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ABSTRACT: A cheap acrylic AB¥ monomer, 2-(2-chloroacetyloxy)-isopropyl acrylate

(CAIPA), was prepared from 2-hydroxyisopropyl acrylate with chloroacetyl chloride in
the presence of triethylamine. The self-condensing vinyl polymerization by atom trans-
fer radical polymerization (ATRP), a “living”/controlled radical polymerization, has
yielded hyperbranched polymers. All the polymerization products were characterized
by proton nuclear magnetic resonance spectroscopy (‘H NMR). CAIPA exhibited dis-
tinctive polymerization behavior that is similar to a classical step-growth polymeriza-
tion in the relationship of molecular weight to polymerization time, especially during
the initial stage of the polymerization. However, a significant amount of monomer
remained present throughout the polymerization, which is consistent with typical chain
polymerization. Also, if a much longer polymerization time was used, the polymer
became gel. As a result of the unequal reactivity of group A* and B*, the polymerization
is different from an ideal self-condensing vinyl polymerization: the branch structures of
polymers prepared depend dramatically on the ratio of 2,2’-bipyridyl to CAIPA. Hyper-
branched polymers exhibit improved solubility in organic solvent, however, they have
lower thermal stability than their linear analogs. © 2002 John Wiley & Sons, Inc. J Appl

Polym Sci 83: 2114-2123, 2002

Key words: hyperbranched polymers; atom transfer radical polymerization; NMR;
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INTRODUCTION

The accurate control of macromolecular architec-
ture is an important theme in modern polymer
science, with many advanced materials that pos-
sess new or improved properties.? A method
commonly used to achieve these goals is the in-
troduction of branching into the polymer struc-
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ture. Dendritic polymers provide dramatic exam-
ples of the effect of branching on polymer struc-
ture and properties because they have been
shown to exhibit physical properties distinctly
different from linear polymers.>* However, be-
cause the synthesis of regularly branched den-
drimers is not trivial and requires multistep syn-
thesis, their commercial development has been
limited to only a few structures. The synthesis of
hyperbranched polymers, polymers that possess
less perfect branched structures, has been ex-
plored to develop dendritic molecules in single
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and one-pot reactions.’ ® These polymers are usu-
ally obtained by the reaction of AB, monomer, in
which A and B are functional groups capable of
reacting with each other to form stable bonds.
Because of the unusual structure of the AB,
monomer, reaction between two monomers re-
sults in the formation of a dimer with one A group
and three B groups. This process repeats itself by
reaction with monomer, dimer, trimer, etc., as in
classical step-growth polymerization. The result-
ing macromolecules have one A groupandn + 1 B
groups, where n is the number of repeat units. In
addition to the step-growth polymerization used
in the preparation of hyperbranched polymers,
the original idea and pioneer work should be that
proposed and carried out by Frechet and co-work-
ers; they have described a new method, named
self-condensing vinyl polymerization, by which
AB* monomers can be used to synthesize hyper-
branched polymers with a whole carbon backbone
by cationic polymerization.? This monomer satis-
fies the AB* requirements for formation of hyper-
branched polymers because the vinyl group acts
as the difunctional group A and an additional
alkyl halide functional group acts as the B*
group. By activation of the B* group with a Lewis
acid, polymerization through the double bond oc-
curs cationically. After this original idea and pio-
neer work, Hawker, Scott, Weimer, Matyjasze-
wski, and Frechet have extended this method into
the living radical polymerization field; the mono-
mers employed were 4-(chloromethyl) styrene,
self-made styrene type and acrylic AB* mono-
mers.'°715 However, the cost of the monomers
used is very expensive and preparation of the
monomers is difficult.'°~*¢ Matyjaszewski and co-
workers have reported on the polymerization of
AB* monomer with mismatched reactivities.'” In
summary, the commercial development of poly-
mers from these AB* monomers may be limited.
We report here studies on the preparation of hy-
perbranched polymer from a very inexpensive
acrylic AB* monomer by atom transfer radical
polymerization (ATRP), a “living”/controlled rad-
ical polymerization system that has been demon-
strated to successfully polymerize styrene,®-22
(meth)acrylates,'®?23-26 and acrylontrile.?” There
are some comprehensive reviews in the literature
on ATRP.?573% As will be later demonstrated, hy-
perbranched polymers can be prepared from this
inexpensive acrylic AB* monomer when a high
concentration of catalyst is employed.

EXPERIMENTAL

Reagents

2-Hydroxyisopropyl acrylate, a commercial prod-
uct from Wuxi Huayi Chemicals, was used as
received. 2,2’-Bipyridyl (Bipy), an analytical re-
agent, was used as obtained from Shanghai No.1
chemical reagent factory. Chloroacetyl chloride, a
chemical reagent from Shanghai No.l1 chemical
reagent factory, was distilled under atmospheric
pressure; the distillate between 105 and 107 °C
was collected and used. Copper (I) chloride (CuCl,
AR grade) was purified by stirring in acetic acid,
washing with methanol, and then drying under
reduced pressure. AIBN, AR grade, was recrystal-
lized from ethanol. Acetone, tetrahydrofuran
(THF), ethanol, acetic acid, methanol, petroleum
ether (30-60 °C), ether, triethylamine, activated
charcoal, H,SO,, and NaHCO; (AR grade) were
used without further purification.

Preparation of 2-(2-Chloroacetyloxy)-isopropyl
Acrylate

2-Hydroxyisopropyl acrylate (8 mL; 0.125 mol),
triethylamine (21 mL; 0.15 mol), 100 mL ether,
and a little CuCl were added into a three-necked
flask equipped with a thermometer and a stirrer.
Chloroacetyl chloride (10 mL, 0.125 mol) dis-
solved in 25 mL of ether was added in a dropwise
manner into the flask and the solution was stirred
for 1 h at 0—4 °C. After the addition of chloro-
acetyl chloride, the reaction was continued at 35
°C for 6 h. The reaction mixture was washed three
times with diluted H,SO, (10% by weight) at first,
and then three times each with concentrated
NaHCOg solution and distilled water. An orange
transparent ether solution was obtained following
these purification processes. Anhydrous sodium
sulfate and activated charcoal were added into
the solution, and the solution was allowed to
stand overnight. The solution was filtered. Vola-
tilization of ether left a slightly yellow transpar-
ent oil liquid in a yield of 72% and with the proton
nuclear magnetic resonance (*H NMR) spectrum
shown in Figure 1A.

Typical Polymerization Procedure of CAIPA

In a typical polymerization, Bipy (0.624 g; 4.0
mmol; 0.4 equiv), CuCl (0.2 g; 2.0 mmol; 0.2
equiv), CAIPA (2.06 g; 10 mmol; 1.0 equiv), and a
stirrer bar made of PTFE were added to a dry
flask. The flask was cycled between vacuum and
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Figure 1 (A) 'H NMR spectrum of CAIPA. (B) 'H
NMR spectrum of linear poly(CAIPA). (C) 'H NMR
spectrum of hyperbranched polymer sample 15 from
CAIPA.

nitrogen >10 times to remove the oxygen. Then,
the flask was sealed and placed in a preheated,
thermally regulated oil bath at 125 = 1 °C. After
a certain period of polymerization, the flask was
removed from the oil bath and allowed to cool for
a few minutes. Then, 12 mL of acetone was added
to the flask, and the mixture was stirred at room
temperature to complete the dissolution of the
polymer. Then, petroleum ether (5 times the ace-
tone in volume) was added to precipitate the re-
sulting polymer. After repeating these dissolution
and precipitation processes another time, the
polymer was dried at 50 °C under reduced pres-
sure, and the monomer conversion or polymer
yield was calculated gravimetrically. Finally, ex-
cess acetone was added to the flask to dissolve the
resulting polymer, and the solution was filtered to
remove the insoluble salts and most of the Bipy.
The resulting slightly orange solution was con-
centrated and washed three times with a mixture
of petroleum ether and acetone (5:1, v/v). After
complete drying under reduced pressure at 50 °C
for at least 24 h, an orange transparent polymer
was obtained.

Typical Copolymerization Procedure of CAIPA
with Styrene

In a typical copolymerization, Bipy (0.468 g; 3.0
mmol; 0.4 equiv), CuCl (0.15 g; 1.5 mmol; 0.2
equiv), CAIPA (1.55 g; 7.5 mmol; 1.0 equiv), sty-
rene (3.12 g; 30 mmoL; 4 equiv), and a stirrer bar
made of PTFE were added to a dry flask. The
ensuing pretreatment and polymerization process

were the same as that stated in the polymeriza-
tion of CAEA. After polymerization, ~25 mL of
acetone was added, and the mixture was stirred
to complete the dissolution of the polymer. Then,
the solution was poured into a large amount of
petroleum ether with rapid stirring to precipitate
the products. The precipitated polymer was col-
lected and washed three times with methanol,
then purified by reprecipitation from the acetone
solution into excess petroleum ether. Drying at
room temperature for several hours allowed vol-
atilization of the solvent, and then the sample
was heated in a vacuum oven at 50 °C for at least
24 h. The monomer conversion or polymer yield
was calculated gravimetrically.

Preparation of Linear Polymer of CAIPA and
Copolymer of CAIPA with Styrene

Linear poly(CAIPA) was prepared as follows:
CAIPA (7.68 g, 0.04 mol) and AIBN (0.0384 g,
0.5% CAIPA by wt) were added into a round-
bottomed flask and the flask was placed into an
oil bath at 50 °C. After 45 min of polymerization,
THF was added to dilute the polymerization mix-
ture. The solid polymer was precipitated into
methanol twice and dried at 40 °C for 24 h in
vacuo to yield 17%.

Linear poly(CAIPA-co-styrene) was prepared
as follows: CAIPA (7.68 g, 0.04 mol), styrene (4.56
g, 0.04 mol), and AIBN (0.0612 g, 0.5% of mono-
mer by wt) were added to a round-bottomed flask
and the flask was placed in an oil bath set at 50
°C. After 45 min of polymerization, THF was
added to dilute the polymerization mixture. The
solid polymer was precipitated into methanol
twice and dried at 40 °C for 24 h in vacuo to yield
20%. The 'H NMR spectrum is illustrated in Fig-
ure 2A, (mole fraction of monomer unit CAIPA in
the increment of polymer formed from monomer
mixture having the composition f; [Foampal
= 0.43).

Characterization Methods

The 'H NMR spectra were taken on a Brucker
ARX-300 type NMR spectrometer at room tem-
perature in CDCl;. Size exclusion chromatogra-
phy (SEC) was conducted at room temperature in
THF. The data were obtained with linear polysty-
rene standards. Fourier transform infrared spec-
troscopy (FTIR) was carried out on a Nicolet FTIR
20 SX/B spectrometer. Thermal analysis was per-
formed on a PE-7 thermal analysis system. Dif-
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ferential scanning calorimetry (DSC) was carried
out under N, atmosphere in the temperature
range 50-150 °C at a heating rate of 20 °C/min.
Thermogravimetric analysis (TG) was carried out
under air atmosphere, in the temperature range
25-480 °C, at a heating rate of 10 °C/min.

RESULTS AND DISCUSSION

The Self-Condensing Vinyl Polymerization of
CAIPA

The idealized case of the polymerization is shown
in Scheme 1. On activation of the B* group (the
primary ester halide), the polymerization begins
by propagation through the double bond of the
monomer, resulting in the formation of the dimer
with the Ab, A* (the secondary ester halide) and
B*. The * indicates that monomer can be added at
this structural group; it can be either an active
site or dormant. Ab indicates that the double bond
is a part of the macromolecule. The lower case
letter, b, describes how the site has been con-
sumed and can no longer participate in the poly-
merization. It is obvious that the degree of
branching will be directly related to the rate con-
stant k£, and kg.3132

The 'H NMR spectrum of CAIPA, shown in
Figure 1A, is marked 1, 2, 3, 4, and 5 correspond-
ing to the three protons of the double bond and
the protons of —COOCH<, —COOCH,—,
—CH,CI, and —CHj, respectively. This spectrum

Chemical shift, ppm

Figure 2 (A) 'H NMR spectrum of linear poly-
(CAIPA-co-styrene). (B) 'H NMR spectrum of hyper-
branched polymer of CAIPA with styrene (polymeriza-
tion at 125 °C for 15 h; [CAIPA]/[St])/[Bipyl/[CuCl]
= 1:1:0.4:0.2).
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Scheme 1 Polymerization procedure of CAIPA cata-
lyzed by the complex of Bipy and CuCl.

is in agreement with its expected structure. The
'H NMR spectra of the linear poly(CAIPA) and
the hyperbranched polymer sample no. 15 from
CAIPA are shown in Figures 1B and 1C, respec-
tively. The spectrum in Figure 1C is fully consis-
tent with the expected branched structure. The
peaks for chemical shift at 6 = 6.4, 6.1, and 5.9
ppm correspond to protons of the double bond,
group A. From the total area of these peaks, the
unit peak area of one proton in hyperbranched
polymers can be calculated and expressed as S;.
The peak for chemical shift at § = 5.2 ppm is
related to the proton of >CHOOC—, and the area
of this peak is expressed as S;. The overlapping
peaks around chemical shifts from 4.0 to 4.7 ppm
are derived from the protons of group A*, B*, and
—COOCH,—; the area of these peaks is ex-
pressed as S,. The area of these peaks around
chemical shift from 1.0 to 2.8 ppm is expressed as
S5. Assuming that there are no side reactions,
such as termination by coupling or intramolecu-
lar cyclization, each hyperbranched polymer
should have only one double bond. So the number
average polymerization degree X, or number av-
erage molecular weight M., and the number of
group A* and B* as well as their percentage of the
hyperbranched polymers, can be calculated ac-
cording to eqs. 1-5:
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X,=(3S;+S;+S,+ Sy)/118S, (1)
M, = 206X, 2)
N_cp,e1 + Nocua =X, 3)

(2N_cm,c1 + Nocua + 2X,)S, = S, (4)

In this work, the total proton number of one mol-
ecule of CAIPA is 11, the molecular weight of
CAIPA is 206, and N__cyoc; and Ny are the
numbers of group B* and A*, respectively.

Further support for the assignment of ester
halide signals can be obtained from gradient het-
eronuclear multiple quantum correlation (gH-
MQC), and distortionless enhancement can be de-
termined by polarization transfer (DEPT) NMR
experiments. The results in Figure 3A, which
shows the gHMQC spectrum of the same polymer
sample as in FigurelC, clearly demonstrates that
the proton near 4.2 ppm is attached to a C-atom
near 41 ppm (a methylene, —CH,— group, ac-
cording to the DEPT spectrum, Figure 3B) and
the proton near 4.7 ppm is connected to a C-atom
near 65 ppm(a methane —CH— group, Figures
3A and 3B).

The dependence of monomer conversion, num-
ber average molecular weight, and the percentage
of the secondary ester halide, group A*, on poly-
merization time of CAIPA at 125 °C catalyzed by
the complex of CuCl and Bipy is shown in Figure
4. During the early stage of polymerization, the
number average molecular weight of the poly-
mers formed grows exponentially with polymer-
ization time, as expected for a step-growth poly-
merization. This result is the same as that re-
ported by Frechet and co-workers for a cationic
self-condensing vinyl polymerization.? However,
the rate of increase of molecular weight slows
down after ~90 min of polymerization. In view of
monomer conversion, a significant amount of
CAIPA remains present throughout the polymer-
ization, which is consistent with a chain growth
polymerization mechanism. From these results of
molecular weight and monomer conversion in-
crease tendencies, it can be concluded that the
self-condensing vinyl polymerization behavior of
CAIPA is very distinctive. In the case of monomer
conversion, especially the presence of CAIPA in
the polymerization system throughout the poly-
merization process, the polymerization behavior

1_
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4_
51 4 4 g
6_
73

ppm

80 60 40 20
ppm

>CHCI(65ppm)

A

| 4

-CH,ClI(41ppm)

80 70 60 50 40 30 20 10
Chemical shift,ppm

Figure 3 (A) Gradient heteronuclear multiple quan-
tum correlation NMR spectrum of hyperbranched poly-
mer sample 15. Proton signals on the y-axis are related
to the carbon to which they are attached, x-axis. (B)
Distortionless enhancement by polarization transfer
NMR spectrum of the sample as in A. *C NMR of
carbons with one or three protons attached yield posi-
tive signals, whereas carbons with two protons at-
tached yield negative signals.

is similar to a classical chain polymerization. The
dependence of molecular weight on polymeriza-
tion time contrasts to a classical chain polymer-
ization but is similar to a typical step-growth
polymerization. According to the ideal procedure
of self-condensing vinyl polymerization proposed
by Frechet et al.,? the number of groups A* should
be equal to the number of groups B*, so the per-
centage of them should be the same and equal to
50%. However, the experiment results are not as
expected. As shown in Figure 4, the percentage of
group A* is nearly equal to 50% at the initial
stage of polymerization because most of the prod-
ucts are dimer, then the percentage decreases and
remains relatively stable at ~43% at the end. The
unexpected experimental results imply that there
is an apparent difference in the activation energy
required to form radical —CH, from group B*
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Figure 4 The dependence of monomer conversion,
number average molecular weight and the percentage
of the secondary ester halide on polymerization time of
CAIPA at 125 °C ([CAIPA]/[Bipyl/[CuCl] = 1:0.4:0.2).

and to form radical >CH- from group A¥*; the
reactivity of these two radicals formed is also
different because of their different structures.
These results mean that %, is much bigger than
k2132 It has been proved that initiation of MMA
from primary haloesters is slow.3%34

Influences of Polymerization Conditions on
Polymerization Rate and the Structures of the
Polymers Formed

Although CAIPA exhibits very distinct polymer-
ization behavior, the chain propagation mecha-

nism should be still radical polymerization. So
polymerization temperature will affect not only
the radical concentration in the polymerization
system but also the chain propagation reaction
rate constant k. So, the polymerization temper-
ature should be a very vital factor in the self-
condensing vinyl polymerization of CAIPA. Un-
fortunately, the polymerization rate is extremely
slow at low temperature, and there will be appar-
ent side reactions, such as the elimination of HCI
at 130 °C. This elimination reaction will make the
'H NMR spectrum so irregular and complex that
it is impossible to calculate the molecular weight
or the branch parameters of the polymers formed.
In this paper, the polymerization temperature
was selected at 125 °C, and mainly the influences
of the Bipy/CAIPA ratio on polymerization rate
and polymer structures were investigated. It has
been recently noted that the Cu/Bipy ratio can be
increased up to 1:1,°3% so the influence of the
CuCl/CAEA ratio was also studied. The experi-
mental results are listed in Table I and Figure 5.
Polymerization accelerates when the Bipy/CAIPA
ratio increases; at the same ratio of Bipy to
CAIPA, the polymerization accelerates also when
more CuCl is used.

When the molecular weight of the polymers
formed increases along with polymerization time,
the numbers of groups A* and B* in a selected
macromolecule also increase, so it is reasonable to
consider that the number of radicals formed in

Table I Influences of Polymerization Time and the Ratios of [M]/[Bipyl/[CuCl]

on the Polymerization of CAIPA at 125°C

No. [M]/[Bipyl/[CuCl] Time (h) Conv (%) M, >CHCI (%)
01 1/0.05/0.025 24 30 9610 6
02 1/0.1/0.03 12 20 6559 14
03 1/0.1/0.05 12 36 13880 24
04 1/0.15/0.05 12 49 32659 31
05 1/0.15/0.075 12 50 35057 33
06 1/0.2/0.07 9 64 18950 38
07 1/0.2/0.1 9 74 2886 41
08 1/0.2/0.1 6 67 9925 38
09 1/0.25/0.08 9 72 20279 39
10 1/0.25/0.125 6 73 22530 39
11 1/0.25/0.125 9 79 6003 40
12 1/0.3/0.1 4 70 13748 42
13 1/0.3/0.15 4 79 5997¢ 39
14 1/0.4/0.2 1.5 80 7152 43
15 1/0.4/0.2 2 86 10148 42
16 1/0.5/0.25 2 89 6258 43
17 1/0.5/0.25 1 76 7671 44

“ M, of the soluble part.
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Figure 5 The effect of [CuCl]/[Bipy] on monomer con-
version, number average molecular weight, and the
percentage of the secondary ester halide polymeriza-
tion at 125 °C for 70 min ([CAIPA]/[Bipy] = 1:0.4).

the macromolecule increases too. As a result of
the increased radical number in one macromole-
cule, the probability of the coupling reaction be-
tween two macromolecules derived from radical—
radical recombination will increase gradually. Fi-
nally, the polymerization system will become gel
because of the coupling reaction. In other words,
macromolecules of higher molecular weight will
more easily undergo a crosslinking reaction and
become gel because they have more radicals in
their molecules; therefore, the soluble part left
after the crosslinking reaction must have a rela-
tively low molecular weight. Furthermore, it is
also reasonable to deduce that the appearance of
insoluble material will be somewhat earlier when
more Bipy or CuCl is used. Results listed in Table
I coincide well with these deductions. The deter-
mined molecular weights of samples 07, 11, 13,
and 16 are lower than expected, because these
samples should have been derived from the
crosslinking reaction of fractions of higher molec-
ular weight over a long polymerization time. In-
deed, the polymerization system will become gel
after 9 h of polymerization when the ratio of Bipy
to CAIPA is 0.2, whereas the crosslinking reac-
tion will occur after only 4 or 2 h of polymerization
at the Bipy-to-CAIPA ratio of 0.3 or 0.5.

Degree of branching is a very important pa-
rameter in characterizing hyperbranched poly-
mers. As indicated by the results just presented,
polymers obtained from CAIPA do not possess
perfect dendritic architecture because of the
structure difference between groups B* and A*.
In this paper, the percentage of group A*, the
secondary ester halide, is selected as the param-

eter to characterize the branched structure of the
polymers prepared. As shown in Table I and Fig-
ure 4, and similar to the dependence of monomer
conversion or molecular weight on the catalyst-to-
CAIPA ratios, the percentage of the secondary
ester halide shifts to 50% when more Bipy is used.
Also, increasing the dosage of CuCl aids the for-
mation of branch structures at a low ratio of Bipy
to CAIPA.

In summary, it can be concluded that both the
polymerization rate and polymer structures de-
pend dramatically on the ratios of Bipy to CAIPA.
Increasing the ratio of Bipy to CAIPA not only
accelerates the polymerization but also favors the
formation of branched structures. However, the
molecular weight of the hyperbranched polymers
will be relatively lower when a higher ratio of
Bipy to CAIPA is used because of the crosslinking
reaction derived from radical-radical recombina-
tion. Therefore, this crosslinking reaction must be
the key to solving the contradiction concerning
polymerization rate, especially the branch struc-
ture and molecular weight in the preparation of
hyperbranched polymers from the self-condens-
ing vinyl radical polymerization catalyzed by the
complex of Bipy and CuCl.

In general, hyperbranched polymers exhibit
improved solubility in organic solvents compared
with their linear analogs of similar molecular
weight, as also observed in our experiment. The
solubility improvement of the polymers obtained
is dramatically dependent on the ratio of Bipy to
CAIPA. Sample 01 has similar molecular weight
to sample 15, but the difference between their
solubility in acetone is very apparent. Sample 15
can dissolve completely in acetone, with a solid
content >50%, and the polymer solution is trans-
parent because of the hyperbranched structure.
Sample 01 can only partial dissolve in acetone,
even though the solid content is <10%, and the
polymer solution remains semitransparent be-
cause of its almost linear structure. Sample 12,
with a molecular weight of 13748, can also dis-
solve in acetone completely and form a transpar-
ent polymer solution. These experimental results
provide more proof of the presence of branch
structure in the polymers prepared and the de-

pendence of branch degree on the ratio of Bipy to
CAIPA.

Copolymerization of CAIPA with Styrene

Because the hyperbranched polymer from CAIPA
is a viscous solid with a subambient T, styrene
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Figure 6 (A) FTIR spectrum of linear poly(CAIPA).
(B) FTIR spectrum of the same hyperbranched copoly-
mer as in Figure 2B.

was introduced as a comonomer to synthesize hy-
perbranched polymers of higher T,. The 'H NMR
spectrum of the hyperbranched copolymer from
CAIPA and styrene, with mole fraction of mono-
mer CAIPA in the monomer mixture during copo-
lymerization [f-srpsal = 0.5, is shown in Figure 2.
The others copolymers have similar spectra to
those in Figure 2B. The peaks for chemical shift
at ~7.0 ppm, from the benzene ring, prove the
existence of the styrene unit in the copolymers.
The weight percent of CAIPA or styrene in the
copolymer was calculated according to the peak
area in the spectrum. The apparent peaks at
chemical shift 6 = 4.7 ppm, corresponding to the
proton of the secondary ester halide, indicate the
branch structures in the copolymers formed.
Other more direct proof supporting the branched
structures is provided by the following experi-
mental phenomena: when the copolymers ob-
tained were purified by reprecipitation from the

acetone solution into excess petroleum ether, the
copolymers precipitated very slowly. The FTIR
spectrum of the same copolymer sample as in
Figure 2B is shown in Figure 6B. For comparison
purposes, the FTIR spectrum of linear poly-
(CAIPA) is also plotted as curve A in Figure 6.
The peak at 1600 cm ™! in curve B proves again
the existence of a styrene unit in the hyper-
branched copolymer backbone. Therefore, it can
be concluded that CAIPA can successfully copoly-
merize with styrene to form a hyperbranched co-
polymer. The detailed polymerization and DSC
determination results are listed in Table II. These
results indicate that the T, increases when the
weight percentage of styrene unit in the copoly-
mer increases. The direct and main reason for the
increase of T, should be that styrene is a rela-
tively rigid structural unit compared with CAIPA.
The decreases of the free volume of the copolymer
derived from the decrease of the degree of branch-
ing may be also a reason; however, it should be
pointed out that CAIPA will introduce an ester
group into the polymer main chain when it acts as
a branch unit. It must be emphasized here that
there isn’t any insoluble material formed
throughout the copolymerization processes, al-
though the monomer conversion is relatively
high. This result can be simply explained by the
decrease of the concentration of CAIPA and cata-
lyst because of the introduction of styrene.

Thermal Gravimetry Analysis

Because of structural differences, including espe-
cially the presence of the secondary ester halide
structure in the branched polymers, significant
differences in thermal stability are expected. As
shown in Figure 7, both the linear poly(CAIPA)
and linear poly(CAIPA-co-styrene) exhibit higher
thermal stability than their branched analogs.

Table II Copolymerization Data of CAIPA with Styrene in Bulk at 125°C*

No foarpa Time (h) Conv. (%) Fearpa T, (O M, suo M, /M,
01 0.1 15 92 0.13 96 8365 2.7
02 0.2 15 85 0.24 85 6848 2.3
03 0.3 15 88 0.35 77 5983 2.7
04 0.4 15 81 0.40 70 5295 3.1
05 0.5 15 90 0.46 e 4834 3.4

¢ [CAIPA]/[Bipyl/[CuCl] = 1/0.4/0.2.

® In N, at 20°C/min, T, of linear polystyrene determined is 105°C.
¢ Glass transition has not been observed in the temperature range employed.



2122 BIBIAO ET AL.

100

(]

Weightresidue, %

B C

100 200 300 400 500

Temperature, °C

Figure 7 TG curves of linear and hyperbranched
polymers of CAIPA and CAIPA with styrene (in air at
10 °C/min): (A) sample 15; (B) linear poly(CAIPA); (C)
hyperbranched polymer 05 from CAIPA with styrene;
(D) linear poly(CAIPA-co-styrene).

The initial weight loss temperatures of linear
polymer and copolymer are 226 and 245 °C, re-
spectively; however, these temperatures are only
134 and 232 °C, respectively, for the hyper-
branched polymer of CAIPA and CAIPA with sty-

rene.

CONCLUSION

The self-condensing vinyl polymerizations of
CAIPA and CAIPA with styrene were studied.
Hyperbranched polymers were prepared by atom
transfer radical polymerization. CAIPA exhibits
very distinctive polymerization behavior. In view
of monomer conversion, the polymerization is
similar to classical chain polymerization. How-
ever, the molecular weight of the polymers formed
increases exponentially with polymerization time
during the initial stage of polymerization, and
then the rate of increase slows down. Because
CAIPA is a typical asymmetric monomer, the po-
lymerization is different from an ideal self-con-
densing vinyl polymerization due to the unequal
reactivity of groups A* and B*. Both the polymer-
ization rate and the branch structure of the poly-
mers prepared depend dramatically on the ratio
of catalyst to monomer. At a low catalyst-to-
CAIPA ratio, the polymers prepared do not have a
high degree of branching, and the polymerization
rate is also relatively slow. However, there will be
a significant tendency to crosslink during poly-
merization when the catalyst-to-monomer ratio is

increased. As a result of radical-radical recombi-
nation, there is a contradiction between prepar-
ing polymers with a high degree of branching and
preparing polymers with high molecular weight.
When styrene was introduced as a comonomer,
polymerization could occur smoothly without a
crosslinking reaction because of the decreased
concentration of catalyst and radical. The glass
transition temperature of the hyperbranched
polymers of CAIPA with styrene rises when the
content of styrene is increased. Because the sec-
ondary ester halide is more labile to heat than the
primary one, the hyperbranched polymer of
CAIPA and copolymer of CAIPA with styrene
show lower thermal stability than their linear
analogs. It is reasonable to expect that hyper-
branched polymers prepared from CAIPA, a very
cheap AB* monomer, will find application in the
fields of coating and adhesive of high solid con-
tent.

This work was supported by the National Science
Foundation of China and the Youth Foundation of
Jiangsu Province.
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