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Star-Like Polymers of tert-Butyl Acrylate via

Controlled Radical Polymerization – Synthesis

and Properties
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Summary: Star polymers with different numbers and lengths of poly(tert-butyl

acrylate) arms were obtained by the core-first method via atom transfer and iodine

mediated radical polymerization. Multifunctional initiators with different numbers of

initiating groups (from 3 to 28) were used to initiate the polymerization of tert-butyl

acrylate, yielding stars with different numbers of arms. The structures of the stars

were characterized by NMR and gel permeation chromatography with refractive

index, multiangle laser light scattering and viscosimetric detectors.
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Introduction

Star polymers are branched structures

consisting of a central core connected to

linear chains.[1] The compact structure of

stars is reflected in their solution and solid-

state properties. For instance, stars have a

lower hydrodynamic volume, smaller size

and higher segment density than linear

polymers of the same molar mass.[1,2] Well

defined star structures are intensively

investigated to determine the effect of the

number of arms on the properties of

polymers in solution and in the melt. Stars

containing poly(tert-butyl acrylate) arms

are especially interesting because pH sen-

sitive covalently bonded spherical particles

can be obtained after hydrolysis of the tert-

butyl acrylate groups.[3–6]

In general, three methods are commonly

employed for the preparation of stars.[7]

The arm-first method is based on the
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termination of living monofunctional poly-

mer chains by amultifunctional terminating

agent. In the core-first approach, a poly-

functional core initiates monomer poly-

merization, which forms the arms of the

star. In the core-first approach, the number

of arms in the star can be predefined,

functional end groups can be easily intro-

duced into the arms and unreacted linear

chains are not observed if transfer reactions

do not occur. Mixed, three step or in-out

syntheses are a combination of arm-first

and core-first methods that lead to well-

defined miktoarm stars with chemically

variable arms.[7] In the aforementioned

methods, every step of the synthesis must

be controlled, including the synthesis of the

arms and the core, regardless of which

structure is obtained first. To analyze

the properties of stars, precise control of

their architecture is required. Significant

advancements in the field of controlled

radical polymerization techniques have

opened new routes to the synthesis of

well-defined star structures by all three

methods.[8–11]

Non-linear polymers are characterized

by determining the branching parameters, g

and g0,[12,13] and the shape factor, r.[14–16]
, Weinheim wileyonlinelibrary.com



Macromol. Symp. 2011, 308, 93–10094
Moreover, the relationship between the

branching parameters and the molar mass

and the number of arms must be estab-

lished, and the measured values should be

compared to the predicted values.[1,2,17]

In this work, star polymers with poly-

(tert-butyl acrylate) arms were synthesized

by atom transfer radical polymerization

(ATRP) and iodine mediated radical poly-

merization (IDT), and the dilute solution

properties of the stars were determined.
Results and Discussion

Star polymers with poly(tert-butyl acrylate)

arms were obtained by the core-first

method. Polymer cores with various num-

ber of halogenated functional groups were

synthesized to initiate the controlled radical

polymerization of tert-butyl acrylate

(Scheme 1), yielding star polymers with

3 to 28 arms.

Pentaerythritol derivatives with 3, 4 and

6 bromoester groups, calix[4]arenes based

on pyrogallol with 12 and 16 bromoester

groups[18] and hyperbranched poly(arylene

oxindole) with an average of 28 bromoester

groups (Mn¼ 20000 g/mol and Mw/Mn¼
1.70 from GPC-MALLS)[19] were used as

multifunctional initiators of ATRP. Hyper-

branched poly[p-(iodomethyl)styrene] with

an average of 10 iodine groups (Mn¼
2400 g/mol and Mw/Mn¼ 1.83 from GPC-

MALLS)[20] was used as to initiate IDT

polymerization.
Scheme 1.

Polymerization of tert-butyl acrylate.
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The structure of multifunctional initia-

tors with different number of functional

groups was characterized by NMR and

MS.[18–20]

The structure of multifunctional initia-

tors is shown in Scheme 2.

Polymerizations of tert-butyl acrylate

initiated by multifunctional cores proceeded

in a controlled manner. The ratio of

initiating groups to tBuA was varied to

prepare stars with arms of varying lengths

(Table 1). The polymerizations were

stopped at less than 80% conversion to

avoid star-star coupling, which would dras-

tically affect the molar mass distribution.

However, in the polymerization of

poly[p-(iodomethyl)styrene] via IDT (I-10,

Scheme 2), star-star coupling was not

observed, and 100% conversion of mono-

mer was achieved.

The chromatograms of the stars pro-

duced via ATRP and IDT were mono-

modal and symmetrical. Furthermore, the

molar mass of the products increased with

an increase in monomer conversion.

As an example, the chromatograms

of star polymers with six poly(tert-butyl

acrylate) arms are provided in Figure 1.

To determine the average molar mass,

dispersity and intrinsic viscosity of the star

polymers and their linear analogues,

the polymers were characterized by gel

permeation chromatography (GPC) with

differential refractive index (RI), multi-

angle laser light scattering (MALLS) and

viscosimetric (Visco) detectors.
, Weinheim www.ms-journal.de



Scheme 2.

The structure of multifunctional initiators used as star cores.

Macromol. Symp. 2011, 308, 93–100 95
Because the polymerizations of tert-

butyl acrylate were controlled, the theore-

tical molar mass was calculated based on

the conversion of monomer, according to

equation 1:

Mtheor:star ¼ Mi þ ð½CtBuA�0=½Ci�0Þ
� DCtBuA �MtBuAÞ

(1)

where:
Mtheor.star – the theoretical molar mass of

the star polymer

Mi – the molar mass of the initiator

[CtBuA]0 – the initial molar concentration

of tert-butyl acrylate

[Ci]0 – the initial molar concentration of

the initiator

DCtBuA – the consumption of tert-butyl

acrylate

MtBuA – the molar mass of tert-butyl acrylate
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The results obtained from GPC and GC

analyses of PtBuA stars with different arm

lengths and numbers of arms are provided

in Table 1.

Only minor discrepancies between the

number of average molar masses obtained

through GPC-MALLS and the theoretical

values based on the conversion of monomer

were observed (Table 1); thus, both ATRP

and IDT polymerizations of tert-butyl

acrylate with multifunctional initiators

were controlled. The dispersities of the

molar masses of stars derived from I-3, I-4,

I-6, I-12 and I-16 were measured by GPC-

MALLS, and the experimental results were

rather low (less than 1.26, Table 1). The

dispersities of the stars synthesized from

hyperbranched cores I-10 and I-28 were

greater than those obtained from lowmolar
, Weinheim www.ms-journal.de



Table 1.
Characteristics of PtBuA star polymers.

Initiator f� [M0]/[I0] conversion
[%]

Mthe or Mn GPC-MALLS
a

[g/mol]
Mn_calib

b

[g/mol]
Mw/Mn

I-3 3 300 10 4400 4500 3000 1.18
21 8600 7800 5800 1.26
37 14700 13900 9900 1.14
49 19400 18600 12400 1.05
59 23200 22200 14000 1.05

I-4 4 400 32 17200 18000 15200 1.16
57 30000 30800 22000 1.18
62 32600 33100 24500 1.18
66 34600 34600 25600 1.19
75 39200 39900 30400 1.20

16000 8 164800 156000 – 1.07
17 349400 365000 1.10
22 452000 440000 1.13
37 759600 752000 1.13
41 840800 822600 1.13

I-6 6 600 21 17200 17600 14400 1.08
29.5 23750 23300 20500 1.08
36 28700 27700 22800 1.08
38.5 30600 30400 25500 1.08
42.5 33700 36800 29000 1.09

I-10 10 1000 6 10000 21800 15000 1.46
20 28000 30700 21200 1.43
60 79300 97200 36200 2.20
77 101900 105400 46200 1.37
99 129100 127500 66200 1.91

I-12 12 540 18.5 15600 16700 9600 1.05
27 21500 22200 14600 1.07
34.5 26700 27300 19200 1.04
38.6 29500 28000 21600 1.08
41 31200 28700 21900 1.08
55.7 41300 39200 26400 1.06

I-16 16 760 17 19600 21200 8500 1.06
24 26400 27000 12000 1.03
28 30300 28900 13400 1.03
31 33200 33500 15400 1.02
35 37200 35000 15200 1.02
39 41000 38000 17700 1.03

I-28 28 2800 10 54600 54700 47500 1.75
19 91680 77900 53200 1.85
32 129231 110500 58000 1.90
41 160518 134700 77200 1.78
52 201649 151700 91000 2.36
60 235040 168100 100600 1.82

� f-arm numberamolar mass measured by GPC with multiangle light scattering detectionbmolar mass measured
by GPC with standard calibration based on PtBuA standards
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mass initiators due to the high dispersities

of the hyperbranched cores (I-10:

Mw/Mn¼ 1.83; I-28: Mw/Mn¼ 1.70), which

resulted in a rather broad distribution of the

number of arms.

The compactness of the star structures in

solution was determined via GPC analysis

using calibration with linear poly(tert-butyl
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
acrylate) standards. All of the average

molar masses were calculated from the

calibration curve (apparent molar masses)

and were lower than the absolute molar

masses obtained from GPC-MALLS ana-

lysis (Table 1), confirming that the stars

were more compact in THF than their

corresponding linear analogues.
, Weinheim www.ms-journal.de



Figure 1.

Chromatograms (RI traces) of 6-arm stars formed via

ATRP of tert-butyl acrylate using I-6 as an initiator

(THF, 1 mL/min).
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The total intrinsic viscosity of the PtBuA

stars and their linear analogues were

measured using GPC with a viscosimetric

detector connected online to the system.

The integral of the measured slice viscos-

ities over concentration yielded the viscos-

ity of the complete sample.[18]

The total intrinsic viscosities of the stars

were compared to those of linear PtBuA

(Figure 2).
Figure 2.

Mark-Houwink plots of linear PtBuA and PtBuA stars w
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The results indicated that star polymers

possessed lower intrinsic viscosities than

their linear analogues. For stars with the

same molar mass, the intrinsic viscosity

increased with an increase in the number of

arms. However, a plot of the intrinsic

viscosity versus the weight average molar

mass revealed that a similar relationship

was observed in stars and linear polymers.

Thus, linear PtBuA (K¼ 0.0042 and

a¼ 0.78 in THF at 35 8C[18,19]) and stars

with a fixed number of arms provided

nearly identical (ranging from 0.74 to 0.79)

a values in the Kuhn-Mark-Houwink-

Sakurada equation. A similar relationship

was observed for inter-alia polybuta-

diene,[21] polyisoprene[22] and poly(ethy-

lene oxide) stars.[23]

Based on the total intrinsic viscosity, the

branching parameter (g0¼ ½h�branched
½h�linear at the sameMj )

of the stars was determined in THF,

which is a good solvent for PtBuA.[24]

The average values of g0 for stars with

the same number of arms are shown in

Table 2.

Table 2 also displays the values of g’,

which were calculated from the equations of

Zimm and Kilb[13] (equation 2), Roovers[2]
ith different numbers of arms.

, Weinheim www.ms-journal.de



Table 2.
Experimental and calculated values of the branching
parameter (g0) for stars with different numbers of
arms.

F g0av g0 (eq. 2) g0 (eq. 3) g0 (eq. 4)

3 0.97 0.935 0.95 0.83
4 0.76 0.83 0.76 0.71
6 0.49 0.71 0.55 0.56
10 0.38 0.57 0.36 0.39
12 0.36 0.53 0.31 0.33
16 0.24 0.46 0.25 0.25
28 0.23 0.35 0.16 0.12
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(equation 3) and Douglas et al.[25]

(equation 4).

g0 ¼ ð2=f Þ1:5½0:396ðf � 1Þ þ 0:196�
0:586

(2)

log g0 ¼ 0:36� 0:8 log f (3)

g0 ¼
"
ð3f � 2

f 2
Þ0:58

#

�
"
1� 0:276� 0:015ðf � 1Þ

1� 0:276

# (4)

where:

f – number of arms

The experimental values of the branch-

ing parameter, g0, decreased with an

increase in the number of arms, indicating

that the star structure became more

compact as the number of arms increased.

The average branching ratio, g0, was in

agreement with the empirical predictions of

Roovers[2] and Douglas et al.[25] for star

polymers in a good solvent; however, the

results obtained in this study were lower

than those predicted by the theoretical

model of Zimm and Kilb for stars in a u

solvent (equation 4).[13]

The average values of the branching

parameters were similar to those obtained

for different types of stars with the same

number of arms. For example, the branch-

ing parameters of the stars in this study

were similar to those of polybutadiene

stars,[2,21] poly(ethylene oxide) stars[23] and

polystyrene stars.[1,2,8]
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
Conclusion

Precise syntheses of star-like polymers

from multifunctional initiators via con-

trolled radical polymerizations allowed

the number of arms and the molar mass

of the polymers to be accurately controlled,

leading to well defined macromolecules.

Moreover, the solution properties of well-

defined poly(tert-butyl acrylate) stars

were studied, and the parameters of the

Kuhn- Mark-Houwink-Sakurada (KMHS)

equation were determined. When the chain

length of the arms of star-like macromole-

cules increased and the number of arms

remained constant, the value of the a

parameter in theKMHSequationwas similar

to that of the corresponding linear polymer.

Moreover, the values of the a parameter and

the branching parameters agreed with theo-

retical and empirical predictions.
Experimental Part

Materials

N,N,N0,N0,N00-pentamethyldiethylenetriamine

(PMDETA, 99%) and copper (I) bromide

(CuBr, 99.999%) were purchased from

Aldrich and were used as received. a,a0-

Azobis(isobutyronitrile) (AIBN) (Fluka,

>98%) was recrystallized from diethyl

ether. tert-Butyl acrylate (tBuA, 98%),

anisole (99%) and p-xylene (99%) were

purchased from Aldrich and purified by

distillation prior to use. Acetone (pure p.a.)

was purchased from POCh and was used

without purification. Benzene and metha-

nol were purified by distillation at atmo-

spheric pressure.

The protonated form of DOWEX

MARATHON MSC ion exchange resin

(Aldrich) was obtained by reaction with

1.6M HNO3.
Characterization

Gas Chromatography

To determine the conversion of the mono-

mers, gas chromatography was used to
, Weinheim www.ms-journal.de
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measure the concentration of residual

monomer in solution. Anisole or p-xylene

were used as an internal standard, and GC

analyses were conducted on a VARIAN

3400 gas chromatograph equipped with a

J&W Scientific DB-5 (30m� 0.32mm)

column.

Gel Permeation Chromatography

GPC was used to determine the molar

mass, molar mass distribution and solution

viscosities of the polymers. GPC was

performed in THF at 358C with a nominal

flow rate of 1mL/min using a differential

refractive index detector (Dn-2010 RI

WGE, Dr. Bures) a viscosimetric detector

(h-2010 WGE, Dr. Bures) and a multiangle

light scattering detector (DAWN EOS

from Wyatt Technologies). four SDV

columns (1� 105 Å, 1� 103 Å and 2� 102

Å) and was obtained from Polymer

Standard Service (PSS). The results were

evaluated with ASTRA software from

Wyatt Technologies and WinGPC Unity

software from PSS. The dn/dc value

of PtBuA star polymers and linear PtBuA

was measured independently.

Synthesis of the Cores

The synthesis and characterization of

ATRP low molar mass multifunctional

initiators of tert-butyl acrylate were per-

formed as described previously.[18] The

synthesis and characterization of hyper-

branched poly(arylene oxindole)[19] and

poly[p-(iodomethyl)styrene] was per-

formed according to.[20]

Synthesis of PtBuA Star Polymers - ATRP

The initiator (I-3, I-4, I-6, I-12, I-16, I-28)

(20mmol), CuBr (1.43 g, 10mmol),

PMDETA (1.73 g, 10mmol, 2.08mL) and

acetone or anisole (10–50% v/v of mono-

mer, sufficient to dissolve the initiator)

were placed in a Schlenk flask. The solution

was stirred until the Cu complex formed

and the solution turned green. Subse-

quently, an appropriate amount of tert-

butyl acrylate was added to the solution to

obtain the desired monomer to initiator

ratio. The mixture was degassed by con-
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
ducting three freeze-vacuum-thaw cycles

and was placed in an oil bath (60 8C for

acetone and 80 and 90 8C for anisole). After

the desired conversion (measured by gas

chromatography) was obtained, THF

(20mL) was added and the solution was

passed through a column containing

DOWEX-MSC-1 ion exchange resin to

remove copper from solution. The polymer

was precipitated from a methanol/water

mixture (1:1) and dried.

Synthesis of PtBuA Star Polymers - IDT

Poly[p-(iodomethyl)styrene] (I-10) (0.2941 g,

1.2mmol of iodine groups), AIBN (0.0197 g,

0.12mmol) and tert-butyl acrylate (15.3804 g,

120mmol) were placed in a reactor. The

resulting mixture was degassed by three

freeze-pump-thaw cycles, and the polymer-

ization was conducted at 67 8C. The polymer

was precipitated from a methanol/water

mixture (1:3) and dried.
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