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We have demonstrated that the alternating copolymers obtained from N-phenylmaleimides having hydroxy and carboxy

substituents and isobutene show excellent thermal stabilities; namely, onset temperatures of decomposition higher than

350 �C and glass transition temperatures higher than 220 �C, depending on the structure and position of the polar groups in the

N-phenyl group. The obtained copolymers were soluble in organic solvents, such as dimethyl sulfoxide, dimethylformamide,

tetrahydrofuran, and acetone, and transparent and brittle films were obtained by casting from their acetone solutions. The role

of intermolecular hydrogen bonding for an increase in the glass transition temperature by the introduction of the polar groups

was investigated by temperature-controlled IR spectroscopy. The formation of intramolecular hydrogen bonding for the N-2-

hydroxyphenyl derivative was also revealed. The molecular conformations were discussed on the basis of the results of DFT

calculations for the model compounds of the repeating unit in the copolymers.
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Recently, new thermo-resistant polymers with a high trans-

parency attract a great interest as key materials for optoelec-

tronic applications. The radical polymerization and copoly-

merization of N-phenylmaleimide (PhMI, 1) and the thermal

properties of the resulting polymers have been extensively

studied in order to obtain thermally stable vinyl polymers.1–3 At

the same time, various kinds of PhMI derivatives have also

been synthesized and polymerized.4–12 When alkyl substituents

were introduced in the N-phenyl group, the polymers were

soluble in non-polar solvents and showed an excellent thermal

decomposition property, while poly(1) was soluble in limited

kinds of polar solvents.13,14 On the other hand, the introduction

of polar substituents resulted in the formation of polymers with

poor solubility. For example, thermally stable polymers were

synthesized by the polymerization of N-(hydroxyphenyl)-, N-

(carboxyphenyl)-, and N-(trifluoromethylphenyl)maleimides,

but they were insoluble or had a very limited solubility in

solvents.4,15–17 In 1996, Doi and coworkers reported that the

alternating copolymerization of N-alkylmaleimides (RMI) with

isobutene (IB) [poly(RMI-alt-IB)] produces high molecular

weight copolymers with excellent thermal properties, as well as

excellent mechanical and optical properties.18–21 Poly(RMI-alt-

IB)s are soluble in a larger number of organic solvents and had

a moderate softening temperature. The processing of poly-

(RMI-alt-IB)s can be easily carried out for the fabrication of

polymer films, sheets, and molded products. Recently, we

synthesized the alternating copolymers of RMIs containing a

functional group, such as hydroxy and carboxy groups,

combined with IB, and revealed the role of the intermolecular

hydrogen bond of the functional groups in the thermal

properties of the obtained copolymers.22 We demonstrated that

poly(RMI-alt-IB)s containing hydroxy and carboxy groups

showed high glass transition temperature (Tg) values depending

on the structure of the N-substituents. However, the Tg values

were insensitive to the position of the polar group, while the

carbon skeleton structure of the N-alkyl substituents was

important. For example, the Tg values were reported to be 139,

126, 124, and 154 �C for poly(RMI-alt-IB)s with 2-hydroxy-

ethyl, 3-hydroxypropyl, 2-hydroxypropyl, and 1-methyl-2-

hydroxyethyl groups as N-substituents, respectively.22 In the

present study, the alternating copolymers of N-(substituted

phenyl)maleimides (XPhMIs), such as N-(hydroxyphenyl)-

maleimides (2–4) and N-(4-carboxyphenyl)maleimide (5), with

IB [poly(XPhMI-alt-IB)s] were synthesized, as shown in

Scheme 1. The effects of hydroxy and carboxy groups on their

thermal properties were investigated on the basis of the results

of thermal analysis, temperature-controlled IR spectroscopy,

and theoretical calculations. The rigid N-substituents of

XPhMIs are expected to induce the intrinsic features of the

copolymers containing polar groups at a fixed position.

EXPERIMENTAL

General Procedures

Number-average molecular weight (Mn), weight-average

molecular weight (Mw), and polydispersity (Mw=Mn) were

determined by gel permeation chromatography (GPC) in

tetrahydrofuran (THF) as the eluent using a Tosoh CCPD

RE-8020 system and calibration with standard polystyrenes.

NMR spectra were recorded on a JEOL JMN A-400 spec-

trometer at room temperature using DMSO-d6 as a solvent.

Thermogravimetric and differential thermal analyses (TGA and
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DTA, respectively) were carried out using a Seiko TG/DTA

6200 in a nitrogen stream at the heating rate of 10 �C/min. Tinit
and Tmax values were determined as the onset and maximum

rate temperatures of decomposition, respectively, using the

derivatives of the TGA curves. T50 value was determined as the

temperature at which the 50% of weight loss was observed.

Differential scanning calorimetry (DSC) was carried out using

a Seiko DSC-6200 at the heating rate of 10 �C/min to

determine the Tg. Transmission IR spectra were recorded using

a JASCO Herschel FT-IR-430 spectrometer. An Irtron IRT-30

system combined with a Mettler-Toledo FP900 controller was

used for temperature-controlled IR measurement. The spectra

were recorded at each 10 �C step on heating at the rate of 2
�C/min. UV-vis spectra were recorded using a JASCO V-550

spectrophotometer. DFT calculations were carried out at the

(RO)B3LYP/6-311G�==(U)B3LYP/6-311G� level of theory

using a Spartan’07 program.

Materials

2,20-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (AMVN)

(Wako Pure Chemical Ind., Ltd., Osaka) was recrystallized

from methanol. Commercially available 1 was used after

recrystallization from ethanol. XPhMIs, 2–5, were prepared

according to the methods reported in the literature.4,23–25 2–4

were purified by silica gel column chromatography with a

mixture of dichloromethane and ethyl acetate (10/1 in volume

ratio), followed by recrystallization from the same solvents. 5

was recrystallized from a mixture of methanol and water (6/1

in volume ratio).

N-(2-Hydroxyphenyl)maleimide (2): Yield 11%, mp 146 �C.
1H NMR (400MHz, DMSO-d6) � 9.82 (s, OH, 1H), 7.27 (td,

J ¼ 7:4 and 1.2Hz, 4H of C6H4, 1H), 7.17 (s, CH=CH, 2H),

7.13 (dd, J ¼ 7:8 and 1.2Hz, 6H of C6H4, 1H), 6.93 (dd, J ¼
8:0 and 1.2Hz, 3H of C6H4, 1H) 6.87 (ddd, J ¼ 7:2, 8.0, and

1.6Hz, 5H of C6H4, 1H); 13C NMR (100MHz, CDCl3) �

170.17 (C=O), 154.00 (2C of C6H4), 134.99 (CH=CH),

130.43 (6C of C6H4), 130.24 (4C of C6H4), 119.14 (5C of

C6H4), 118.59 (1C of C6H4), 116.48 (3C of C6H4); IR (KBr)

�C=O ¼ 1707 cm�1, �O{H ¼ 3380 cm�1; UV (THF) �max ¼ 274

nm (" ¼ 6;880).

N-(3-Hydroxyphenyl)maleimide (3): Yield 57%, mp 139 �C.
1H NMR (400MHz, DMSO-d6) � 9.71 (s, H, 1H), 7.25 (t,

J ¼ 8:4Hz, 5H of C6H4, 1H), 7.15 (s, CH=CH, 2H), 6.75–6.77

(m, 2H, 4H and 6H of C6H4, 3H); 13C NMR (100MHz,

CDCl3) � 169.90 (C=O), 157.62 (3C of C6H4), 134.60

(CH=CH), 132.46 (1C of C6H4), 129.51 (5C of C6H4),

117.26 (6C of C6H4), 114.74 (4C of C6H4), 113.80 (2C of

C6H4); IR (KBr) �C=O ¼ 1698 cm�1, �O{H ¼ 3327 cm�1; UV

(THF) �max ¼ 278 nm (" ¼ 6;660).

N-(4-Hydroxyphenyl)maleimide (4): Yield 93%, mp 188 �C.
1H NMR (400MHz, DMSO-d6) � 9.71 (s, OH, 1H), 7.14 (s,

CH=CH, 2H), 7.09 (d, J ¼ 8:8Hz, 3H and 5H of C6H4, 2H),

6.84 (d, J ¼ 8:8Hz, 2H and 6H of C6H4, 2H); 13C NMR

(100MHz, CDCl3) � 170.35 (C=O), 157.06 (4C of C6H4),

134.53 (CH=CH), 128.47 (2C and 6C of C6H4), 122.53 (1C of

C6H4), 115.45 (3C and 5C of C6H4); IR (KBr) �C=O ¼
1703 cm�1, �O{H ¼ 3483 cm�1; UV (THF) �max ¼ 278 nm

(" ¼ 5;980).

N-(4-Carboxyphenyl)maleimide (5): Yield 89%, mp 242 �C.
1H NMR (400MHz, DMSO-d6) � 13.1 (broad, CO2H, 1H),

8.05 (d, J ¼ 8:8Hz, 3H and 5H of C6H4, 2H), 7.49 (d,

J ¼ 8:8Hz, 2H and 6H of C6H4, 2H), 7.23 (s, CH=CH, 2H);
13C NMR (100MHz, CDCl3) � 169.90 (CO2H), 167.02 (C=O),

135.82 (1C of C6H4), 135.18 (CH=CH), 130.21 (3C and 5C

of C6H4), 129.85 (4C of C6H4), 126.46 (2C and 6C of C6H4);

IR (KBr) �C=O ¼ 1712 cm�1, �O{H ¼ 3430 cm�1; UV (THF)

�max ¼ 252 nm (" ¼ 36;700).

Polymerization

An XPhMI monomer (2.0mmol) and AMVN (0.10mmol) in

a mixture of 1,2-dichloroethane (5mL) and methanol (5mL) or

in 1,4-dioxane (10mL) were placed in a glass ampoule. The

solution was degassed by the freeze-thaw technique. The cycle

was repeated three times, and then IB was weighed and

charged into the ampoule by vacuum distillation. Finally the

ampoule was sealed. After polymerization at 30 �C for 5 h, the

polymerization mixture was poured into a large amount of

methanol or diethyl ether to precipitate the resulting poly(1-alt-

IB) and the other poly(XPhMI-alt-IB)s, respectively. The

copolymer was filtered, washed, and then dried in vacuo. The

yield of the copolymer was gravimetrically determined. Poly(1-

alt-IB) was purified by reprecipitation from chloroform and

methanol. The other poly(XPhMI-alt-IB)s were similarly

purified by reprecipitation from THF and diethyl ether. The
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composition of the obtained copolymers was determined by
1H NMR spectroscopy.

RESULTS AND DISCUSSION

The radical copolymerization of 2–5 was carried out using a

large excess of IB in a mixture of 1,2-dichloroethane and

methanol and that of 1 with IB in 1,4-dioxane. All the

copolymerization systems were apparently homogeneous,

although the resulting copolymers were insoluble in the same

solvent after isolation. The results of the copolymerization are

summarized in Table I. The copolymers with a high molecular

weight (Mn ¼ 2{14� 104) were obtained in yields of 54–83%

during the copolymerization at 30 �C for 5 h. The copolymers

isolated after reprecipitation were a colorless powder, except

for poly(4-alt-IB) which was pale brown. The alternating

repeating structure of the copolymers was confirmed by
1H NMR spectroscopy (Figure 1), similar to the results for

the copolymerization of N-alkyl- and N-(alkyl-substituted

phenyl)maleimides with IB.13,18 The steric hindrance of the

substituents in the ortho-substituted XPhMIs decreases their

propagation rate constants and relative monomer reactivity

during homo- and copolymerizations, respectively, according

to the number and size of the substituents.14,26,27 Consequently,

alternating copolymers are readily produced during the

copolymerization of the ortho-substituted XPhMIs with IB

because of a lack of the homopolymerizability of IB. In the

present study, the alternating copolymers of XPhMI and IB

were obtained irrespective of the position of polar substituents

in the phenyl group, during copolymerization under the

conditions with a large excess of IB.

The solubility of the copolymers is summarized in Table II.

Poly(XPhMI-alt-IB)s were soluble in polar solvents, such as

DMSO, DMF, and THF, and insoluble in toluene, n-hexane,

diethyl ether, ethyl acetate, and water. The copolymers having

polar hydroxy and carboxy groups were also soluble in acetone

and insoluble in halogen-containing solvents, such as 1,2-

dichloroethane and chloroform, while poly(1-alt-IB) was

soluble in the same halogen-containing solvents and swollen

with acetone. Poly(2-alt-IB), which has a 2-hydroxy substitu-

ent, was swollen in methanol, but the other poly(XPhMI-alt-

IB)s were insoluble in methanol without any swelling. Poly(3-

alt-IB) and poly(4-alt-IB) showed the same solubility. Thus,
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Table I. Synthesis and thermal properties of poly(XPhMI-alt-IB)sa

XPhMI X
Yieldb

(%)

Mn�

10�4

Mw�

10�4 Mw=Mn
XPhMI

mol%c

Tinit

(�C)

Tmax

(�C)

T50

(�C)

Tg

(�C)

1 H 75 10.4 33.6 3.2 48.0 365 438 434 186

2 2-OH 73 2.2 6.6 2.9 49.4 349 395 394 222

3 3-OH 76 4.8 7.2 1.5 49.6 371 408 409 223

4 4-OH 83 4.2 10.2 2.4 49.0 365 419 417 232

5 4-CO2H 54 14.0 44.7 3.1 49.9 375 424 480 259

aCopolymerization conditions: [XPhMI] = 0.20mol/L, [IB] = 2.0mol/L,
[AMVN] = 10mmol/L in 1,2-dichloroethane and methanol (1:1 in volume
ratio) for the copolymerization of 2–5, and in 1,4-dioxane for 1 at 30 �C for
5 h. bCalculated on basis of XPhMI. cIn copolymer, determined by 1H NMR
spectroscopy.
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Figure 1. 1H NMR spectra of (a) poly(2-alt-IB), (b) poly(3-alt-IB), and
(c) poly(4-alt-IB) in DMSO-d6 at room temperature.

Table II. Solubility of poly(XPhMI-alt-IB)s at room temperature

Polymer

DMSO,

DMF,

THF

Acetone Chloroform
1,2-

Dichloroethane
Methanol

Poly(1-alt-IB) soluble swelling soluble soluble insoluble

Poly(2-alt-IB) soluble soluble insoluble insoluble swelling

Poly(3-alt-IB) soluble soluble swelling insoluble insoluble

Poly(4-alt-IB) soluble soluble swelling insoluble insoluble

Poly(5-alt-IB) soluble soluble insoluble insoluble insoluble



the solubility of poly(XPhMI-alt-IB)s substituted with a polar

group is importantly different from that of poly(1-alt-IB) and

slightly depended on the position and structure of the polar

groups. Transparent and brittle films were obtained from all

poly(XPhMI-alt-IB)s by casting from their acetone solutions.

The thermal stability of poly(XPhMI-alt-IB)s was examined

by TGA in a nitrogen stream at the heating rate of 10 �C/min.

The obtained TGA curves are shown in Figure 2. The

determined Tinit, Tmax, and T50 values are summarized in

Table I. The thermal decomposition of all poly(XPhMI-alt-

IB)s proceeded via a one-step reaction, and no weight-loss was

observed below 350 �C. The decomposition temperatures for

poly(XPhMI-alt-IB)s, Tinit ¼ 349{375 �C and Tmax ¼ 395{

438 �C, were similar to those for poly(N-alkylmaleimide-alt-

IB)s; Tinit ¼ 327{382 �C and Tmax ¼ 390{449 �C. The Tinit and

T50 values of poly(5-alt-IB) were the highest among those of

the poly(XPhMI-alt-IB)s examined in the present study. The

residual weight at 500 �C for poly(5-alt-IB) was 48%, which

was much greater than those for the other poly(XPhMI-alt-

IB)s. The decomposition of the hydroxy-substituted poly-

(XPhMI-alt-IB)s occurred at a temperature similar to or

slightly lower than the decomposition temperature of poly(1-

alt-IB). The residual weight of the hydroxy-substituted poly-

mers was 16%, independent of the position of the hydroxy

group. Thus, poly(XPhMI-alt-IB)s containing the hydroxy and

carboxy groups resulted in a larger amount of residue after

decomposition rather than poly(1-alt-IB) because of some

reactions occurring between the substituents on the N-phenyl

group during thermal decomposition. For example, the carboxy

groups form the anhydride upon heating, and the intermolec-

ular binding between the polymer chains may further induce

the formation of a graphite-like thermally stable structure

rather than fragmentation. As a result, a large part of polymers

were charred and isolated as the residue after the heating to

500 �C. However, the analysis of the residue gave no useful

information regarding a detailed mechanism for the decom-

position reaction and the structure of the products. A similar

behavior was also observed during the decomposition of the

other poly(XPhMI-alt-IB)s with alkyl and alkoxycarbonyl

substituents.14,15

Poly(XPhMI-alt-IB)s containing hydroxy and carboxy

groups showed the Tg values of 222–232 �C and 259 �C,

respectively, which are much higher than that of poly(1-alt-IB)

(Tg ¼ 186 �C), as summarized in Table I. This result suggests

that an increase in the Tg values of poly(XPhMI-alt-IB)s is due

to intermolecular hydrogen bonding between the hydroxy and

carboxy groups. Furthermore, the introduction of the functional

groups into the para position of the N-phenyl ring was effective

for an increase in the Tg value of the copolymers, while poly(2-

alt-IB) and poly(3-alt-IB) showed the identical Tg values. In

general, the Tg of polymers depends on the steric bulkiness of

substituents in the side chain, as well as the strength of dipole

and intermolecular interactions. For example, higher Tg values

were reported for the vinyl polymers containing any substituent

near the main chain, such as the 2-position of a phenyl or

cycloalkyl group in the side chain.28–30 Considering a steric

factor, poly(2-alt-IB) was expected to show the highest Tg
value due to the steric hindrance, but actually this was not true.

In a previous paper,18 the Tg values of poly(XPhMI-alt-IB)

containing 2-methyl and 2,6-dimethyl substituents in the N-

phenyl group were reported to be 207 and 237 �C, respectively.

The Tg value (222 �C) for poly(2-alt-IB) in the present study

was higher than that of the 2-methyl-substituted one. The

suppressed chain mobility of the 2,6-disubstituted derivative

results in a higher Tg value because of the rigid conformation

of the N-phenyl ring in the side chain.14 In the literature, no

report on the effect of the position of the alkyl-substituent on

the Tg values for the poly(XPhMI-alt-IB) has been found. In

order to further examine the role of the functional groups in the

present study, the intermolecular interaction of the functional

groups of poly(XPhMI-alt-IB)s through hydrogen bonding was

investigated by IR spectroscopy under temperature control.

First, the intermolecular hydrogen bonding was examined.

Figure 3 shows a change in the absorption bands due to the

O–H stretching vibration at 3460 cm�1 and the C=O stretching

at 1698 cm�1 in the IR spectrum of poly(4-alt-IB). Upon

heating from 100 to 300 �C, an intermolecular interaction

between the hydroxy groups was reduced, and accordingly, the

average position of the OH band shifted to a higher wave-

number region. On the other hand, no change was observed for

the position of the C=O band. Similar results were also

obtained for poly(2-alt-IB) and poly(3-alt-IB). Figure 4 shows

the comparison of the change in the position and the intensity

of the OH bands for poly(2-alt-IB), poly(3-alt-IB), and poly(4-

alt-IB). For poly(2-alt-IB), the wavenumber of the peak

linearly increased and the intensity linearly decreased as the

temperature increased in the whole temperature range exam-

ined. In contrast, the wavenumber and the intensity of the peak

for the OH band of poly(4-alt-IB) remained constant below ca.

200 �C and then drastically changed at a higher temperature. In

the spectrum of poly(3-alt-IB), the peak intensity discontinu-

ously decreased, while the peak position shifted to a higher

wavelength region during heating to the temperature around the

Tg and then it kept constant over the Tg. These results suggest

that the function of the hydrogen bonding of the hydroxy group

of poly(2-alt-IB) is different from the others. This is because
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Figure 2. TGA curves of poly(XPhMI-alt-IB)s in a nitrogen stream at the
heating rate of 10 �C/min. (a) poly(1-alt-IB), (b) poly(2-alt-IB),
(c) poly(3-alt-IB), (d) poly(4-alt-IB), and (e) poly(5-alt-IB).



the intermolecular hydrogen bonding is closely related to the

determination of the Tg values for poly(3-alt-IB) and poly(4-

alt-IB) and it is drastically weakened in the temperature range

over the Tg. In contrast, the hydrogen bonding of poly(2-alt-IB)

does not influence polymer dynamics below and over the Tg
value. This is due to the intramolecular hydrogen bonding

between the hydroxy and the maleimide carbonyl groups in the

same repeating unit, which linearly becomes weak depending

on the temperature. The formation of intramolecular hydrogen

bonding for poly(2-alt-IB) is discussed in the later section on

the basis of the results of DFT calculations.

The intermolecular hydrogen bonding of poly(XPhMI-alt-

IB)s includes several possible cases, such as hydroxy–hydroxy

and hydroxy–carbonyl interactions for the hydroxy-substituted

poly(XPhMI-alt-IB)s, and carboxy–carboxy and carboxy–car-

bonyl interactions for poly(5-alt-IB). Actually no shift was

detected in the absorption band of the carbonyl group, but it is

due to an insensitive peak shift for the C=O of the maleimide

ring in the IR spectrum.22 In the case of the hydroxy-substituted

poly(XPhMI-alt-IB)s, it is consider that the intermolecular

hydrogen bonding of poly(XPhMI-alt-IB)s include not only

hydroxy–hydroxy but also hydroxy–carbonyl interactions.

We also tried to reveal the intermolecular interaction of the

functional group of poly(5-alt-IB) to investigate the carboxy–

carboxy and carboxy–carbonyl interactions as intermolecular

hydrogen bonding. The absorption band due to the O–H

stretching of the carboxy group was observed at 3000–3500

cm�1 and shifted to a higher wavenumber region when the

temperature increased over the Tg, similar to the results for the

hydroxy group in poly(XPhMI-alt-IB)s. However, the analysis

of the C=O band failed because of the overlap of two kinds of

C=O absorptions, due to the C=O stretching of the CO2H

group in the N-substituent and the symmetric C=O stretching

of the maleimide ring, appearing at 1712 cm�1.

Next, the optimized molecular structure of 1–4 as well as the

corresponding succinimides (6–9) as model compounds for the

polymer repeating unit (Scheme 2) were determined by DFT

calculations at the (RO)B3LYP/6-311G�==(U)B3LYP/6-

311G� level of theory. Figure 5 shows the optimized molecular

conformations of 7–9, together with an electrostatic potential

A. OMAYU and A. MATSUMOTO
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map on molecular surface. Some parameters determined for

the optimized structures of each isomer are summarized in

Table III.

Compound 7 was revealed to have two stable conforma-

tions, 7a and 7b, one of which includes intramolecular

hydrogen bonding between the hydroxy group on the ortho

position of the N-phenyl ring and the imide carbonyl group.

The bond length between the hydrogen atom of the OH group

and the oxygen atom of the C=O group of 7a was 1.8 Å,

and the O–H���O angle was 152.5�. This geometry strongly

supports that intramolecular hydrogen bonding is formed in

7a. The formation of an intramolecular hydrogen bonding

between the OH and C=O groups in the conformer 7a is also

evident from its electrostatic potential map, in which a decrease

in the electron density for one of the C=O groups. Another

conformer, 7b, contains a highly twisted N-phenyl ring

structure without intramolecular hydrogen bonding.14,31,32 The

dihedral angles between the imide and N-phenyl ring were

41.2–44.3� for the compounds, 6, 8, and 9, and 46.7� for 7a.

The steric hindrance due to the ortho-substitution resulted in

the more twisted structures when the intramolecular hydrogen

bonding is absent, as seen in the dihedral angles of 71.1 and

64.8� for 7b and 10, respectively. The steric strain included in

the 7b and 10 molecules was also reflected in the tilted

structure of the N-phenyl substituent from the imide plane; the

angle between the imide ring and the N–C bond was 2.7 and

2.8� for 7b and 10, respectively, being larger than those for the

other derivatives (0–0.2�). The maleimide derivatives, 1–4,

also resulted in similar conclusions. The dihedral angles

between the phenyl and imide rings were determined to be

38–45� for the maleimide derivatives when intramolecular

hydrogen bonding and the steric hindrance of the ortho

substituent are absent. The conformer 2b has a highly twisted

and strained structure due to the steric repulsion.

As shown in Table III, the highly twisted conformers, 2b

and 7b, are energetically unfavorable (�H ¼ 12:38 and

15.51 kJ/mol for 2b and 7b, respectively) compared with

another conformers, 2a and 7a. The relative enthalpy values for

2b and 7b are approximately 5 kJ/mol higher than those of the

other hydroxy substituted structures; �H ¼ 6:6{7:2 and 10.3–

10.4 kJ/mol for the maleimide (3 and 4) and succinimide (8

and 9) derivatives, respectively. Judging from the energy

difference between the two conformers for each compound, we

can conclude that a molecular conformation containing intra-

molecular hydrogen bonding, which are similar to those of

conformers 2a and 7a, is predominant as the repeating structure

of poly(2-alt-IB). The temperature dependence of the OH band

in the IR spectrum of poly(2-alt-IB), as already shown in

Figure 4, is well accounted for by the predominant intra-

molecular hydrogen bonding between the 2-OH group and the

carbonyl group.

In conclusion, we demonstrated that the alternating copoly-

mers obtained from XPhMI having hydroxy and carboxy

substituents and IB, poly(XPhMI-alt-IB)s, show excellent

thermal stabilities. The Tg values of poly(XPhMI-alt-IB)s

depended on the structure and position of the polar groups on

the N-phenyl group. The role of intermolecular and intra-

molecular hydrogen bonding for determining the Tg values was

revealed by temperature-controlled IR spectroscopy. The

molecular conformation determined by DFT calculations has

clarified that the rigid N-substituents of the XPhMI units induce

the intrinsic features of the copolymers containing the polar

groups at a fixed position. The results obtained in the present

study will be useful for the synthesis of thermo-resistant

polymers with an excellent transparency including aromatic

polyimides, as well as the design of �-conjugated polymers and

oligomers.
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Figure 5. Optimized molecular conformations and electrostatic potential
map on the molecular surface determined by DFT calculations for
7–9 as the model compounds for the maleimide repeating unit in
poly(XPhMI-alt-IB)s. Compound 7 has two stable conformers, 7a
and 7b. In an electrostatic potential map, red and blue depict the
most negative and positive potentials, respectively. Orange,
yellow, and green colors depict intermediate values, according to
the sign and magnitude of the potentials.

Table III. Structural parameters for maleimide and succinimide
derivatives determined by DFT calculationsa

Compound �Hb (kJ/mol) Dihedral anglec (�) N–C bond angled (�)

Maleimide 1 — 45.2 0

2a 0 45.2 0.7

2b 12.38 74.4 5.5

3 6.56 37.5 0.1

4 7.23 43.8 0.1

Succinimide 6 — 44.3 0

7a 0 46.7 0.2

7b 15.51 71.1 2.7

8 10.42 41.2 0.2

9 10.27 43.4 0.1

10 — 64.8 2.8

aCalculated by DFT method at the (RO)B3LYP/6-311G�==(U)B3LYP/6-
311G� level of theory. bRelative value for the heat of formation. cAngle
between the imide and N-phenyl rings. dAngle between the imide ring and
the N–C bond.
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