]¢/[EBIP]s = 50/ ular weight and fewer arms per star molecule (entry 5, Table
1.5/1 the polymerization of either the cross-linker before 2), which is probably due to more intracore radical coupling
monomer or the cross-linker after monomer produced starlike reactions and less accessible initiating sites in the system when
polymers with similar structural compactness. Both star poly- MA was added later in the reaction. It is worth noting that during
mers had a highly cross-linked core and many radiating arms. the synthesis of star polymers by using the star from in situ
Synthesis of PolyEGDA-(PolyM), Star Polymers with generated core method a small fraction of linear polymers was
Various Structures and Arm Compositions by Using the Star alWayS detected in the star prOdUCt. As discussed abOVe, the
from in Situ Generated Core Method. Several parameters can ~ €xistence of the linear counterpart was crucial for us to calculate
be adjusted during the synthesis of polyEGB@olyM), star the averaged arm number per star molecule.
polymers, including the initial concentration of EGDA, the molar To expand the chemical compositions of the star polymers
ratio of EGDA to EBrP, and the addition moment of the synthesized by this new method, other monomers, in addition
monovinyl monomer. PolyEGDA(PolyM), star polymers with to MA, were used for the growth of arms from the in situ
different structures were synthesized by changing these param-generated multifunctional polyEGDA core. Since the polyEGDA
eters, and the results are summarized in Table 2. nanogels contained polyacrylate chain end initiating sites, two
As discussed above, before the addition of monomer, the kinds of acrylate monomers, BA atBA, were employed. The
conversion of EGDA should be high and no macroscopic results in Table 2, entries 6 and 7, show that by using a molar
gelation should occur. A proper selection of the initial concen- ratio of [M]o/[EGDA]¢/[EBrP], = 50/2.0/1, polyEGDA-(poly-
tration of EGDA and the molar ratio of EGDA to EBrP is tBA), and polyEGDA-(polyBA), star polymers were success-
necessary to prevent the macroscopic gelation during EGDA fully produced. On the addition dBA monomer at 1 h, the

homopolymerization. Low molar ratio of [EGDAJEBrP]y conversion ofBA reached 59% at 77 h. The absolute molecular
decreases the number of pendant vinyl groups per primary chainweight of the obtained polyEGDA(polytBA), star polymers
and effectively prevents the gelation based on FHdyock- iS My star maLLs = 286 000 g/mol and the averaged arm number

mayer theory. Diluted conditions enhance the intramolecular per star isNam = 45.8 (entry 6, Table 2). Similar results were
cyclization and suppress the intermolecular coupling during the obtained during the synthesis of polyEGB{polyBA), star
reaction of pendant vinyl groups with radicals. It is shown in polymers. After addition of BA monomer at 1 h, the conversion
Table 2 that when the initial concentration of EGDA was of BA increased with reaction times and reached 48% at 47 h
[EGDA]p = 0.78 M with [EGDAL/[EBrP]y = 3/1 gelation (Figure 3A). The reaction was purposely stopped at low BA
occurred at 25 min with 78% EGDA conversion (entry 1). When conversion in order to minimize the stestar coupling reactions.
either the value of [EGDA]or the ratio of [EGDAY[EBrP]y The GPC curves of the star polymers steadily shifted in the
was decreased, such as [EGA} 0.39 M and/or [EGDAY higher molecular weight direction with the increase of BA
[EBrPlo = 1.5/1 (entries 24 in Table 2), no macroscopic conversions (Figure 3B). The GPC molecular weight values of
gelation occurred with essentially 100% EGDA conversion, the linear polyBA arms are close to the theoretical values,
which satisfied the prerequisite for the subsequent addition of indicating that 85% of the initially added EBrP initiator were
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Table 2. Summary of PolyEGDA-(PolyM), Star Polymers Synthesized by Using the Star from in Situ Generated Core Methdd

[EGDA]o M addition conversiog Mw.arm R Muw star MALLS Mw/Me
entry (mol/L)P X/Br M moment (h) (time)? (g/moly (g/moly Asta® (star) Narm?!

1 0.78 3.0/1 MA i

2 0.78 1.5/1 MA 1 0.69 (41 h) 4550 389 000 0.75 2.77 85.5
3 0.39 1.5/0.5 MA 1 0.71 (68 h) 9130 607 000 0.81 2.47 66.5
4 0.39 1.5/1 MA 1 0.77 (46 h) 5430 242 000 0.76 2.45 44.6
5 0.39 1.5/1 MA 3 0.45 (68 h) 3440 119 000 0.82 2.01 34.6
6 0.39 2.0/1 tBA 1 0.59 (77 h) 6250 286 000 0.81 1.98 45.8
7 0.39 2.0/1 BA 1 0.48 (47 h) 4780 205 000 0.80 1.86 429

aExperimental conditions: [MJ[EGDA]/[EBrP]o/[CuBr]o/[CuBr,]o/[PMDETA], = 50/X/Br/0.45/0.05/0.5, in DMF at 66C. ? Initial concentration of
EGDA in the system¢ Addition moment of M, when the conversion of EGDA was higher than 9%%he final conversion of M and reaction time.
¢ Apparent weight-average molecular weight of linear chains and apparent polydispersity of star polymers, measured by THF GPC with RI detatitor, calib
with linear polyMMA as standard for polyEGDA(polyMA), star polymers and linear polySt standards for othianéeight-average molecular weight of
star polymers, measured by THF GPC with MALLS detecidkrea fraction of star polymers, determined by the multi-peak splitting of the GPC curve
using Gaussian functiof.Number-average value of the number of arms per Ntah = Mw starmaLsMwamre | Gelation occured at 25 min with 78%

EGDA conversion.
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Figure 3. (A) Dependence of conversion and In([¥M]) of EGDA and BA on reaction time, (B) evolution of GPC traces, and (C) molecular
weights and averaged arm numbers per star molediylg) (during synthesis of polyEGDA-(polyBA)star polymers by sequential polymerization

of EGDA and BA via ATRP (entry 7, Table 2). Experimental conditions: [BEGDA]«/[EBrP]y/[CuBr]o/[CuBr,]o/[PMDETA]o= 50/2.0/1/0.45/
0.05/0.5 in DMF at 60C, [EGDA], = 0.39 M, and N-deoxygenated BA was added at 1 h. Linear polySt standards were used for GPC calibration

in THF.

grown into arms and/or linear chains (Figure 3C). On the basis average molecular weight of the polyBA arms in the star Ml

of the ratio ofNarm = Mw star MaLLIMw,arm Ry the star polymers
at 47 h contained an averaged arm num¥gg, = 42.9. After
purification of the star polymers by precipitation into cold
methanol to remove the free polyBA linear chains (Figure 3B),
the polyEGDA-(polyBA), star polymers were used as star MIs

wasMp poysa = 4160 g/mol, and the average number of bromine
functionalities per star Ml was assumed to be the same as the
number of arms. Figure 4 shows the results obtained during
the synthesis of polyEGDA(polyBA-b-polytBA), star block
copolymers by ATRP ofBA from polyEGDA—(polyBA), star

for polymerization of a second monomer to synthesize star block Mis.

copolymers.
Synthesis of PolyEGDA-(PolyBA-b-PolytBA),, Star Block

With the target DP of polyBA block as DRsa = [tBA]/
[initiating sitesp = 300/1, the conversion dBA increased with

Copolymers. The star polymers synthesized by using the star reaction time and reached 38% when the reaction was stopped
from in situ generated core method should contain bromine at 21 h (Figure 4A). The GPC curves of the polymer product

functionality at the end of each radiating arm. Polymerization

shifted in the higher molecular weight direction, indicating the

of a second monomer from the bromine initiating sites should formation of star block copolymers (Figure 4B). The weight-
produce star polymers with segmented arm compositions. Asaveraged molecular weights of the star block copolymers,

an example, the purified polyEGDA(polyBA), star polymers
were used as Mils for the polymerizationt&A. The number-

determined by GPC with RI detectok{siar,r) and MALLS
detector M starmaLLs), iNCreased withtBA conversions, and
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Figure 4. (A) Dependence ofBA conversion and In([MJ[M]) on reaction time, (B) evolution of GPC traces, and (C) molecular weights and
molecular weight distribution during synthesis of polyEGB@olyBA-b-polytBA), star block copolymers by ATRP ¢BA from polyEGDA—
(polyBA), star MlIs. Experimental conditionstHA]d/[initiating sitesp/[CuBr]o/[CuBr;]o/[PMDETA], = 300/1.0/1.35/0.15/1.5 in anisole at 86,
[tBA]o = 4.73 M. Linear polySt standards were used for GPC calibration in THF.

the apparent polydispersity of star polymers WagM,, = 2.31

ness to those from the traditional arm-first method. However,

after 21 h (Figure 4C). The absolute molecular weight of the in contrast to the star polymers formed by the arm-first method,
star block copolymer at 21 h wé, star maLLs = 846 000 g/mol, which contain dormant initiating sites at the star core, the star
which is higher than the apparent weight-average molecular polymers produced by the new method preserved the initiating
weight My star, ri= 264 000 g/mol due to the compact structure sites at the chain ends in the star periphery and were used as
of the star block copolymers. The theoretical molecular weight star Mls for arm extension to form star block copolymers. These
of an arm in the star block copolymer was calculated as results expanded the range of methodology for star synthesis

Mn,arm,theor: Mn,ponBA + DPO,tBA X conversiogga x MWiga,
where DRga = 300 and MWea = 128.17 (the molecular
weight oftBA monomer). Thus, the averaged arm number per
star block copolymer idlaim = My star MALLYMn arm,theo— 45.3,
which is in agreement with the averaged arm number in
polyEGDA—(polyBA), star Ml (Narm = 42.9).

Conclusions

In this paper, a new method, termed as star from in situ

and illustrated that polymerization of either the cross-linker first
or monomer first can produce starlike polymers.
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