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ABSTRACT: In this study, the polymerization kinetics and the molecular structure of
the tetrapolymer poly[isobornyl methacrylate (IBMA)–methyl methacrylate (MMA)–
methacrylic acid (MAA)–tert-butyl methacrylate (TBMA)] were investigated. The rela-
tionships among the tetrapolymer composition, monomer conversion, and reaction time
were studied. Kinetic equations of the four-component copolymerization related to the
mean sequence length, the run number, the reactivity ratio, and the monomer concen-
tration were derived. The mean sequence length of the monomer IBMA increases with
the reaction time and monomer conversion. However, those of the other three mono-
mers remain an insignificant variation. Furthermore, the run number decreases rap-
idly at the end of polymerization. These results suggest that the slow polymerization
rate of IBMA is due to its bulky side group. The mean sequence lengths of IBMA, MMA,
MAA, and TBMA at the end of polymerization are 1.772, 1.304, 1.169, and 1.229,
respectively. On the other hand, the run number of the prepared tetrapolymer is 70.25.
The results of the mean sequence length, run number, and the single glass transition
temperature suggest that the prepared tetrapolymer is a random copolymer. The
molecular weight distribution of the prepared tetrapolymer is significantly affected by
polymerization conditions. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79: 853–863, 2001
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INTRODUCTION

Photoresists (PRs) are the key chemicals for mi-
crolithographic technology in the semiconductor
processes.1–3 The various patterns on silicon wa-
fers are formed from the exposure and developing
steps of PRs. The line widths of the patterns sig-
nificantly affect the memory size of an integrated
circuit (IC). Thus, PRs play a very important role

in the semiconductor industry. PRs of 193 nm
have been extensively studied because of their
importance in 0.15- and 0.13-mm IC processes.4,5

One of the most promising 193-nm PRs is based
on an acrylic tetrapolymer, isobornyl methacrylate
(IBMA)–methyl methacrylate (MMA)–methacrylic
acid (MAA)–tert-butyl methacrylate (TBMA), as
shown in Figure 1. Each component of the acrylic
tetrapolymer plays an important role in the litho-
graphic properties: IBMA provides the etching
resistance. MMA is responsible for the mechani-
cal properties, optical properties, and positive de-
velopment characteristics. On the other hand,
MAA and TBMA control the aqueous base devel-
opment characteristics and the acid-cleavage re-
action of the side group, respectively. The effects
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of the molecular structure on PR performance
were demonstrated on the i-line6 and 248-nm (ref.
7) lithographic processes. For the IBMA–MMA–
MAA–TBMA tetrapolymer, the segmental distri-
bution of the each component in the tetrapolymer
as well as other molecular parameters should
have significant effects on the lithographic prop-
erties. However, the details on the synthesis and
characterization of the molecular structure of the
tetrapolymer have not been fully explored yet.

In this study, the polymerization kinetics and the
molecular structure of the IBMA–MMA–MAA–T-
BMA tetrapolymer were investigated. The tetra-
polymer was prepared from a solution polymeriza-
tion of four monomer components by using 2,29-
azobisisobutyronitrile (AIBN) as the polymerization
initiator. Both the macroscopic and microscopic
structures of the studied tetrapolymer were studied
experimentally and theoretically. The relationships
among the tetrapolymer composition, monomer
conversion, and reaction time were investigated.
Kinetic equations of the four-component copolymer-
ization related to the mean sequence length, the
reactivity ratio, and the monomer concentration
were derived. The reaction rate constants, the mean
sequence length, and the run number of the tetra-
polymer were obtained from the NMR results and
theoretical calculation. The experimental results
can be used as a basis for relating the molecular
structure of the tetrapolymer to the 193-nm litho-
graphic performance.

THEORETICAL BACKGROUND

Tetrapolymer Composition Equation
and Reactivity Ratio

The theoretical analysis of the two-component and
three-component copolymerization was described in
the literature.8–11 The kinetic equations related to

the four-component copolymerization were derived
in this study. Suppose that the four studied mono-
mers, IBMA, MMA, MAA, and TBMA, are repre-
sented by M1, M2, M3, and M4, respectively. Then,
16 types of the propagation reaction are shown as
eq. (1). Furthermore, the following assumptions are
made for the propagation reactions: (i) the reactivity
of a particular radical is independent of its size; (ii)
the reactivity is also independent of the nature of
the polymeric chain bound to the radical sites; (iii)
monomer molecules are consumed solely by the
propagation reactions; and (iv) the steady-state ap-
proximation for radicals:

M1
• 1 M1 3 M1

• R11 5 k11@M1
•#@M1#

M1
• 1 M2 3 M2

• R12 5 k12@M1
•#@M2#

M1
• 1 M3 3 M3

• R13 5 k13@M1
•#@M3#

M1
• 1 M4 3 M4

• R14 5 k14@M1
•#@M4#

M2
• 1 M1 3 M1

• R21 5 k21@M2
•#@M1#

M2
• 1 M2 3 M2

• R22 5 k22@M2
•#@M2#

M2
• 1 M3 3 M3

• R23 5 k23@M2
•#@M3#

M2
• 1 M4 3 M4

• R24 5 k24@M2
•#@M4#

M3
• 1 M1 3 M1

• R31 5 k31@M3
•#@M1#

M3
• 1 M2 3 M2

• R32 5 k32@M3
•#@M2#

M3
• 1 M3 3 M3

• R33 5 k33@M3
•#@M3#

M3
• 1 M4 3 M4

• R34 5 k34@M3
•#@M4#

M4
• 1 M1 3 M1

• R41 5 k41@M4
•#@M1#

M4
• 1 M2 3 M2

• R42 5 k42@M4
•#@M2#

M4
• 1 M3 3 M3

• R43 5 k43@M4
•#@M3#

M4
• 1 M4 3 M4

• R44 5 k44@M4
•#@M4#

(1)

are given by eqs. (2a)–(2d)

2
d@M1#

dt 5 R11 1 R21 1 R31 1 R41 (2a)

2
d@M2#

dt 5 R12 1 R22 1 R32 1 R42 (2b)

2
d@M3#

dt 5 R13 1 R23 1 R33 1 R43 (2c)

Figure 1 Molecular structure of the acrylic tetrapolymer poly(IBMA–MMA–MAA–
TBMA).
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2
d@M4#

dt 5 R14 1 R24 1 R34 1 R44 (2d)

From the steady-state assumption for radicals
[M1] ; [M4], eqs. (3a)–(3d) can be derived:

R12 1 R13 1 R14 5 R21 1 R31 1 R41 (3a)

R21 1 R23 1 R24 5 R12 1 R32 1 R42 (3b)

R31 1 R32 1 R34 5 R13 1 R23 1 R43 (3c)

R41 1 R42 1 R43 5 R14 1 R24 1 R34 (3d)

Combination of eqs. (1), (2), and (3) yields the
tetrapolymer composition as eqs. (4a)–(4c):

d@M1# : d@M2# : d@M3# : d@M4#

5 $@M1#~ak11 1 bk21 1 dk31 1 k41!%

: $@M2#~ak12 1 bk22 1 dk32 1 k42!%

: $@M3#~ak13 1 bk23 1 dk33 1 k43!%

: $@M4#~ak14 1 bk24 1 dk34 1 k44!% (4a)

in which a, b, d and A, B, C are defined as eqs. (4b)
and (4c):

a 5
k44

k11 1
21

r21r43r32
1

1
r23r41r32

2
1

r42r23r31
2

B
r43r31

2
C

r21r42
2

BC
r41

1
r12r23r31

1
1

r21r13r32
1

A
r23r32

1
B

r13r31
1

C
r12r21

2 ABC 2 5
k44

k11
a*

b 5
k44

k22 1
1

r13r31r42
2

1
r13r41r32

2
1

r12r31r43
2

A
r32r43

2
C

r12r41
2

AC
r42

1
r12r23r31

1
1

r21r13r32
1

A
r23r32

1
B

r13r31
1

C
r12r21

2 ABC 2 5
k44

k22
b*

d 5
k44

k33 1
21

r13r21r42
2

1
r12r41r23

1
1

r12r21r43
2

A
r23r42

2
B

r13r41
2

BC
r43

1
r12r23r31

1
1

r21r13r32
1

A
r23r32

1
B

r13r31
1

C
r12r21

2 ABC 2 5
k44

k33
d* (4b)

A 5
1

@M1#S 1
r12

@M2# 1
1

r13
@M3# 1

1
r14

@M4#D
B 5

1
@M2#S 1

r21
@M1# 1

1
r23

@M3# 1
1

r24
@M4#D

C 5
1

@M3#S 1
r31

@M1# 1
1

r32
@M2# 1

1
r34

@M4#D (4c)

The reactivity ratio of a monomer pair can be ob-
tained as below: First, the copolymer composition
equation, eq. (5a), can be rearranged as eq. (5b).
Therefore, the relationship between (1 2 g)[Mj]/[Mi]
and g([Mj]/[Mi])

2 is a straight line with the slope rji
and the intercept (2rij). Therefore, rij and rji can be
obtained for different monomer pairs:

u 5
d@Mi#

d@Mj#
5

S1 1 rij

@Mi#

@Mj#
D

S1 1 rji

@Mj#

@Mi#
D rij 5

kii

kij
(5a)

~1 2 u!
@Mj#

@Mi#
5 uS @Mj#

@Mi#
D 2

rji 2 rij (5b)

Distribution of the Monomers in a Tetrapolymer:
Mean Sequence Length and Run Number (R#)

Let P11 be the probability that a growing radical
chain [M1

•] adds to the monomer M1. Hence, it is
possible to express P11 as eq. (6):

P11 5
R11

R11 1 R12 1 R13 1 R14
(6)

The probability of forming a sequence of exactly x
units of monomer M1 is PM1(x), as shown in
eq. (7):

PM1~x! 5 P11
x21~P12 1 P13 1 P14!

5 P11
x21~1 2 P11! (7)
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Therefore, the instantaneous mean sequence
length of mMi can be expressed as eq. (8):

mMi 5 1 1
@Mi#

OjÞi

@Mj#

rij

i, j 5 1,2,3,4 (8)

The values of mMi during the polymerization are cal-
culated by eq. (8), in which the reactivity ratio is ob-
tained from the previous section. Furthermore, the
accumulated mean sequence length m# Mi during the
polymerization can be calculated by using eq. (9) or eq.
(10), where W is the weight of the reaction mixture. In
this study, m# Mi is determined from eq. (10):

m# Mi 5

E
@Mi#0

@Mi#t

mMid~V@Mi#!

E
@Mi#0

@Mi#t

d~V@Mi#!

(9)

m# Mi 5

1
W E

@Mi#0

@Mi#t

mMid~V@Mi#!

1
W E

@Mi#0

@Mi#t

d~V@Mi#!

5

E
@Mi#0

@Mi#t

mMidS @Mi#

d D
E

@Mi#0

@Mi#t

dS@Mi#

d D
(10)

The run number, R, of the tetrapolymer is the
average number of sequences of either monomer
per 100 monomer units. The rate of sequence
formation, ds/dt, regardless of length, is simply
the rate at which the sequence is ended. Ne-
glecting chain termination, the instantaneous
values of R and ds/dt are given by eqs. (11) and
(12):

ds
dt 5 O

i51

4 O
j51
iÞj

4

Rij (11)

R 5 100
ds

2d@M#

5 1001
k44

k11
a* 3 Oi52,3,4 k1i@Mi# 1

k44

k22
b* 3 Oi51,3,4 k2i@Mi# 1

k44

k33
d* 3 Oi51,2,4 k3i@Mi# 1 Oi51,2,3 k4i@Mi#

Oi51
4 H@Mi#Sk44

k11
a* 3 k1i 1

k44

k22
b* 3 k2i 1

k44

k33
d* 3 k3i 1 k4iDJ 2

5 1001a* Oi52,3,4

1
r1i

@Mi# 1 b* 3 Oi51,3,4

1
r2i

@Mi# 1 d* 3 Oi51,2,4

1
r3i

@Mi# 1 Oi51,2,3

1
r4i

@Mi#

Oi51
4 H@Mi#Sa* 3

1
r1i

1 b* 3
1
r2i

1 d* 3
1
r3i

1
1
r4i
DJ 2 (12)

Then, the accumulated run number of the tetra-
polymer during the polymerization, R# , can be de-
termined in a similar way as that of the accumu-
lated mean sequence length and expressed as eqs.
(13a) and (13b):

R# 5

E
@M#0

@M#t

RdS @M#

d D
E

@M#0

@M#t

dS @M#

d D
(13a)

@M# 5 O
i51

4

@Mi# (13b)

EXPERIMENTAL

Materials

MMA (99%, Lancaster), IBMA (Aldrich), and
TBMA (.98%, TCI) were purified by vacuum dis-
tillation. MAA (99%), 1-4 dioxane (991%, Acros),
AIBN (99%, TCI), THF (99.9%, Acros), chloro-
form-D (CDCl3, 99.8%, CIL), and deuterium oxide
(D2O, 100%D, Acros) were used without further
purification.

Polymer Synthesis

Table I shows the reaction conditions for prepar-
ing the tetrarpolymer, poly(IBMA–MMA–MAA–
TBMA). Here, the details of polymerization are
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described as below by using the reaction condition
(i) as an example. The reaction mixture consisted
of 0.4 mol IBMA, 0.25 mol MMA, 0.15 mol MAA,
0.2 mol TBMA, 0.1 mol AIBN, and 250-mL p-
dioxane. It was stirred and maintained at 800C
for 11 h. Then, it was poured into a 2000-mL
stirring hexane, precipitated, dissolved in THF,
precipitated in hexane again, and dried in a vac-
uum oven at 1500C for 5 h. A white powder was
obtained with a yield of 95%.

1H-NMR (d, ppm, reference to TMS, in CDCl3): 0.8–1.1
(CH3 on the isobornyl group and CH3 side group on the
vinyl linkage), 1.1–2.0 (tert-butyl group, CH2 on the
vinyl linkage, and CH, CH2 group on the isobornyl
group), 3.56 (CH3 group attached to the COO side
group of MMA), 4.33 (CH on the isobornyl group at-
tached to the COO side group).

Kinetics Study

Monomer Conversion with Reaction Time

The monomer concentration during the copoly-
merization was evaluated as below: First, the po-
lymerization reaction was stopped at each mea-
sured time and the polymer purified as described
in the polymer synthesis section. Then, the com-
position of each monomer in the prepared tetra-
polymer was determined from the 1H-NMR spec-
tra and then compared with the starting mono-
mer concentration to obtain monomer conversion.
Hence, the monomer conversion with the reaction
time was obtained.

Reaction Rate Constant

The consumption of the monomer M1 can be de-
scribed by eq. (14) from the combination of eqs. (1)
and (2). Based on the assumption of the steady-
state approximation during the polymerization

for radicals, the radical concentration can be re-
lated to each other by eq. (15). Hence, the mono-
mer concentration during polymerization can be
described by eqs. (16) and (17). By plotting
ln([M1]) versus the polymerization time, the reac-
tion rate constant k defined in eq. (18) is obtained.
Similarly, the reaction rate constants for the
other three monomers can be determined in the
same way:

2
d@M1#

dt 5 R11 1 R21 1 R31 1 R41

5 ~k11@M1
•# 1 k21@M2

•# 1 k31@M3
•#

1 k41@M4
•#!@M1# (14)

@M1
•# 5 a@M4

•#, @M2
•# 5 b@M4

•#, @M3
•# 5 d@M4

•#

(15)

2
d@M1#

dt 5 k@M1# (16)

ln@M1# 5 2kt 1 ln~@M1#0! (17)

and

k 5 ~ak11 1 bk21 1 dk31 1 k41!@M4
•# (18)

Reactivity Ratio

In this study, the reactivity ratio of IBMA to the
other three monomers or vice versa was obtained
by using eq. (5b). Four initial monomer ratios
were used in this study, which were 80/20, 65/35,
50/50, and 35/65. At the initial period of the po-
lymerization reaction, u can be approximately cal-
culated by the composition of the copolymer and
[Mj][M1] was close to the feed monomer ratio. On

Table I Reaction Conditions for Preparing the Studied Polymers

Reaction
Condition

Reaction
Temperature

(°C)

AIBN
Concentration

(mol % Monomer)

Initial Monomer
Concentration
(mol/L Solvent)

(i) 70 1 4
(ii) 80 1 4
(iii) 90 1 4
(iv) 80 0.5 4
(v) 80 2 4
(vi) 80 1 3
(vii) 80 1 5
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the other hand, the reactivity ratios of MMA,
MAA, and TBMA to each other were calculated
from the Q–e values reported in the literature.12

Table II shows the reactivity ratios of the studied
monomers.

Mean Sequence Length

The instantaneous mean sequence length of each
component during the polymerization was calcu-
lated by eq. (8) combined with the 1H-NMR spec-
tra of the polymers. In this calculation, the reac-
tivity ratio was obtained from the previous sec-
tion. Furthermore, the accumulated mean
sequence length during the polymerization can be
calculated by using eq. (10).

Run Number

The instantaneous run number (R) of the pre-
pared tetrapolymer during the polymerization
was calculated according to eq. (12) along with the
1H-NMR spectra of the polymers. In addition, the
accumulated run number, R# , during the polymer-
ization reaction was calculated by eq. (13a).

Characterization

Infrared spectra of polymer thin films prepared
from KBr pellets were recorded at room temper-
ature using a Bio-Rad Digilab Division FTS-40
FTIR spectrophotometer. 1H-NMR spectra of
the prepared polymers were determined by a
solution using a nuclear magnetic resonance
spectrometer (Custom Scientific Instrument,
Inc. EX-400) at 400 MHz. The molecular weight
distribution of the prepared polymers was de-
termined by a gel permeation chromatographer
(GPC) with a solvent delivery system (Spectro-

flow 400, ABI), a refractive index detector (RI-
71, Shodex), and a GPC column (PLgel 5-hm
MIXED-C, Polymer Laboratories). Thermal
analysis by differential scanning calorimetry
(DSC) was done using a Perkin–Elmer DSC-7
with a heating rate of 10C°C/min under a nitro-
gen atmosphere.

RESULTS AND DISCUSSION

Synthesis of Polymers

Figure 2 shows the FTIR spectrum of the pre-
pared tetrapolymer IBMA–MMA–MAA–TBMA.
The characteristic absorption bands of —COC,
CAO, and —CH2 and —CH3 are shown at 1170,
1720, and 2850–3000 cm21, respectively. These
peaks indicate the existence of the specific func-
tional groups of the four components. However,
they cannot elucidate the composition of the tet-
rapolymer. 1H-NMR provides a powerful tool for
characterizing the composition of the tetrapoly-
mer. Figure 3 exhibits the 1H-NMR spectrum of
the tetrapolymer IBMA–MMA–MAA–TBMA in
CDCl3. The compositions of the four monomers in
the tetrapolymer were determined by comparing
with the 1H-NMR spectra of their homopolymers,
poly(isobornyl methacrylate) (PIBMA), poly-
(methyl methacrylate) (PMMA), poly(methacrylic
acid) (PMAA), and poly(tert-butyl methacrylate)
(PTBMA), respectively. The compositions of
IBMA, MMA, and TBMA in the tetrapolymer
were obtained by comparing the peak areas of the
resonance peaks at 4.33, 3.56, and 1.39 ppm, re-
spectively. On the other hand, the composition of
MAA in the tetrapolymer was evaluated by the
total proton number balance and the resonance
peaks in the range of 0.8–2.0 ppm. The mol ratios
of the four monomers determined from Figure 3
are 0.391:0.255:0.152:0.202 for IBMA, MMA,
MAA, and TBMA, respectively. The ratio is al-
most identical to the feeding mol ratio of 0.4:0.25:
0.15:0.2. Furthermore, the yield of the polymer-
ization of the tetrapolymer is as high as 95%.
These results suggest the successful preparation
of the designed tetrapolymer.

The polymerization of the four monomers can
be further investigated from the relationships of
the monomer conversion and the tetrapolymer
composition with respect to the reaction time as
shown in Figure 4. This figure shows that the
IBMA fraction in the tetrapolymer gradually in-
creases with increasing reaction time. However,

Table II Reactivity Ratios of the Studied
Monomers

rij

Monomer (j)

Radical (i)

IBMA MMA TBMA MAA

IBMA — 1.075a 0.893a 1.185a

MMA 0.892a — 1.01b 1.1b

TBMA 1.157a 0.96b — 1.02b

MAA 0.757a 0.87b 0.85b —

a Experimental results.
b Q–e method.
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the fraction of MAA in the copolymer exhibited a
reverse trend, which decreases with increasing
reaction time. However, the fractions of MMA and
TBMA do not show a significant change with the
reaction time, as shown in Figure 4. This result
suggests that the reaction rate of the MAA mono-
mer is the largest and that of IBMA is the slowest.
A further study of the reaction rate was by study-
ing the relationships between ln([Mx]) and the
reaction time, as shown in Figure 5. The reaction
rate constants of the four monomers calculated by
eq. (17) and Figure 5 are in the following order:
kMAA . kMMA . kTBMA . kIBMA. This result can be
explained by the steric effect from the molecular
structure since the size of the side group is IBMA
. TBMA . MMA . MAA.

Reactivity Ratio of Monomers

Figure 6 shows the relationship between (1
2 u)[Mj]/[M1] and u([Mj]/[M1]2). Here, Mj (j 5 2, 3,
4) represents MMA, MAA, and TBMA, respec-
tively. The reactivity ratios of IBMA to the other
three monomers or vice versa are determined
from Figure 6 and eq. (5b), which are listed in

Table II. A similar experiment as that of the
IBMA system in Figure 6 was conducted for the
monomer pair MMA–TBMA, which is shown in
Figure 7. It is found that the reactivity ratios
obtained from the above experiment are almost
the same as those from the Q–e method. Hence,
for the other three monomers, MMA, TBMA, and
MAA, the reactivity ratios are calculated from the
Q–e value. The reactivity ratios of the monomer
pairs are listed in Table II. The reactivity ratios
listed in Table II are all close to 1. This result
indicates that the synthesized copolymer is prob-
ably a random copolymer as is the original design.
Figure 8 exhibits the relationship between (1
2 u)[M2]/[M1] and u([M2]/[M1])2 for the monomer
pair of IBMA–MMA in the polymerization condi-
tions ii, iii, v, and vi of Table I. An almost identi-
cal relationship was obtained for different poly-
merization conditions. Therefore, the reactivity
ratios of the studied polymerization system are
dependent on the monomer type but show an
insignificant change for different polymerization
temperatures, monomer concentrations, and ini-
tiator concentrations.

Figure 2 FTIR transmission spectrum of the acrylic tetrapolymer poly(IBMA–MMA–
MAA–TBMA).
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Mean Sequence Length

Figure 9 shows the relationship between the in-
stantaneous mean sequence length (mMi) and
([Mi]d). Figure 10 exhibits the relationships be-

tween the accumulated mean sequence length of
the four monomer segments m# Mi and the mono-
mer conversion. The instantaneous mean se-
quence lengths of the monomer segment MMA,
MAA, and TBMA are in the range of 1.1–1.3 and

Figure 3 1H-NMR spectrum of the acrylic tetrapolymer in CDCl3, poly(IBMA–MMA–
MAA–TBMA).

Figure 4 Relationships between the tetrapolymer composition and the monomer mol
conversion with the reaction time by using reaction condition ii.
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almost remain constant during the polymeriza-
tion. However, the instantaneous mean sequence
length of IBMA increases rapidly with the mono-
mer consumption, as shown in Figure 9. This
result provides further evidence of the slower po-
lymerization rate of the monomer IBMA than
that of the other three monomers. The accumu-
lated mean sequence lengths of the four monomer
segments at the end of polymerization are 1.772,
1.304, 1.169, and 1.229 for IBMA, MMA, MAA,
and TBMA, respectively. This result suggests
that a random tetrapolymer is produced in this
study.

Run Number

Figure 11 shows the relationship between the
instantaneous run number (R# ) and [M]/d. The

run number shows an insignificant change at
the initial stage of polymerization but decreases
rapidly at the end of polymerization (i.e., [M]/d
; 0). This probably resulted from the slow po-
lymerization rate of the monomer IBMA. As
shown in the study of the reaction rate constant
and the mean sequence length, the sequence
length of the monomer IBMA increases signifi-
cantly during the final stage of polymerization
and resulted in a large decrease of the run

Figure 5 Relationship between the monomer concen-
tration (ln[Mi]) and the reaction time (t) during the
tetrapolymerization by using reaction condition ii.

Figure 6 Relationship between (1 2 u)[Mj]/[M1] and
u([Mj][M1]2 for obtaining the monomer reactivity ratios
of IBMA–MMA, IBMA–MAA, and IBMA–TBMA.

Figure 7 Relationship between (1 2 u)[M2]/[M1]
and u([M2][M1])2 for the MMA(1)–TBMA(2) copoly-
merization from either the Q–e method or experi-
ments.

Figure 8 Relationship between (1 2 u)[M2][M1) and
u([M2][M1])2 for obtaining the monomer reactivity
ratios of IBMA(1)–MMA(2) under different poly-
merization conditions (ii), (iii), (vi), and (vii) of Ta-
ble I.
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number. Figure 12 exhibits the relationship be-
tween the accumulated run number (R# ) and the
monomer conversion. The run number de-
creases with increasing monomer conversion
and is 70.25 at the end of polymerization, which
suggests a random copolymer.

Thermal Properties

The thermal properties of the five polymers,
PMMA, PIBMA, PTBMA, and PMAA, and
poly(MMA–IBMA–MAA–TBMA), were character-
ized by their DSC curves. The glass transition
temperatures of MMA, PIBMA, PMAA, and
PTBMA, and poly(MMA–IBMA–MAA–TBMA)
are 108.2, 121.7, 227.3, 144, and 140.60C, respec-

tively. The prepared tetrapolymer has a single
glass transition temperature and was in a fair
agreement with the Tg value calculated by the
Fox equation. This result provides more evidence
of the random copolymer.

Molecular Weight Distribution

Table III shows the effect of the polymerization
conditions on the molecular weight of the pre-
pared tetrapolymer. By increasing the reaction
temperature (i–iii in Table I) and the initiator
concentration (ii, iv, v in Table I), the molecular
weight and its distribution of the prepared tet-
rapolymer decreased as expected. Furthermore,
the molecular weight increased but its distribu-
tion decreased with increasing initial monomer
concentration (ii, vi, vii in Table I).

Figure 9 Relationships between the instantaneous
mean sequence length (m# Mi) and [Mi]d during the
polymerization by using reaction condition ii of Ta-
ble I.

Figure 10 Relationships between the accumulated
mean sequence length (m# Mi) and the monomer mol
conversion by using reaction condition ii.

Figure 11 Relationship between the instantaneous
run number (R# ) of the tetrapolymer and [M])/d.

Figure 12 Relationships between the accumulated
run number (R# ) of the tetrapolymer, the monomer mol
conversion, and the reaction time.
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CONCLUSIONS

The tetrapolymer poly(IBMA–MMA–MAA–TBMA)
was prepared and characterized in this study. The
composition of the tetrapolymer is very close to the
feed monomer fraction. The investigation of the tet-
rapolymer composition and reaction rate constant
shows that the polymerization rate of the monomer
is strongly affected by the size of the side group.
Among the studied four monomers, MAA and IBMA
have the fastest and slowest polymerization rates,
respectively. The results of the mean sequence
length, run number, and glass transition tempera-
ture suggests that the prepared tetrapolymer is a
random copolymer. The molecular weight of the
prepared tetrapolymer is significantly affected by
the polymerization conditions. It increases with an
increasing monomer concentration but decreases
with an increasing reaction temperature and initi-
ator concentration.

The authors thank the Chinese Petroleum Co. and the
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Table III Molecular Weight (M# n, M# w) and Its
Distribution (PDI) of the Tetrapolymer Under
Different Polymerization Conditions

Reaction
Condition M# n M# w PDI

(i) 25,177 49,164 1.949
(ii) 22,147 39,687 1.792
(iii) 19,247 34,154 1.775
(iv) 52,148 93,919 1.801
(v) 18,488 31,915 1.730
(vi) 13,275 24,174 1.821
(vii) 27,574 43,419 1.575
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