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ABSTRACT: Monomer reactivity ratios in radical copolymerization of 4-hydroxystyrene derivatives with
tert-butyl acrylate and methacrylate have been determined by nonlinear regression as well as by the
Kelen—Tudos graphic method. The hydroxystyrene derivatives employed in the study included 4- and
3-hydroxystyrenes, 4- and 3-acetoxystyrenes, and 4-tert-butoxycarbonyloxystyrene. The electron-rich
4-hydroxystyrene is unique as its copolymerization with the electron-deficient acrylate monomers is more
alternating. The simulation of the copolymerization on the basis of the reactivity ratios has been shown
to fully describe the copolymerization behavior and copolymer structures. The kinetics of radical
copolymerization of 4-acetoxystyrene with tert-butyl (meth)acrylate has been studied in detail using a
gas chromatographic procedure and also by in situ *H NMR spectroscopy. The kinetics behavior has shown
an excellent agreement with the computer simulation of the copolymerization using the reactivity ratio

values determined on the basis of the terminal model.

Introduction

Microelectronics technologies have shown a remark-
able progress in the past 20 years, which has been made
possible by advancement of resist materials used in
microlithographic imaging. Chemical amplification re-
sists designed on the basis of photochemically induced
acid-catalyzed reactions have recently replaced the
novolac/diazonaphthoquinone resist in mass production
of logic and memory devices by deep UV (248 nm, KrF
excimer laser) lithography.>=7 Phenolic polymers based
on poly(4-hydroxystyrene) (P4HOST) partially protected
with acid-labile groups are currently the material of
choice for the 248 nm lithographic technology.®

Commercialization of resists for mass device produc-
tion requires a continuous and reproducible supply of
component materials such as the above-mentioned
phenolic polymers. Our deep UV positive resist named
ESCAP which is a foundation of some of the today’s
commercial resists employs a copolymer of 4-hydroxy-
styrene (4HOST) with tert-butyl acrylate (TBA).%1° The
copolymer synthesis involves radical copolymerization
of TBA with 4HOST or with protected 4HOST such as
4-acetoxystyrene (4ACOST), 4-tert-butoxycarbonyloxy-
styrene (BOCST),!! or 4-tert-butyl(dimethyl)silyloxy-
styrene!? followed by selective deprotection. Thermal
deprotection of poly(BOCST-co-TBA) in the solid state
or in solution was not selective enough to afford clean
poly(4HOST-co-TBA). Although we were able to cleanly
remove the silyl protecting group using fluorides with-
out cleaving the tert-butyl ester functionality, the lack
of the availability of the silyl-protected monomer pre-
cluded its use in our ESCAP polymer preparation. To
ensure a robust resin synthesis, we have decided to
study in detail the radical copolymerization behavior of
these systems. tert-Butyl methacrylate (TBMA) as well
as 3-acetoxystyrene (3ACOST) and 3-hydroxystyrene
(BHOST) were also included in this investigation.
Monomer reactivity ratios, simulation of the copolymer-
izations as a function of the conversion and feed ratio
on the basis of the reactivity ratios, and Kkinetics of the
copolymerizations as studied by gas chromatography
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(GC) and in situ *H NMR spectroscopy are reported in
this paper.

Experimental Section

Materials. 4ACOST was obtained from Hoechst Celanese
(currently TriQuest) and BOCST from Eastman Kodak. 4HOST
was prepared by base hydrolysis of 4ACOST.'3 3ACOST was
synthesized by the Wittig reaction using 3-hydroxybenzalde-
hyde as a starting compound and purified by column chroma-
tography (silica, n-hexane/CH,Cl, = 5/1). 3HOST was obtained
by base hydrolysis of 3ACOST and purified by distillation.
TBMA and TBA were obtained from commercial sources and
purified according to the known procedure. 2,2'-Azobis(iso-
butyronitrile) (AIBN) was purified by recrystallization from
methanol and benzoyl peroxide (BPO) by reprecipitation from
chloroform into methanol. Tetrahydrofuran (THF) used in the
Wittig reaction was refluxed over Na and distilled. Toluene,
ethylbenzene, 2-propanol (IPA), and propylene glycol methyl
ether acetate (PMA) were used without further purification.

Copolymerization. Radical copolymerization of the pro-
tected HOST monomers with acrylates was carried out in
toluene using 1—2.5 mol % of AIBN or BPO as the initiator at
50 or 60 °C for 1—-2 h. IPA and PMA were used as the
polymerization solvent for the HOST copolymerizations. All
the copolymerizations were terminated at low conversions,
typically <10%, to allow the use of the differential copoly-
merization equation for the reactivity ratio determination.
Representative copolymerization procedures are as follows.

A mixture of 4ACOST (16.377 g, 0.1010 mol), TBMA (8.787
g, 0.0678 mol), and BPO (1.0 g, 0.0041 mol) in 25 mL of toluene
was deaerated by bubbling nitrogen and heated in an oil bath
at 60 °C in a nitrogen atmosphere for 50 min. After removing
the flask from the oil bath, the mixture was diluted with 25
mL of acetone and precipitated in 750 mL of 85% aqueous
methanol. The resulting precipitate was filtered, washed with
the precipitation solvent (3 x 200 mL), and dried at 40 °C
under vacuum for 18 h to give 1.1 g (4% conversion) of a
powdery copolymer. The polymer was reprecipitated twice as
a 10% solution in acetone in the same manner as above.

A mixture of 3HOST (1.215 g, 10.10 mmol), TBMA (1.432
g, 10.10 mmol), and AIBN (31 mg, 0.189 mmol) in 1.0 mL of
IPA was heated under nitrogen at 50 °C for 1.5 h after
repeating a freeze—thaw cycle three times. The copolymer was
recovered by precipitation in hexanes. After reprecipitation
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and drying, the polymer amounted to 330 mg (12.5% conver-
sion).

Reactivity Ratio Determination. The copolymer compo-
sitions were determined by 'H and inverse-gated* *H-de-
coupled *C NMR spectroscopies. In the case of the BOCST
copolymers, thermogravimetric analysis (TGA) was also con-
veniently employed in the compositional analysis based on the
quantitative loss of isobutene and carbon dioxide at ~200 °C.*t
The low conversion (conversion exceeded 10% and reached
12.5% only in one case) allowed us to employ the differential
copolymerization equation in the reactivity ratio determina-
tion. The reactivity ratio values were first calculated by using
the Kelen—Tudos method!® and then by employing the CON-
TOUR program developed by van Herk® on the basis of
nonlinear regression.”

Computer Simulation of Copolymerization. The co-
polymerization was simulated as a function of the conversion
and feed ratio in terms of feed compositions, copolymer
compositions, sequence distributions, sequence lengths, etc.,
employing a FORTRAN program developed by Lin and
Schuerch®® and later modified in-house.

Copolymerization Kinetics Analysis by GC. The kinet-
ics of the copolymerization was studied by GC for the 4ACOST-
TBA and 4ACOST-TBMA systems using AIBN as the initiator
at 60 °C. Ethylbenzene was selected as the polymerization
solvent and as the internal standard for the GC analysis.
Calibration curves were generated first by injecting known and
varying amounts of monomer pairs together with ethylbenzene
diluted with methanol. In addition to monitoring the monomer
consumption by GC, copolymers were isolated at intervals and
analyzed for yields and for their compositions by *H NMR. A
representative example of the procedure is as follows.

In a three-necked round-bottomed flask equipped with a
condenser were placed 4ACOST (34.02 g, 210 mmol), TBA
(17.92 g, 140 mmol), AIBN (1.3786 g, 8.41 mmol), and
ethylbenzene (50 mL). Nitrogen was bubbled into the solution
to remove oxygen before the flask was lowered into an oil bath
at 60 °C. Samples (4.0 g) of the reaction mixture were removed
at intervals of ~45 min as the reaction proceeded in a nitrogen
atmosphere for 24 h. Each sample was immediately precipi-
tated into methanol (100 mL) before an aliquot of supernatant
was removed for monomer concentration analysis by GC. GC
samples were further diluted with methanol (10:1). Each
partially solidified polymer was dissolved in acetone and
reprecipitated into a methanol/water (5/1) solution. The result-
ing solids were filtered, washed with 200 mL of the precipita-
tion solvent, and dried overnight to produce white powdery
polymers, which were subjected to compositional analysis by
H NMR.

Copolymerization Kinetics Analysis by *H NMR. In
parallel to the GC procedure, we employed *H NMR to monitor
in situ the monomer consumption and polymer buildup in an
NMR tube for the 4ACOST-TBA and 4ACOST-TBMA systems.
We selected dioxane-dg as the polymerization and NMR solvent
for its appropriate boiling point and lack of interfering NMR
resonances in the areas of interest. Removal of oxygen was
needed for radical polymerization to proceed in a NMR tube.
The elimination of the paramagnetic oxygen in turn resulted
in longer relaxation times, which were further lengthened by
the higher temperature required for polymerization. Thus, for
guantitative analysis, we performed an inversion recovery
experiment?® to measure the *H longitudinal relaxation times
(T41) of the monomers. The *H Ty's were determined for each
of the individual monomer resonance lines by fitting the areas
to a three-parameter model of the exponential recovery curve
using a commercial software package (NUTS, ACORN NMR,
Inc., CA). The longest T measured was ~35 s. Instead of
waiting a full 5T, between pulses, which would be required
when using a z/2 pulse, a smaller tip angle of 1.4° was used
for the kinetics runs, which allowed for 104 transients to be
collected in 5.2 min without saturating any of the resonances.
An representative example of the NMR procedure is as follows.

In a 5 mm diameter NMR tube were placed AIBN (0.0027
g, 0.016 mmol), TBMA (0.0710 g, 0.4993 mmol), 4ACOST
(0.0562 g, 0.3465 mmol), and dioxane-ds (0.5778 g). The tube

Hydroxystyrene and tert-Butyl (Meth)acrylate 5081

Table 1. Radical Copolymerization of 3HOST with

TBMA2
3HOST 3HOST
mol % in  yield mol % in Ty
feed (%) copolymer My Mn (°C)
10 9.2 17 431000 204000 136
20 8.4 28 311 000 134 000 140
30 4.0 37 342 000 181 000 149
40 6.6 45 318000 193000 153
50 12.5 50 308500 149000 156
60 7.7 56 284 000 143 000 157
70 8.4 62 263500 142000 163
80 9.0 72 181 000 95000 163
90 8.1 83 145 000 75 000 163

a8 [Monomer] = 20 mmol, AIBN 1 mol %, IPA 1.0 mL, 50 °C, 1.5
h.

was connected to a high-vacuum line, and a freeze—thaw cycle
was repeated three times to completely remove oxygen. The
tube was sealed off at the constriction under high vacuum and
placed, after thawing, in a 'H NMR probe maintained at room
temperature. A spectrum was recorded at room temperature
first to quantify the initial concentrations of the monomers
and AIBN. Then, the sample tube was removed, and the probe
was heated to 64 °C. The sample was reintroduced after the
probe temperature reequilibrated, and a free induction decay
(fid) was recorded every 30 min for 16—55 h. NMR spectra
thus obtained were then processed for quantitative analysis
by integration. Integration of the whole resonances remained
constant throughout the kinetics runs, which provided us with
confidence in our parameter setting and quantitative analysis.
The peak intensities were normalized to the integration value
of the entire resonance range (8—0 ppm).

Measurements. *H NMR spectra for the kinetics studies
were recorded on a Bruker AC300 spectrometer (300 MHz) at
64 °C in dioxane-ds. A Bruker AF250 spectrometer was also
used in determination of copolymer compositions in the *H (250
MHz) and *3C (62.9 MHz) modes. 3C NMR was also run on a
Bruker AM500 spectrometer for microstructure analysis at
125.8 MHz. An inverse-gated H-decoupling technique was
employed for quantitative analysis by 3C NMR. GC analysis
was performed on a Hewlett-Packard 5890 gas chromatograph
equipped with a methylsilicone column (5 m x 0.53 mm).
Thermal analyses were performed on a Perkin-Elmer TGS-2
at a heating rate of 5 °C/min for TGA and on a Du Pont 910
at 10 °C/min for differential scanning calorimetry (DSC) in
nitrogen. Molecular weight determination was made by gel
permeation chromatography (GPC) using a Waters model 150
chromatograph equipped with 6 uStyragel columns at 30 °C
in THF. The molecular weight values reported in this paper
are relative to polystyrene.

Results and Discussion

Monomer Reactivity Ratios. As an example, the
results of the copolymerization of 3HOST and TBMA
with 1.0 mol % of AIBN in IPA at 50 °C are tabulated
in Table 1. Termination after 1.5 h kept the conversion
at ~10%. Weight-average molecular weights (M,,) and
glass transition temperatures (Ty) seem to be affected
significantly by the copolymer compositions; an increase
in the 3HOST concentration seems to result in de-
creased M,, and increased Ty, which may be due to the
radical scavenging effect and hydrogen bonding of the
phenolic functionality, respectively. The apparent mo-
lecular weight change might simply reflect a change of
the hydrodynamic volume as a function of composition
because the reported values are only relative to poly-
styrene.

Copolymerizations are in general treated, using four
propagation rate constants, ki1, Kiz, K22, and kz;, on the
basis of the terminal model.?° However, a penultimate
model has been shown in some cases?! to be a better
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Table 2. Monomer Reactivity Ratios for HOST Derivatives (M1) and TB(M)A (M) Determined by Nonlinear Regression?

4ACOST 3ACOST

BOCST

4HOST 3HOST

TBA A D
r1=1.140 (1.119)
r, = 0.297 (0.294)

TBMA B c E
r. = 0.792 (0.766) r1 = 0.903 (0.912)
r, = 0.603 (0.594) r, = 0.571 (0.559)

ry = 1.412 (1.208)
r, = 0.248 (0.206)

r. = 1.162 (1.068)
r, = 0.623 (0.545)

F
r; = 0.179 (0.179)P
r, = 0.202 (0.189)
G H
r1 = 0.159 (0.152)¢
r, = 0.410 (0.394)

ri = 0.474 (0.482)
r, = 0.517 (0.526)

a The values in parentheses are calculated by the Kelen—Tuidés method. ? In IPA; r; = 0.342 (0.333) and r, = 0.218 (0.209) in PMA (1).

¢In IPA; ry = 0.236 (0.234) and r, = 0.496 (0.494) in PMA (J).
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Figure 1. Monomer reactivity ratios and 95% joint confidence
intervals for copolymerization of HOST derivatives (M;) and
(meth)acrylates (My); see Table 2 for identification of monomer
pairs.

representation than the terminal model. It is therefore
ideal if one proves that one’s copolymerization can be
treated with the terminal model and then proceeds to
determine monomer reactivity ratios (r1 = kii/ki2 and
r; = koo/kz1). However, this is not a common practice.
In this paper we determine the reactivity ratio values
on the basis of the terminal model, simulate the co-
polymerization as a function of conversion of the mono-
mers to polymer using the reactivity ratio values, and
compare the simulation with experimental kinetics data.
If the agreement between the simulation based on the
terminal model and the experimental kinetics data is
good, a reasonable conclusion can be made that the
terminal model is an adequate expression of the co-
polymerization.

Monomer reactivity ratios are determined typically
by the Kelen—Tudos linear graphic method,® as exem-
plified by tabulation in the Polymer Handbook.?2 How-
ever, it has been recently recommended that reactivity
ratios should be determined by using nonlinear regres-
sion and that errors in the reactivity ratio values must
be expressed in 95% joint confidence intervals.23-25
Therefore, we have determined the monomer reactivity
ratios by employing the CONTOUR program developed
by van Herk!® employing the nonlinear regression
procedure and also by the Kelen—Tudés method.

For the copolymerization of the HOST derivatives
(Mj) and (meth)acrylates (M;), the monomer reactivity
ratios (r; and rp) and 95% joint confidence intervals
determined by the nonlinear regression method are
presented in Figure 1. The reactivity ratio values
determined by the nonlinear regression and the Kelen—
Tidods method are tabulated and compared in Table 2.
The overall agreement between the values determined
by the two procedures has been found to be excellent in
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Figure 2. Mole fractions of 4ACOST in copolymer and in feed
for AACOST—TBA (O) and for 4ACOST—TBMA (M) in toluene

and composition curves calculated for r; = 1.14 and r, = 0.30
(solid line) and r; = 0.79 and r, = 0.60 (broken line).

this study. Even in the worst case (D and E), the Kelen—
Tudés values are within the 95% joint confidence
contour.

The copolymerizations involving the meta isomers
were carried out at 50 °C while the others were at 60
°C. In the case of the protected HOST (4ACOST and
BOCST) with TBA, the r; vales are larger than unity
and the r, values significantly smaller, indicating that
the styrenic monomer reacts faster than the acrylate
toward both the styrene and acrylate radicals. Replace-
ment of TBA with TBMA in the copolymerization with
the protected HOST results in introduction of a more
azeotropic character as illustrated by the copolymer
composition curves in Figure 2 for 4ACOST. This
azeotropic tendency seems to prevail in all the TBMA
copolymerizations with the protected HOST derivatives
examined; ri ~ r, ~ 1.

Comparison of protected and free HOST monomers
is also interesting as demonstrated in Figure 3 for the
TBA systems. In the HOST copolymerizations, both r;
and r, values are significantly smaller than unity in the
copolymerization with either TBA or TBMA, indicating
that the cross-propagation is several times faster than
the self-propagation and thus providing a significantly
alternating character to the HOST copolymerizations.
The alternating tendency seems slightly stronger in IPA
than in PMA, judging from the smaller r; and r, values
in the former. The copolymerization of 3HOST with
TBMA has a more azeotropic character.

Alfrey—Price Q and e values!® for 4ACOST and TBMA
can be found in the literature; Q = 1.35 and e = —0.8
for 4ACOST,!? and Q = 0.76 and e = 0.24 for TBMA.20
The monomer reactivity ratios can be calculated using
these Q—e values as r; = 0.773 and r, = 0.439. The
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Figure 3. Mole fractions of styrenic monomer in copolymer
and in feed for 4ACOST—TBA in toluene (O) and 4HOST—
TBA in IPA (O) and composition curves calculated for r; = 1.14
and r, = 0.30 (solid line) and for r, = 0.18 and r, = 0.20 (broken
line).

calculated and experimentally determined r; values
agree well, but our r; value is somewhat smaller than
the calculation. From the literature Q—e values of
TBMA and our reactivity ratios, the resonance and
electronic parameters for 4ACOST can be calculated as
Q = 1.03 and e = —0.62. The Q—e values for BOCST,
3ACOST, and 3HOST calculated in the same fashion
are as follows: Q = 1.06 and e = —0.33 for BOCST, Q
=1.10 and e = —0.57 for 3ACOST,and Q = 1.10 and e
= —0.95 for 3HOST. 4HOST has been copolymerized
with a number of vinyl monomers.?® Kato et al. deter-
mined reactivity ratios and calculated Q and e values
for the copolymerization of 4HOST with styrene and
methyl methacrylate (MMA); Q = 1.52 and e = —1.03
with styrene, and Q = 1.14 and e = —1.16 with MMA.30
The Q—e values of 3HOST reported by Kato are Q =
1.10 and e = —0.80 (with styrene as a comonomer) and
Q =1.02 and e = —0.93 (with MMA as a comonomer),3°
which agree well with the calculated values shown
above. The reactivity ratios reported by Kato for 4HOST—
MMA (r; = 0.25 and r, = 0.34) are similar to our values
for AHOST—TBMA. Using the literature Q—e values for
4HOST and TBMA, their reactivity ratios can be
calculated as r; = 0.30 and r, = 0.48, which agree
reasonably well with our values experimentally deter-
mined in PMA.

The resonance and electronic states and therefore
reactivities of the protected HOST derivatives and of
3HOST are more or less similar to those of styrene. In
contrast, the highly electron-rich 4HOST bearing a
strongly electron-donating para-OH group has a pro-
pensity toward alternating copolymerization with elec-
tron-deficient acrylates.

Simulation of Copolymerization. Once experimen-
tally determined, the reactivity ratios can be used to
simulate the entire copolymerization as a function of
the feed ratio as well as of the conversion in terms of
the monomer consumption, copolymer composition,
sequence distribution, sequence length, etc. Thus, the
copolymerization simulation based on the reactivity
ratio values can be indispensable as it can provide
fundamental but often ignored information regarding
depletion of one monomer during the course of poly-
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Figure 4. Mole fraction of unreacted 4ACOST in feed
simulated as a function of conversion at initial feed ratio
increment of 5% for 4ACOST—TBA in toluene (r; = 1.14 and
r, = 0.30).
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Figure 5. Mole fraction of 4ACOST (4HOST after base
hydrolysis) in copolymer simulated as a function of conversion
at initial feed ratio increment of 5% for 4ACOST—TBA in
toluene (r; = 1.14 and r, = 0.30).
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merization and homogeneity of copolymers produced
(random vs blocky), for example.

In Figures 4 and 5 are presented the mole fractions
of 4ACOST remaining in the feed and incorporated in
the copolymer, respectively, as a function of conversion
from O to 100% at the feed ratio increment of 5% for
the copolymerization of 4ACOST with TBA in toluene
at 60 °C. Figure 4 indicates that a target composition
of AACOST/TBA = 65/35 could be obtained from a rather
narrow feed ratio range of 55/45 to 65/35. The 55/45 feed
ratio could produce the target composition only at a low
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Figure 6. Mole fraction of unreacted 4HOST in feed simu-

lated as a function of conversion at initial feed ratio increment
of 5% for 4HOST—TBA in IPA (r; = 0.18 and r, = 0.20).

conversion of <20% and the 65/35 composition at the
maximum conversion of 100%. Higher conversions are
desirable economically. However, pushing a copoly-
merization to high conversions could result in exhaus-
tive consumption of one monomer and introduction of
blockiness in the copolymer. Figure 5 indicates that
faster-reacting 4ACOST might be completely consumed
at about 98% conversion. Therefore, it appears logical
to lower the ACOST concentration in the feed from 65%
toward 60% and to terminate the copolymerization at
80—90% conversion, which would ensure the formation
of homogeneously random copolymers free of excessively
long sequences of one monomer.

Figures 6 and 7 present the simulated dependence of
the feed and copolymer compositions, respectively, on
the conversion for varying initial feed ratios for the
4HOST—TBA system in IPA at 60 °C. In this monomer
combination, the target copolymer composition of 4HOST/
TBA = 65/35 could be prepared from the feed ratio
ranging from 85/15 (0% conversion) to 65/35 (100%
conversion). In this case the TBA concentration in feed
must be lower than in the 4ACOST system for the target
composition. The monomer consumption curve pre-
sented in Figure 6 indicates that the minor component
TBA would be completely depleted only above 90%
conversion in the case of the 65/35 feed ratio. However,
a long sequence of the HOST unit begins to grow at
relatively low conversions in this case, as demonstrated
by the plots of the sequence length of 4HOST instan-
taneously incorporated in the copolymer against the
conversion. To avoid any heterogeneity in the copolymer
composition, it would be advisable to increase the
4HOST concentration in the feed toward 70% and
terminate the copolymerization at <85%.

Thus, although the HOST—TBA copolymers with the
same final composition (and molecular weight) could be
obtained from the copolymerization of TBA with HOST
or with 4ACOST followed by hydrolysis, the microstruc-
tures (sequence distributions) of the two copolymers
could be very different. For example, poly(4HOST-co-
TBA)s containing 31% TBA could be prepared by
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Figure 7. Mole fraction of 4HOST in copolymer simulated
as a function of conversion at initial feed ratio increment of
5% for AHOST—TBA in IPA (r; = 0.18 and r, = 0.20).

terminating the copolymerizations at about 80% conver-
sion from feed ratios of 4ACOST/TBA = 65/35 and
4AHOST/TBA = 75/25. The concentrations of the acry-
late-centered triads and styrene-centered pentad se-
guences were calculated and are compared for these two
copolymers with the same compositions. In the copoly-
mer made directly from 4HOST, the alternating SAS
triad (A for acrylate and S for styrene) is the dominant
sequence. The number-average sequence length of TBA
= 1 amounts to 95% of the total TBA concentration in
the copolymer, with the sequence length of 2 and 3
sharply falling to ~5 and ~ 0%, respectively. The
copolymer made from 4ACOST contains a significant
concentration of the AAS triad sequence. The number-
average sequence length of TBA = 1 still amounts to
~80%, but the sequence length distribution is broader
than in the copolymer made from 4HOST, with the
number-average sequence length gradually falling (~15%
for 2, ~3% for 3, ~1% for 4, and ~0% for 5). 13C NMR
can nicely detect this difference in the sequence distri-
butions as shown in Figure 8. The aromatic C1 reso-
nances of the two polymers with the same compositions
are significantly different, most likely reflecting the
differences in pentad sequences. While the ester car-
bonyl resonance is dominated by a peak at the lowest
field in the case of the 4HOST system, the polymer
made from 4ACOST exhibits a large shoulder and a
third peak at a slightly higher field in the carbonyl 13C
resonance, which again agree well with our simulation
results. The quaternary carbon resonance of the copoly-
mer made from 4ACOST exhibits a splitting pattern
similar to the carbonyl resonance, although reversed in
the chemical shift, while the copolymer made from
4HOST essentially gives a single resonance.
Copolymerization Kinetics As Studied by GC.
The Kinetics of the copolymerization of 4ACOST with
TBA and TBMA initiated with AIBN at 60 °C was
investigated by GC, using ethylbenzene as the poly-
merization solvent and as the internal standard for the
GC analysis. Calibration curves were generated to
correlate the GC peak area ratios of the monomers to
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Figure 8. The 125 MHz 3C NMR spectra of poly(4HOST-co-
TBA)s of similar compositions made from 4HOST (top) and
from 4ACOST (bottom) in methanol-d,.

ethylbenzene to the actual concentrations (mol/L), giving
excellent linear fitting. The calibration was necessary
as the sensitivity of the response of each monomer to
our GC detector was significantly different.

Figure 9 presents the time—conversion curves for the
4ACOST/TBA feed ratio of 28.6/71.4 ([4AACOST]p = 2.0
mol/L and [TBA]o = 5.0 mol/L). The concentrations of
the two monomers (mol/L) are plotted as a function of
the polymerization time (T in minutes), which can be
nicely fitted with exponential decay curves:

log [TBA] = 0.703 — 9.75 x 10T
log [AACOST] = 0.286 — 1.91 x 107°T

In a similar fashion, the kinetics of the monomer
consumption for the 4ACOST/TBA feed ratio of 60/40
([4ACOST]p = 4.2 mol/L and [TBA]o = 2.8 mol/L) can
be expressed as follows:

log [TBA] = 0.421 — 6.26 x 10*T
log [AACOST] = 0.537 — 8.51 x 10*T

Thus, it is clear that 4ACOST is consumed faster than
TBA. Because of the faster consumption of 4ACOST, the
feed becomes more and more enriched with TBA as the
polymerization proceeds and the TBA concentration
becomes greater than the 4ACOST concentration in the
mixture after about 400 min of polymerization even
when the TBA was a smaller component in the initial
feed. In the case of the feed containing a smaller amount
of more reactive 4ACOST (4ACOST/TBA = 3/7), the
4ACOST concentration remains lower and becomes
lower and lower as a function of the polymerization
time, and finally 4ACOST has been almost completely
consumed after about 1500 min.

The copolymer yields are plotted as a function of the
polymerization time for the 4ACOST/TBA feed ratio of
6/4 in Figure 10. The yields were calculated from the
monomer consumption determined by GC and also by
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Figure 9. Monomer consumption kinetics curves generated
by GC analysis for copolymerization of 4ACOST and TBA in
ethylbenzene at 60 °C. [4AACOST]o = 2.0 mol/L and [TBA], =
5.0 mol/L; AIBN = 2.4 mol %.
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Figure 10. Time dependence of copolymer yields determined
by polymer isolation and calculated from monomer consump-
tion analysis by GC for copolymerization of 4ACOST and TBA
in ethylbenzene at 60 °C. [4AACOST]o = 4.2 mol/L and [TBA]o
= 2.8 mol/L; AIBN = 2.4 mol %.

isolating copolymers by precipitation at intervals. The
isolated yields are slightly lower than the yields calcu-
lated on the basis of the monomer consumption perhaps
due to some material loss during the isolation/recovery
process, but their agreement is excellent. The time—
conversion curve can be nicely expressed by an expo-
nential decay as is the case with the 4ACOST/TBA feed
ratio of 30/70.

In the case of the 4ACOST/TBMA = 57.9/42.1 feed
ratio ([4ACOST]p = 3.82 mol/L, [TBMA]o, = 2.78 mol/
L), the monomer consumption Kinetics can be expressed
by the following equations:

log [TBMA] = 0.397 — 4.84 x 10T
log [4ACOST] = 0.471 — 5.38 x 10*T

Thus, the rates of polymerization for the two mono-
mers are very similar in this case, and the feed and
copolymer compositions remain essentially constant
throughout the course of copolymerization as demon-
strated in Figure 11. The compositions of the copolymers
were determined by subjecting the copolymer samples
isolated at intervals to 250 MHz 'H NMR analysis.
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Figure 11. Time dependence of 4ACOST concentration in feed

(GC analysis) and in copolymer (*H NMR analysis) for copoly-

merization of 4ACOST and TBMA in ethylbenzene at 60 °C.

[AACOST]o = 3.82 mol/L and [TBMA], = 2.78 mol/L; AIBN =
2.4 mol %.
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Figure 12. The 300 MHz *H NMR spectrum of a kinetics
sample consisting of 4ACOST (0.99 mol/L), TBA (0.64 mol/L),
and AIBN (2.5 mol %) in dioxane-ds at room temperature.

Copolymerization Kinetics As Studied by in Situ
IH NMR. As the 'H NMR spectrum in Figure 12
indicates, the resonances for all the vinylic protons of
4ACOST and TBA (or TBMA) are well separated and
could be conveniently used to monitor the consumption
of these monomers. Dioxane-dsg is a good solvent for the
NMR study as its residual protons resonate only in the
open area of the spectrum without interfering with any
NMR signals of interest. However, one difficulty associ-
ated with this NMR experiment was long *H T, in the
absence of paramagnetic oxygen. Oxygen must be
removed to carry out radical polymerization in an NMR
tube, which results in much longer T; values. Further-
more, T, becomes even larger at the elevated temper-
atures needed for polymerization. To determine the
correct parameter setting for quantitative NMR analy-
sis, relaxation times have been determined at 64 °C
(polymerization temperature) for the 4ACOST, TBA,
and TBMA monomers in dioxane-dg and are tabulated
in Table 3. The longest T; observed was 35 s. Waiting
5T, between n/2 pulses is typically needed to avoid
saturation of the resonances and to achieve good quan-
tification, which would be impractical in our investiga-
tion. Thus, the exceedingly long T; prompted us to
employ a smaller tip angle. After a small number of
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Table 3. Relaxation Time?2 of 4ACOST, TBA, and TBMA at
64 °C in Dioxane-dg

aromatic
CH aCH SCH> aCH3z OCOCH3 OC4Hg
4ACOST 6.8,13.6 10.1 38,52 5.4
TBA 34.0 13.2,10.6 5.6
TBMA 6.7, 6.2 7.3 4.7
2 |n seconds.
1.0 T T T — T T T T T T T T
09 [4ACOST],=0.68 mol/L

[TBMA],=0.98 mol/L

Monomer Concentration (mol/L)

T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Time (min)
Figure 13. Monomer consumption kinetics curves generated
by in situ 'H NMR analysis for copolymerization of 4ACOST

with TBMA in dioxane-ds at 64 °C. [4ACOST], = 0.68 mol/L
and [TBMA]o = 0.98 mol/L; AIBN = 1.9 mol %.

pulses, the magnitude of the projection of the steady
state magnetization on the z-axis immediately before
the pulse is given by M, = Mo{1 — exp(—T/T)}{[1 —
exp(—T/Ty)] cos }, where My is the projection along the
z-axis after full relaxation, T is the time before pulses,
and A is the tip angle.l” Using a T of 3 s (acquisition
time = 2.7 s, recycle delay = 0.3 s) and insisting that
M./Mp = 0.99, this equation predicted that the tip angle
should be 2.7°. To be conservative, a tip angle of 1.4°
was used during the runs, which allowed for 104
transients to be collected in 5.2 min without saturating
any of the resonances.

The integration value of the whole spectral range
must remain constant throughout the polymerization
if the NMR parameters have been set correctly and in
fact was constant. The area intensities of the resonances
of interest (primarily vinyl protons) were thus normal-
ized to the integration of the whole range. As shown in
Figure 12, a spectrum was obtained first at room
temperature. Because a broad aromatic resonance due
to polymer grows between 6.5 and 7.3 ppm as the
polymerization proceeds, the a-CH resonance and the
high field half of the C¢H, AA'BB' system of 4ACOST
were not included in our analysis of the monomer
consumption. The low field half of the AA'BB' resonance
of the aromatic protons looked well separated from the
broad polymer peak but was found to be still sitting on
the foot of the polymer peak, and therefore only the
B-CH; resonances of 4ACOST were employed in the
monomer consumption analysis.

The monomer consumption kinetics curves are pre-
sented in Figure 13 for the feed composition of [ACOST]o
= 0.677 mol/L and [TBMA], = 0.976 mol/L, which can
be rather nicely expressed by an exponential decay in
the time span up to more than 2 days and to a high
conversion of at least 95%. The copolymer yield (wt %)
calculated from the monomer consumption is plotted as
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Figure 14. Time dependence of copolymer yield calculated
from NMR analysis of monomer consumption for copolymer-
ization of 4ACOST and TBMA in dioxane-dg at 64 °C.
[4ACOST]o = 0.68 mol/L and [TBMA], = 0.98 mol/L; AIBN =
1.9 mol %.

a function of time in Figure 14 for this 4ACOST—TBMA
copolymerization. The 4ACOST concentration in the
copolymer calculated from the monomer consumption
remains almost constant at 45—42 mol % throughout
the course of polymerization for the feed ratio of
4ACOST/TBMA = 41/59.

In Figure 15 is plotted the 4ACOST mol % in feed
and in copolymer determined from the monomer con-
sumption as a function of conversion (wt %) calculated
also from the monomer consumption for the initial feed
composition of [4ACOST]o = 0.867 mol/L and [TBMA]o
= 0.505 mol/L (ratio 63.2/36.8). The feed and copolymer
composition remained unchanged within the experi-
mental time range (up to about 70% conversion in this
case), which is consistent with all the previous discus-
sion.

For the copolymerization of 4ACOST/TBA = 60.8/39.2
([4ACOST]p = 0.994 mol/L and [TBA], = 0.640 mol/L),
the concentrations of the unreacted monomers are
plotted against the polymerization time in a semiloga-
rithmic scale in Figure 16. The monomer consumption
kinetics can be expressed as follows:

log [TBA] = —0.196 — 4.45 x 10°*T
log [AACOST] = —0.057 — 8.26 x 107*T

4ACOST is consumed about twice more rapidly than
TBA. The mole fraction of TBA in the feed almost
linearly increases from 0.4 to 0.62 as the copolymeri-
zation proceeds to 72 wt % conversion after 960 min.
The TBA concentration in the feed becomes greater than
the 4ACOST concentration after about 350 min of
polymerization.

In the case of the initial feed ratio of 4ACOST/TBA
= 29.6/70.4 ([AACOST]p = 0.456 mol/L and [TBA]y =
1.082 mol/L), the ACOST monomer becomes exhausted
after about 20 h. The copolymer yield curve for this
system fits well with an exponential decay and agrees
well with the data obtained by GC, although the
copolymerization is a little slower in the NMR experi-
ments than in the GC investigations (~90% vs ~100%
after about 27 h) because a lower monomer concentra-
tion is needed to obtain good 'H NMR spectra.
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Figure 15. Time dependence of 4ACOST concentration in feed
(m) and in copolymer (O) determined by in situ NMR analysis
of monomer consumption for copolymerization of 4ACOST and
TBMA in dioxane-dg at 64 °C. [4ACOST], = 0.87 mol/L and
[TBMA]o = 0.51 mol/L; AIBN = 2.3 mol %.
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Figure 16. Semilogarithmic monomer consumption Kinetics
curves generated by in situ NMR analysis of copolymerization
of 4ACOST with TBA in dioxane-ds at 64 °C. [4AACOST], =
0.99 mol/L and [TBA]o = 0.64 mol/L; AIBN = 2.3 mol %.

The copolymer compositions can be also directly
estimated from the IH NMR spectra of the reaction
mixtures without isolating polymers by subtracting the
contributions from the unreacted monomers, AIBN, and
its decomposition products from the integration data of
the aromatic and aliphatic regions. The 4ACOST con-
centration in the copolymer thus calculated is shown
as a function of the polymerization time for the 4ACOST/
TBA = 29.6/70.4 in Figure 17. Although there are some
scatters in the low conversion region, this NMR tech-
nigue allows to conveniently monitor in a single experi-
ment not only the monomer consumption but also the
composition of copolymers as they are produced.

Comparison of Experimental Kinetics Data with
Simulation. Comparison of Figures 11 and 15 with
Figure 4 clearly suggests that the simulation based on
the reactivity ratio values agrees well with the experi-
mental data derived from the Kinetics experiments. As
a more convincing and direct comparison, simulation
curves of the 4ACOST concentrations in feed and
copolymer are presented along with the experimental
data points for the 4ACOST/TBA = 29/71 (GC) and for
the 4ACOST/TBMA = 41/59 (NMR) in Figures 18 and
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Figure 17. Time dependence of 4ACOST concentration in
copolymer directly determined by in situ analyzing copoly-
merization of 4ACOST and TBA in dioxane-ds at 64 °C.
[4ACOST]o = 0.56 mol/L and [TBA], = 1.08 mol/L; AIBN =
2.3 mol %.
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Figure 18. Conversion dependence of 4ACOST concentration
in feed (determined by GC) and in copolymer (determined by
1H NMR analysis of isolated copolymers) and simulation (solid
lines) based on r; = 1.14 and r, = 0.30 for copolymerization of
4ACOST and TBA. [4ACOST]o = 2.0 mol/L and [TBA], = 5.0
mol/L.

19, respectively. In the case of the GC study (Figure 18),
the copolymer compositions were determined by H
NMR for isolated copolymers as mentioned earlier. The
copolymer compositions in the Kinetics studies by NMR
were derived from the monomer consumption (Figure
19). The simulation was carried out at 5 mol % feed
increments, and the curves shown in Figures 18 and
19 are for 4ACOST/TBA = 30/70 and 4ACOST/TBMA
= 40/60. The agreements are excellent, confirming that
the terminal model is an adequate expression of the
copolymerization described in this paper and reinforcing
the importance and usefulness of the reactivity ratio
determination and simulation in understanding the
copolymerization behavior, copolymer structures, se-
qguence distributions, etc. In addition, the excellent
agreement between the classical kinetics studies by GC
and the NMR procedures proves the quantitative nature
of the NMR analysis. The NMR method could be
advantageous in many cases as it generates many data
points automatically and provides compositional infor-
mation on both feed and copolymer produced in a single
experiment.
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Figure 19. Conversion dependence of 4ACOST concentration
in feed and in copolymer determined by *H NMR analysis of
monomer consumption and simulation (solid lines) based on
r. = 0.79 and r, = 0.60 for copolymerization of 4ACOST with
TBMA. [4ACOST], = 0.68 mol/L and [TBMA], = 0.98 mol/L.

Summary and Conclusions

Monomer reactivity ratios have been determined by
nonlinear regression based on the terminal model for
the copolymerizations of hydroxystyrene derivatives
(4ACOST, 3ACOST, BOCST, 4HOST, and 3HOST) with
tert-butyl acrylate and methacrylate that produce litho-
graphically important materials. The reactivity ratios
for these systems have been compared with the values
for the related monomers reported in the literature. The
highly electron-rich 4HOST copolymerizes with the
electron-deficient acrylate monomers in a significantly
alternating fashion.

These copolymerization reactions have been simu-
lated on the basis of the experimentally determined
reactivity ratios using a FORTRAN program as a
function of conversion in terms of the feed composition,
copolymer composition, sequence distribution, sequence
length, etc. The copolymerization behavior has been
described in detail on the basis of simulation. The
difference in the microstructure has been demonstrated
for poly(4HOST-co-TBA) made from 4HOST and from
4ACOST to the same compositions by the simulation
and also by 3C NMR analysis of the copolymers.

The kinetics of the radical copolymerization of 4ACOST
with TBA and TBMA has been studied to high conver-
sions, using GC and also by 'H NMR, varying the feed
ratio. The two procedures showed excellent agreements.
In the case of the GC procedure, copolymers were
isolated at intervals and analyzed for yield and compo-
sition. The monomer consumption, feed composition,
copolymer composition, and yield have been described
as a function of polymerization time in detail.

The compositional changes of the feed and copolymer
have been replotted against copolymer yield for direct
comparison with the simulation based on the reactivity
ratios, demonstrating an excellent agreement between
the experimental data and the simulation. This study
clearly indicates that the reactivity ratios can be
employed to accurately describe the copolymerization
behavior and copolymer structures by simulation and
that copolymerization of the HOST derivatives with
(meth)acrylates can be adequately described by the
terminal model. The influence of the penultimate units
may be insignificant in the copolymerization between
electron-deficient acrylates and electron-rich styrenes.
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The Kinetics studies by GC or NMR can also provide
valuable information regarding the copolymerization
reaction as well as copolymer composition as a function
of time for a fixed feed ratio. The'H NMR procedure is
very simple and highly useful as it can generate a large
number of data points automatically and can analyze
not only the feed composition but also the copolymer
composition (may be difficult in some cases) in one
experiment without requiring calibration.
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