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Synthesis of polymers with a norbornane
backbone by radical copolymerization of
alkyl 2-norbornene-2-carboxylates for
photoresist applications

Eiji Ihara1, Satoru Ishii1, Kotaro Yokoyama1, Yuka Fujiwara1, Takafumi Ueda1, Kenzo Inoue1,
Tomomichi Itoh1, Hikaru Momose2 and Mitsufumi Nodono2

The radical copolymerization of alkyl 2-norbornene-2-carboxylates, 1a–c, with alkyl (meth)acrylates, to produce copolymers

with norbornane in the main chain, is described here. g-Butyrolactone- and hydroxy group-containing norbornene-based

monomers (1b and 1c, respectively) were freshly synthesized, and their radical copolymerization behavior with n-butyl acrylate

was examined. Methyl 2-norbornene-2-carboxylate, 1a, and the new monomers, 1b and 1c, were employed as comonomers for

radical terpolymerization with lactone- and adamantane-containing (meth)acrylates to produce copolymers that could be applied

as new, more chemically robust 193-nm photoresist materials. The dissolution rate of the spin-coated copolymer films after

exposure to a photoacid generator, a significant characteristic in the photoresist application, was measured for various exposure

doses of 193-nm ArF laser light under standard conditions in an aqueous alkaline solution.
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INTRODUCTION

The vinyl addition polymerization reaction of norbornene is an
important process for synthesizing a polymer with norbornane in
the main chain, where the rigid repeating unit can often impart
useful physical properties, such as high glass transition temperature
(Tg), to the resultant (co)polymers.1–3 Whereas parent (unsubstituted)
norbornene has been utilized as a monomer for vinyl polymerization,1–

3 we have found and reported that substitution at the 2-position in 2-
norbornene, with either an alkoxycarbonyl (ester) or a phenyl group, is
quite effective for enhancing norbornene’s reactivity in conventional
radical polymerization. Thus, such monomers can be efficiently
copolymerized with alkyl acrylates.4–6 In particular, as a result of the
incorporation of the norbornane framework into the main chain of
poly(n-butyl acrylate) [poly(nBA)], via radical copolymerization with
2-substituted 2-norbornenes, Tg of the resultant copolymer is
significantly higher than that of the poly(nBA) homopolymer.6 We
have also demonstrated that the Tg-raising ability of the incorporation
of 2-substituted 2-norbornenes, on a per-monomer unit scale, is
significantly higher than that of the incorporation of styrene.6

Meanwhile, the synthesis of chemically robust photoresist materials
for ArF laser (193 nm) light could be an appropriate application for

the polymers derived from alkyl 2-norbornene-2-carboxylates. For a
synthetic polymer to be appropriate for use as a 193-nm photoresist
material, certain criteria should be met: (1) alicyclic units with a
higher C/H ratio, such as norbornane and adamantane frameworks,
should be introduced as a pendant group, for good dry etching
resistance; and (2) incorporation of a polar group, such as lactone or
hydroxyl groups, is also required for adhesion and compatibility with
aqueous alkaline developing solutions.7–23 In addition, for greater
resistance to dry etching, direct incorporation of alicyclic units into
the polymer backbone (for example, via vinyl polymerization of
norbornene derivatives) has been shown to be effective.8–15 In that
context, alkyl 2-norbornene-2-carboxylate derivatives are quite
promising as one of the comonomers for the 193-nm photoresist
polymer synthesis process, because of their copolymerizing ability
with alkyl acrylates, resulting in the incorporation of the norbornane
framework into the main chain and facile incorporation of various
substituents into the ester moiety.

In addition to the previously known methyl 2-norbornene-2-
carboxylate, 1a, we have prepared lactone-containing norbornene,
1b, and hydroxy group-containing norbornene, 1c, as new monomer
candidates for the photoresist application. Together, the three alkyl
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2-norbornene-2-carboxylates, 1a–c, were employed as a comonomer
for terpolymerization with lactone- and adamantane-containing
(meth)acrylates to produce a series of potential copolymers for the
photoresist application. The preparation of the copolymers and data
showing their potential for application as a 193-nm photoresist
material (dissolution rate (DR) vs exposed dose curves) will be
described.

EXPERIMENTAL PROCEDURE

Materials
Methyl propiolate (Wako, Osaka, Japan, 497%), palladium on carbon (Pd/C)

(Nacalai, Kyoto, Japan, 10%-Pd), propiolic acid (TCI, Tokyo, Japan, 497%),

a-bromo-g-butyrolactone (TCI, 495%), dimethylformamide (Kanto Chemi-

cal, Tokyo, Japan, dehydrated, 499.5%), dichloroethylaluminum (EtAlCl2;

Kanto Chemical, 1.04 M solution in hexane) and trimethylsilyl iodide (Me3SiI;

TCI, 495%), 1,10-azobis(cyclohexane-1-carbonitrile) (VAZO; Wako, 495%)

and propylene glycol methyl ether acetate (PGMEA; Nacalai, 498%) were

used as received. 3-acryloyloxy-g-butyrolactone (GBLA), 3-methacryloyloxy-g-

butyrolactone (GBLMA), 2-methyl-2-adamantyl acrylate (MAdA) and 2-

methyl-2-adamantyl methacrylate (MAdMA) were supplied by Mitsubishi

Rayon Co., Ltd.

Measurements
1H and 13C NMR spectra (at frequencies of 400 and 100 MHz, respectively)

were recorded on a Bruker Avance 400 spectrometer (Bruker BioSpin,

Yokohama, Japan), using tetramethysilane as an internal standard in chloro-

form-d (CDCl3), at room temperature (monomers) or at 50 1C (polymers).

The repetition delay in the 1H NMR measurements was 8 s for all of the

polymers. For terpolymers, the NMR spectra were measured in CDCl3 with a

small amount of D2O, to avoid the influence of residual H2O signals in the

calculation of their compositions.

Molecular weights (Mn) and molecular weight distributions (Mw/Mn) were

measured by gel permeation chromatography (GPC) on a Jasco-ChromNAV

system (JASCO Corporation, Tokyo, Japan), equipped with a differential

refractometer detector using tetrahydrofuran as eluent at a flow rate of

1.0 ml min�1 at 40 1C, calibrated with poly(MMA). The column used for the

GPC analyses was a combination of Styragel HR4 (Nihon Waters, Tokyo,

Japan; 300� 7.8 mm2 i.d., 5-mm average particle size, exclusion molecular

weight of 600 K for polystyrene) and Styragel HR2 (Waters; 300� 7.8 mm2 i.d.,

5-mm average particle size, exclusion molecular weight of 20 K for polystyrene),

and poly(MMA) standards (Shodex M-75, Tokyo, Japan, Mp¼ 212 000, Mw/

Mn¼ 1.05, Mp¼ 50 000, Mw/Mn¼ 1.02, Mp¼ 22 600, Mw/Mn¼ 1.02,

Mp¼ 5720, Mw/Mn¼ 1.06, Mp¼ 2400, Mw/Mn¼ 1.08) were used for the

calibration.

Purification by preparative recycling GPC was performed on a JAI LC-918 R

equipped with a combination of columns of JAIGEL-3H (600� 20 mm2 i.d.,

exclusion molecular weight of 70 K for polystyrene) and JAIGEL-2H

(600� 20 mm2 i.d., exclusion molecular weight of 5 K for polystyrene) for

polymers, using CHCl3 as eluent, at a flow rate of 3.8 ml min�1 at 25 1C. The

sample solution, 3 ml containing B0.3 g of the crude product, was injected.

Temperature-modulated differential scanning calorimetry (DSC) analyses

for the copolymers were performed using TA Instruments DSC Q-100 (New

Castle, DE, USA), under nitrogen atmosphere, at a 4 1C min�1 heating rate,

with a modulating rate of 0.64 1C per 60 s.

Elemental analyses were performed on a Yanako MT-5 analyzer (Tokyo,

Japan) at the Integrated Center for Science in Ehime University.

Synthesis of 1a (as a mixture with 1a0)
Synthesis of methyl 2-norbornadiene-2-carboxylate, 2, by a Diels–Alder

reaction of methyl propiolate with cyclopentadiene, was conducted according

to the literature.24 Whereas Pd/C-catalyzed partial hydrogenation of 2 was

reported in the literature,25 we allowed the reaction to proceed until 2 was

completely consumed to produce a mixture of 1a and 1a0, which was purified

by distillation. The composition of [1a]/[1a0] was determined from the relative

signal intensities in the 1H NMR data (see Supplementary Figure S1 for the

spectrum of a mixture with [1a]/[1a0]¼ 1:0.37).

Preparation of 3-propioloyloxy-g-butyrolactone 3
Under N2 atmosphere, potassium carbonate (K2CO3) (18.3 g, 97.5 mmol) and

110 ml of dimethylformamide were combined in a round-bottomed flask.

Propiolic acid (6.0 ml, 98 mmol) was added to the mixture at room

temperature and stirred for 30 min. After a-bromo-g-butyrolactone (9.0 ml,

98 mmol) was added to the mixture, it was stirred for 4 h at 30 1C and then for

1 h at 50 1C. After 1 N HCl (50 ml) and diethylether (100 ml) were added to the

mixture at room temperature, the organic layer was separated using a

separating funnel, dried over Na2SO4 and concentrated under reduced pressure

with a rotary evaporator. The remaining dimethylformamide in the residual

liquid was removed by silica gel short column, with an eluent of

AcOEt:CH2Cl2:hexane¼ 1:2:2, and the residue was purified by preparative

high pressure liquid chromatography with silica gel and the same eluent as

above. 3 was obtained, at 34.0% yield, as pale-yellow liquid. The 1H NMR

(400 MHz, CHCl3) assignments made were: d¼ 5.52 (t, 1H, J¼ 9.2 Hz,

–CHC(¼O)–), 4.51 (m, 1H, –CH2OC(¼O)–), 4.34 (m, 1H, –CH2OC

(¼O)–), 3.09 (s, 1H, H–CR), 2.73 (m, 1H, –CH2CH2OC(¼O)–) and

2.40 (m, 1H, –CH2CH2OC(¼O)–). Similarly, for 13C NMR (100 MHz,

CDCl3), the assignments were: d¼ 173.4 (C¼O), 153.2 (C¼O), 79.3

(RC–C(¼O)), 75.3 (H–CR), 70.9 (–CHC(¼O)–), 67.0 (–CH2CH2O–)

and 30.5 (–CH2CH2O–). The assignment for the 13C NMR signals were

confirmed by HMQC measurement. Anal calcd for C7H6O4:C, 54.55; H, 3.92.

Found: C, 54.30; H, 3.87.

Preparation of 4 (intermediate product)
Under N2 atmosphere, EtAlCl2 (1.04 M solution in hexane, 21 ml, 22 mmol)

and toluene (50 ml) were combined in a round-bottomed flask. After a

toluene/3 solution (50 ml per 11.1 g, 72.3 mmol) was added to the solution at

room temperature, the mixture was heated to 70 1C, and freshly prepared

cyclopentadiene (7.2 ml, 87 mmol) was added dropwise. After the addition, the

reaction mixture was stirred for 2 h at 70 1C. After the mixture was cooled to

room temperature, 1 N HCl (50 ml) was added. After diethyl ether (100 ml)

was added, the organic layer was separated using a separating funnel, dried

over Na2SO4 and concentrated under reduced pressure with an evaporator to

produce grayish liquid as a crude product of 4, which was used for the

hydrogenation without further purification.

Preparation of 1b
Under N2 atmosphere, crude 4 (4.1 g), Pd/C (125 mg) and ethyl acetate

(120 ml) were combined in a round-bottomed flask, and the mixture was

degassed via freeze-pump-thaw cycling three times. At the end of the degassing

procedure, 1 atm of H2 was introduced, instead of N2, at 0 1C, and the mixture

was stirred for 100 min. After the remaining catalyst was removed by filtration,

volatiles were removed under reduced pressure. The residue was purified by

high pressure liquid chromatography on silica gel with an eluent of

hexane:AcOEt:CH2Cl2¼ 3:1:1 to produce pure 1b (3.2 g) as a colorless

solid. The 1H NMR (400 MHz, CHCl3) assignments made were: d¼ 7.07

(s, 1H, –CH¼ ), 5.47 (q, J¼ 8.4 Hz, 1H, –OCHC(¼O)–), 4.49 (t, J¼ 9.2 Hz,

1H, –CH2CH2O–), 4.33 (q, J¼ 9.6 Hz, 1H, –CH2CH2O–), 3.29 (s, 1H, –

CHC(–CO2–lactone)¼C), 3.06 (s, 1H, –CHCH¼C(–CO2–lactone)), 2.74

(m, 1H, –CH2CH2O–), 2.33 (m, 1H, –CH2CH2O–), 1.76 (m, 2H,

CHCH2CH2CH), 1.52 (m, 1H, bridge head CH2), 1.23 (d, J¼ 8.4 Hz, 1H,

bridge head CH2) and 1.11 (m, 2H, CHCH2CH2CH). Similarly, for 13C NMR

(100 MHz, CDCl3), the assignments were: d¼ 173.0 (C¼O), 163.4 (C¼O),

149.6 (–CH¼ ), 139.3 (¼C–CO2–), 67.3 (–OCHC¼O), 65.1 (–CH2O–), 48.2

(bridge head), 43.7 (–CHCH¼ ), 41.9 (–CHC(–CO2–)¼CH–), 29.1

(–CHCH2CH2O–), 24.5 (–CHCH2CH2CH–) and 24.4 (–CHCH2CH2CH–).

The above assignments were confirmed using COZY and HMQC spectra. Anal.

calcd for C12H14O4 � 0.25 H2O: C, 64.85; H, 6.35. Found: C, 64.57; H, 6.48.

Preparation of 1c (as a mixture with 1c0)
The Diels–Alder reaction, to synthesize 5, and Pd/C-catalyzed hydrogenation

of 5, to synthesize a mixture of 6 and 60, was performed in procedures similar
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to those described above for the preparation of 4 and 1b, respectively. The

composition ratio of [6]/[60] was determined from its 1H NMR spectrum (see

Supplementary Figure S2 for the spectrum of a mixture with [6]/[60]¼ 1:0.69).

Under N2 atmosphere, a mixture of 6 and 60 (9.19 g, B46 mmol) and CHCl3
(12 ml) were combined in a Schlenk tube. After pyridine (1.5 ml, 18 mmol)

and Me3SiI (10.5 ml, 73.5 mmol) were added to the solution, the mixture was

left to stand at 60 1C for 64 h without stirring. MeOH (60 ml) was added to the

mixture, and it was stirred for 1 h at room temperature. After volatiles were

removed under reduced pressure, the residue was extracted with 200 ml of

diethylether. After the solvent was removed under reduced pressure, the residue

was purified by preparative high pressure liquid chromatography, on silica gel

with an eluent of AcOEt:hexane¼ 3:2, and preparative GPC, to produce a

mixture of 1c and 1c0 as colorless oil (5.90 g, B71% yield). The composition of

1c:1c0 was determined by 1H NMR (see Supplementary Figure S3 for the

spectrum of a mixture with [1c]/[1c0]¼ 1:0.40). Anal. calcd for C10H14O3

(1c) � 0.21 C10H16O3 (1c0) � 0.4 H2O: C, 63.72; H, 8.03 (the composition of

[1c]:[1c0]¼ 1:0,21 for the sample was determined by 1H NMR). Found:

C, 63.63; H, 7.68.

Polymerization procedure
As a representative procedure, terpolymerization of 1a, GBLA and MAdMA

(run 1 in Table 1) was described as follows.

Under a N2 atmosphere, 1a (1.77 g, 11.6 mmol), GBLA (0.80 g, 5.1 mmol),

MAdMA (1.20 g, 5.12 mmol) and VAZO (26 mg, 0.11 mmol) were combined

in a Schlenk tube. After PGMEA (3.3 ml) was added, the mixture was degassed

via three cycles of the freeze-pump-thaw procedure. The mixture was heated to

110 1C and stirred for 13.5 h. After the mixture was cooled to room

temperature, volatiles were removed under reduced pressure, and the residue

was purified by preparative GPC, with CHCl3 as an eluent. The terpolymer was

obtained in a 53% yield as a colorless solid.

Lithographic performance evaluation
Resist solution was prepared by dissolving polymer (10 or 8.5 wt%) and

triphenylsulfonium triflate, TPSOTf, (2 wt% with respect to polymer) in a

mixture of PGMEA, ethyl lactate (EL) and methylethylketone (MEK)

(PGMEA:EL:MEK¼ 80:15:5, by weight). The solution was filtered through a

0.2mm filter and spin-coated onto silicon wafers, whose surfaces were treated

with hexamethyldisilazane, to obtain B300mm-thick films, which were

annealed at 120 1C for 60 s. The resist-coated substrates were exposed, using

an ArF flood exposure instrument (Litho Tech Japan VUVES-4500mini,

Kawaguchi, Japan). After the exposed substrates were post exposure-annealed

at 110 1C for 60 s, they were developed using 2.38 wt% tetramethylammonium

hydroxide solution at 23.5 1C for 60 s. The DR of the films was measured using

a development rate monitor (Litho Tech Japan RDA-800)

RESULTS AND DISCUSSION

Monomer synthesis
Scheme 1 illustrates the synthetic routes for the alkyl 2-norbornene-2-
carboxylates, 1a–c. For the synthesis of a methyl ester monomer, 1a,
although, in our previous publication,5 we used a procedure that
involved metalation of parent norbornene at the 2-position followed
by substitution with alkyl chloroformate, we have found that a
procedure using Pd/C-catalyzed hydrogenation of an ester-substituted
norbornadiene derivative 2 is more efficient,24,25 particularly for
large-scale preparations. As shown in the scheme, the hydrogenation
of a Diels–Alder adduct of cyclopentadiene with methyl propiolate, 2,
produces a mixture of 1a and an overreacted compound 1a0. The
ratio of the two components, 1a and 1a0, was determined from the
signal intensities of each component in the 1H NMR spectrum (see
Supplementary Figure S1 for the sample with a [1a]/[1a0] of 1:0.37)
and was dependent on the reaction period for the hydrogenation. As
it was not possible for us to isolate 1a from the mixture and because
the presence of the overreacted compound 1a0 did not affect the
radical copolymerization of 1a, the mixture was used for the
polymerization, with the composition of two components determined
by 1H NMR being taken into consideration.

For the synthesis of a monomer containing a g-butyrolactone
moiety, 1b, a-bromo-g-butyrolactone, was reacted with propiolic
acid, in the presence of K2CO3 to produce a lactone-containing ester,
3, which was then reacted with cyclopentadiene to give a norborna-
diene derivative, 4. When the norbornadiene, 4, was subjected to Pd/
C-catalyzed hydrogenation, only the desired monohydrogenated
norbornane, 1b, was obtained, most likely because of the steric
hindrance around the unreacted C¼C caused by the g-butyrolactone
moiety.

Next, a hydroxy group-containing monomer, methoxyethyl pro-
piolate (1c), was reacted with cyclopentadiene to produce a

Table 1 Radical copolymerization of 1b and 1c with nBAa

O

O R

1b,c

+

O

O-nBu

O OR

n

O O-nBu

m

Run 1b or 1c

[1b or 1c]/[nBA]

(mol % of [1b,c]) Temp. (1C) Yield (%) Mn
b Mw/Mn

b

[1b or 1c]/[nBA] in the

productc (mol % of [1b,c])

1 1b 1 : 3.0 (25%) 110 52 10800 2.32 1 : 2.8 (26%)

2 1b 1 : 2.0 (33%) 110 31 8900 2.09 1 : 2.1 (32%)

3 1b 1 : 1.0 (50%) 110 19 6800 1.78 1 : 1.3 (44%)

4 1b 1 : 2.0 (33%) 85 32 26700 2.90 1 : 2.1 (32%)

5 1b 1 : 1.0 (50%) 85 27 10500 1.86 1 : 1.6 (39%)

6 1c 1 : 4.8 (17%) 110 44 10400 3.52 1 : 3.1 (24%)

7 1c 1 : 3.2 (24%) 110 24 3300 2.31 1 : 1.6 (39%)

8 1c 1 : 5.3 (16%) 85 48 41000 1.90 1 : 3.2 (24%)

9 1c 1 : 3.5 (22%) 85 37 6200 3.30 1 : 2.1 (32%)

Abbreviations: nBA, n-butyl acrylate;
aBulk; polymerization period¼13.5h; initiator¼1,10-azobis(cyclohexane-1-1carbonitrile) (VAZO); ([1b or 1c]þ [nBA])/[VAZO]¼200; 1b or 1cþnBA¼1.5�5.8mol.
bMn and Mw/Mn were obtained by gel permeation chromatography calibration using standard poly(methyl methacrylate)s in tetrahydrofuran solution.
cDetermined by 1H NMR.
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corresponding norbornadiene, 5, which was then hydrogenated with
H2 in the presence of Pd/C catalyst. In this case, as in the preparation
of 1a, the product was revealed to be a mixture of the desired
compound, 6, and an overreacted norbornane derivative, 60. Depro-
tonation of the –OMe group, with trimethylsilyl iodide, in the
presence of pyridine,26 produced the desired compound, 1c, as a
mixture with an overreacted compound 1c0, where the quantitative
progress of the deprotonation was confirmed by the disappearance of
the MeO– signal in the 1H NMR spectrum. The composition of the
mixture was determined from its 1H NMR spectrum (see
Supplementary Figure S3 for the sample with a [1c]/[1c0] of 1:0.40).

Radical copolymerization of alkyl 2-norbornene-2-carboxylates, 1b
and 1c, with nBA
In our previous publications,5,6 we have reported that radical
copolymerization of 1a with nBA produced copolymers with a
norbornane framework in the main chain. The reactivity of 1a is
much lower than that of nBA, with monomer reactivity ratios of r1

(1a)¼ 0.023 and r2 (nBA)¼ 1.33, which indicate that the presence of
a 1a–1a sequence is almost negligible in the copolymer main chain.
Tg measurement of the resultant copolymers revealed that the
incorporation of the norborane framework into the poly(nBA)
main chain is effective for raising Tg.6 However, copolymerization
of 1a with MMA did not proceed, most likely because the steric
congestion between 1a and MMA is too severe for the

copolymerization reaction to occur. While homopolymerization of
1b and 1c and their copolymerization with MMA did not proceed,
the copolymerization behavior of the new norbornene-based
monomers, 1b and 1c, with nBA was investigated in this section.

Table 1 shows the copolymerization results of 1b and 1c with nBA
initiated with VAZO at 110 and 85 1C with various monomer feed
ratios. When the bulk copolymerization of 1b with nBA with
monomer feed ratios of [1b]/[nBA]¼B1:3 to 1:1 was conducted
at 110 1C, copolymers with Mno10 000 were obtained and their
compositions, determined from 1H NMR, corresponded to the feed
ratios (runs 1–3). Both Mn and polymer yield diminished with
increased feed ratio of 1b, as was observed in the copolymerization of
1a with nBA.5,6 However, by decreasing the reaction temperature to
85 1C, Mn of the products increased, with the compositions remaining
the same as those at 110 1C (runs 4 and 5). Figure 1 shows the 1H
NMR spectrum of poly(1b-co-nBA) obtained in run 2 in Table 1.
Signals for CH (5.1B5.7 p.p.m.) and CH2 (3.8–4.2 p.p.m.) in the
lactone ring and OCH2 (3.8–4.2 p.p.m.) and CH3 (0.95 p.p.m.) from
nBA units are separate. Thus, the composition of the two monomer
units in the copolymers can be determined from the signal intensities.

The results of copolymerization of hydroxy group-containing
norbornene, 1c, with nBA are summarized in runs 6–9 in Table 1.
Notably, the 1c compositions in the copolymers are higher than the
values corresponding to the monomer feed ratios in all runs.27 In all
other aspects, the copolymerization behavior of 1c with nBA is similar

Figure 2 1H NMR spectrum of poly(1c-co-nBA) in CDCl3 (run 8 in Table 1).
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Scheme 1 Preparation of alkyl 2-norbornene-2-carboxylates, 1a–c.

Figure 1 1H NMR spectrum of poly(1b-co-nBA) in CDCl3 (run 2 in Table 1).
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to that of 1a and 1b. Figure 2 shows the 1H NMR spectrum of
poly(1c-co-nBA) obtained in run 8 in Table 1. In a range of 3.6–
4.4 p.p.m., signals for –OCH2CH2O– in 1c and –OCH2– in nBA were
observed as broad peaks. We can calculate the signal intensity for the
–OCH2– in nBA from that of the –CH3 signal, observed at
0.94 p.p.m., independently of other signals. Thus, the composition
of the two repeating units in the copolymer can be determined from
the relative intensity of these signals.

The radical copolymerization behavior of 1b and 1c with nBA
demonstrate that 1b and 1c can also be copolymerized with alkyl
acrylates. The information obtained here is useful for the synthesis
of copolymers for application as photoresist materials, with an
appropriate comonomer composition and Mn, as described in the
following section.

Preparation of copolymers for photoresist applications
Scheme 2 illustrates the chemical structure of a representative
photoresist polymer, 7, based on alkyl (meth)acrylates. In this
polymer, the adamantane framework in the repeating units, from
3-hydroxy-1-adamantyl methacrylate (HAdMA) and MAdMA, has an
essential role in increasing the mechanical strength (higher Tg) and
dry etching resistance, whereas the hydroxy group in HAdMA and the
lactone ring in a-methacryloyloxy-g-butyrolactone (GBLMA) impart
the required hydrophilicity to the polymer. In addition, after
irradiation with 193-nm laser light to generate acidic reagents from
photoacid generator, the MAdMA unit should be cleaved to give a
methacrylic acid repeating unit, which is necessary for the exposed
region to be dissolved into an alkaline developing solution. For this
application, the composition and Mn for suitable resist application
has been revealed to be HAdMA/GBLMA/MAdMA¼ 1:2:2 and
B5000–10 000, respectively.

In our attempt to prepare a new series of photoresist polymers,
based on related alkyl (meth)acrylate monomers including 1a–c, we
have tried to employ 1a–c instead of HAdMA in 7 and thus to
improve the dry etching resistance owing to the incorporation of an
alicyclic unit in the polymer main chain. However, as described above,
because 1a–c are not copolymerizable with alkyl methacrylates, we
used g-butyrolactone- and adamantane-incorporating acrylate mono-
mers instead of the methacrylate counterpart used in 7 (Table 2).
For evaluation of the effect of incorporating 1a–c and practical
use as photoresist materials, the target Mn and composition were
considered to be 5000–10 000 and 1a–c/GBL(M)A/MAd(M)A¼ 1:2:2,
respectively.

Terpolymerizations of comonomer combinations of 1a–c/GBLA/
MAdMA and 1a–c/GBLMA/MAdA were conducted with propylene
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Scheme 2 Structure of representative photoresist polymer.

Table 2 Terpolymerization of 1a–c with alkyl (meth)acrylatesa

O

OR
R′

O
O

O
O

R′′

O

O

Me

1a-c

+ +

R′ = H: GBLA,
R′ = Me : GBLMA

R′′ = H: MAdA,
R′′ = Me: MAdMA

O OR

n

O O

m

O O

p

R' R"

O

O
Me

Run M1 M2 M3

[M1]/[M2]/[M3]

feed ratio Yield (%) Mn
b Mw/Mn

b

[M1]/[M2]/[M3] in the product

(code for the products)

1 1a GBLA MAdMA 1:0.5:0.5 53 8700 1.74 1:2.3:2.7 (8)

2 1a GBLMA MAdA 1:0.5:0.5 51 7500 1.72 1:3.3:1.9 (9)

3 1b GBLA MAdMA 1:1:1 41 7200 1.78 -(10)

4 1b cHA MAdMA 1:1:1 51 3500 2.35 1:3.5:2.6

5 1b GBLMA MAdA 1:1:1 25 9300 1.49 -(11)

6 1b iPMA MAdA 1:1:1 39 2700 2.30 1:3.0:2.2

7 1c GBLA MAdMA 1:0.7:0.7 34 9300 1.80 1:2.4:2.1 (12)

8 1c GBLMA MAdA 1:0.5:0.9 30 6400 1.85 1:2.3:2.4 (13)

Abbreviations: cHA, cyclohexyl acrylate; GBLA, 3-acryloyloxy-g-butyrolactone; GBLMA, 3-methacryloyloxy-g-butyrolactone; iPMA, isopropyl methacrylate.
aSolvent¼ propylene glycol methyl ether acetate (PGMEA), volume of PGMEA¼0.5 (runs 1 and 2), 2.3 (runs 3–6) or 1.0 (runs 7 and 8)� total volume of monomers; polymerization
period¼13.5 h; initiator¼1,10-azobis(cyclohexane-1-1carbonitrile) (VAZO); ([M1]þ [M2]þ [M3])/[VAZO]¼200 (runs 1–4 and 7) or 50 (runs 5,6 and 8); M1þM2þM3¼11.3–27.0 mol
(runs 1–3,5,7 and 8) and 3.8–6.2mol (runs 4 and 6).
bMn and Mw/Mn were obtained by gel permeation chromatography calibration using standard poly(methyl methacrylate)s in tetrahydrofuran solution.
cDetermined by 1H NMR.
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glycol monomethyl ether acetate (PGMEA) as the solvent at 110 1C to
produce copolymers incorporating the three repeating units. To
obtain copolymers with a composition and Mn in the aforementioned
expected range, the polymerization conditions were adjusted, and the
results of the synthesis of copolymers are summarized in Table 2. The
samples obtained in runs 1–3,5,7 and 8 (8–13) were subjected to DR
measurements to evaluate their suitability for the photoresist
application.

For example, when 1a was used as a norbornene-based monomer,
copolymers with a composition and Mn close to the expected
values were obtained with a feed ratio of [1a]/[GBL(M)A]/
[MAd(M)A]¼ 3:1.5:1.5 (runs 1 and 2). Figure 3 shows the 1H
NMR spectrum of the copolymer obtained in run 1, where signals
for OCH3 from 1a and CH and CH2O in the lactone ring from GBLA
were observed independently Thus, the composition ratio of [1a]/
[GBLA] can be determined from the signal intensities. As all of the
other signals derived from 1a and GBLA and all signals from MAdMA
should be included in the region 0.9–3.0 p.p.m., we can calculate the
intensity of all of the signals from MAdMA by subtracting the
intensities ascribed to 1a and GBLA from the whole value of the
region. To avoid being influenced by the H2O signal at B1.6 p.p.m.,
these spectra were obtained in the presence of a small amount of D2O.
Consequently, the composition of [1a]/[GBLA]/[MAdMA] was
determined to be 1:2.3:2.7 for the sample in run 1. The composition
of the copolymer in run 2 was determined in a similar manner
(see Supplementary Figure S4 for 1H NMR spectrum for 9).

The copolymerization reaction using 1b proceeded with a feed
ratio of [1b]/[GBL(M)A]/[MAd(M)A]¼ 1:1:1 (runs 3 and 5).
As shown in the 1H NMR spectrum for the copolymer in run 3 in
Figure 4, because signals for CH and CH2O in the lactone rings from
both 1b and GBLA appear at the same positions, it is impossible to
determine the exact composition of [1b]/[GBLA], and accordingly, the
ratio of the three components of [1b]/[GBLA]/[MAd(M)A] in the
copolymer (see Supplementary Figure S5 for 1H NMR spectrum for
11). However, because we need at least an estimated value for the
composition, we performed the copolymerization reaction using
monomers whose reactivity in the copolymerization could be similar
to GBL(M)A to acquire some relevant information on the composi-
tion. We substituted cyclohexyl acrylate (cHA) for GBLA and
isopropyl methacrylate (iPMA) for GBLMA, given the assumption
that the cyclohexyl and isopropyl groups would behave similarly to the
lactone counterpart. In fact, copolymerization of GBLA with cHA and
of GBLMA with isopropyl methacrylate produced copolymers with
almost a 1:1 composition of the copolymer repeating units, suggesting
that the above assumption with respect to the monomer reactivity is
reasonable. Thus, copolymerization using cHA and iPrMA, instead of
GBLA and GBLMA, respectively, was performed under the same
conditions as those in runs 3 and 5, and the results were labeled as
runs 4 and 6. In these copolymerizations, the compositions can be
determined from 1H NMR, because OCH signals in cHA and iPrMA
appeared independently from OCH and OCH2 signals in lactone ring
(see Supplementary Figures S7 and S8). The compositions in runs 4
and 6 could be rough estimates for those in runs 3 and 5, respectively,
and these values were in our expected range.

Figure 5 shows the 1H NMR spectrum of the product obtained by
the copolymerization in run 7 in Table 2, in which the hydroxy group-
containing norbornene, 1c, was used as a comonomer. In this
spectrum, in addition to the lactone-derived signals at 5.1–5.6 and
4.2–4.6 p.p.m., there are signals ascribed to –OCH2CH2O–, derived
from 1c, at 4.0–4.4 (overlapping with one of lactone-derived signals)
and 3.7–3.9 p.p.m., and based on the intensities of these signals, we

can determine the composition ratio of [1c]/[GBLA]. Thus, as in the
manner similar to that described above for copolymers in runs 1 and
2, it is possible to calculate the intensity of signals derived from the
MAdMA repeating unit based on the intensity in the 0.9–3.1 p.p.m.
range. As listed in Table 2, copolymers with the desired composition
and Mn for the photoresist application were obtained by copolymer-
izations with feed ratios of [1c]/[GBLA]/[MAdMA]¼ 1.5:1:1 and
[1c]/[GBLMA]/[MAdA]¼ 1:0.5:0.9, respectively (see Supplementary
Figure S6 for 1H NMR spectrum for 13).

Figure 3 1H NMR spectrum of poly(1a-co-GBLA-co-MAdMA) in CDCl3/D2O

(run 1 in Table 2).

Figure 4 1H NMR spectrum of poly(1b-co-GBLA-co-MAdMA) in CDCl3/D2O

(run 3 in Table 2).

Figure 5 1H NMR spectrum of poly(1c-co-GBLA-co-MAdMA) in CDCl3/D2O

(run 7 in Table 2).
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Glass transition temperatures of the polymers, 8–13, were mea-
sured using DSC with temperature modulation, and are listed in
Table 3. Compared with the high Tg (180 1C) of 7, which is composed
of only methacrylate repeating units, the Tgs of 8–13 are lower
because these compounds contain acrylate units, which significantly
lower the transition temperature. The relatively low Tg (142 1C) of 8
can be ascribed to its higher acrylate content (GBLA: 38 mol%),
compared with 9 (MAdA: 31 mol%, Tg¼ 161 1C). Although the exact
comonomer compositions of 10 and 11 are unknown, the high Tg of
10 (175 1C) could be ascribed to the presence of lactone, instead of a
MeO group, attached to the norbornane unit. The value is the closest
of all values to that of the methacrylate polymer, 7, which shows the
strong Tg-raising effect of the repeating unit derived from 1b. Tg

values for 12 and 13 became significantly lower than those of 8–11, as
expected from the incorporation of CH2CH2OH-containing
ester group.

Lithographic performance evaluation
As one of the important characteristics for photoresist materials, the
DR for different exposure doses of 193-nm ArF laser light was
investigated for polymers 8–13. Each copolymer together with
triphenylsulfonium triflate (TPSOTf), as a photoacid generator, was
dissolved in a solvent mixture of PGMEA, EL and MEK, and then
spin-coated onto silicon wafers. After annealing at 120 1C, the film
was exposed with 193-nm ArF laser light at various exposure doses
and post-annealed at 110 1C. Then, the DR was measured with 2.38
wt% tetramethylammonium hydroxide aqueous solution. The results
are shown in Figure 6 as plots of the DR against exposure dose.
Table 3 lists the sensitivities of the copolymers that are defined as the
exposure dose at which DR reaches 5 nm s�1, as determined from the
plots in the figures.

Figure 6a shows the plots of DR against exposure dose for
copolymers 8 and 9, derived from 1a, in addition to the plot for
the reference photoresist polymer, 7. We can clearly observe in the
figure a 10-fold increase in the maximum DR value and a significant
increase in the sensitivity of copolymer 8 compared with those values
for the reference copolymer 7. The difference in the dissolution
behavior of 8 compared with 7 can be ascribed to the incorporation
of alkyl acrylate framework into the main chain, which should
significantly increase the flexibility of the whole polymer chain,
resulting in more efficient dissolution behavior. However, although
the main chain has an alkyl acrylate-derived unit similar to 8, the
dissolution behavior of 9 almost remains the same as that of 7. The
reason for this outcome can be assumed as follows. As described

above, because the norbornene-based monomer, 1a, cannot be
copolymerized with alkyl methacrylates, the comonomer combination
of 1a/GBLMA/MAdA is used for synthesizing 9, and the repeating
unit from MAdA (acrylate) has a much higher probability of having a
1a-derived unit in its adjacent positions than that from MAdMA
(methacrylate) in 8. Accordingly, the acid-producing Ad-containing
unit (MAdA) in 9 is located in a more rigid environment in the main
chain, resulting in a lower DR and sensitivity compared with 8,
parameters that coincidentally remain in the similar range as that in 7,
as shown in Figure 6a. The dissolution behavior of 1b-containing
polymers, 10 and 11, shown in Figure 6b, is similar to those of 8 and
9, respectively, except that the sensitivity of 11 was lower than that of
7 for unknown reasons.

Figure 6c shows the dissolution behavior of copolymers 12 and 13,
with the hydroxy-containing norbornane repeating unit derived from
1c. Both of these polymers had maximum DRs reaching
B10 000 nm s�1, which suggests that the influence of the higher
flexibility imparted by the hydroxyethyl side chain dominates, as was
also demonstrated by the aforementioned low Tg values. However, the
sensitivity of these polymers was lower than that of 7; this result can
be ascribed to the effect of the polar –OH group, which inhibits the
transformation of an adamantyl group to a carboxyl group, by
interacting with the acid (Hþ ) generated from the photoacid
generator in a hydrophilic interaction.28

These dissolution behaviors suggest that the copolymers 8–13,
containing a norbornane backbone, can be seriously considered as
attractive candidates for 193-nm photoresist applications.

Figure 6 DR vs exposure dose for 7, 8, and 9 (a), 7, 10, and 11 (b), and

7, 12, and 13 (c).

Table 3 Tg and photoresist sensitivity of copolymers

Code M1 M2 M3

[M1]/[M2]/[M3] in the

product

Tg

(1C)

Sensitivity

(mJ cm�2)

7a HAdMA GBLMA MAdMA 1:2.2:2.3 180 1.05

8 1a GBLA MAdMA 1:2.3:2.7 142 0.48

9 1a GBLMA MAdA 1:3.3:1.9 161 1.31

10 1b GBLA MAdMA — 175 0.77

11 1b GBLMA MAdA — 160 1.78

12 1c GBLA MAdMA 1:2.4:2.1 127 1.75

13 1c GBLMA MAdA 1:2.3:2.4 122 1.25

Abbreviations: GBLA, 3-acryloyloxy-g-butyrolactone; GBLMA, 3-methacryloyloxy-g-butyrolactone;
HAdMA, 3-hydroxy-1-adamantyl methacrylate; MAdA, 2-methyl-2-adamantyl acrylate; MAdMA,
2-methyl-2-adamantyl methacrylate.
aMn¼7000, Mw/Mn¼1.56.

Radical polymerization of alkyl 2-norbornene-2-carboxylates
E Ihara et al

612

Polymer Journal



CONCLUSIONS

We have demonstrated that radical copolymerization of alkyl
2-norbornene-2-carboxylate with alkyl (meth)acrylates is an efficient
method for incorporating a norbornane backbone into (meth)acry-
late-based polymers. The introduction of various ester groups into the
monomer will enable us to modify the properties of the resultant
copolymers. Copolymerization of the norbornene-based monomers
with (meth)acrylate bearing lactone- and adamantane-containing
monomers produced copolymers that exhibited promising results in
the DR vs exposure measurements.
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