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ABSTRACT: Microstructure of the copolymer of 2-vinylnaphthalene (2-VN) with maleic 

anhydride obtained by radical initiation over a wide range of monomer feeds has been characterized 

by fluorescence spectroscopy and composition data. The microstructure of the copolymer varies 

depending on the monomer composition in spite of the fact that copolymer compositions are close 

to I: I. The 2-VN-2-VN diad fraction is shown to increase with the 2-VN molar fraction in the 

monomer feed. Polymerization temperature is found to affect significantly the microstructure 
of the copolymer. 
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Free-radical copolymerizations of electron
donor monomers with electron-acceptor mono
mers tend to form copolymers with approxi
mately 1 : 1 compositions over a wide range 
of monomer compositions, and certain sys
tems yield 1 : 1 alternating copolymers regard
less of the monomer feed composition. Such 
radical copolymerizations have been a subject 
of numerous studies from both synthetic and 
mechanistic interests. 1 - 4 Typical electron
acceptor monomers that undergo 1 : 1 alternat
ing radical copolymerization are maleic anhyd
ride (MAn), sulfur dioxide, and di- and tri
substituted ethylenes with cyano or carboal
koxy groups. Corresponding electron-donor 
monomers include aryl vinyl monomers such 
as styrene and N-vinylcarbazole, vinyl ethers 
and vinyl sulfides. 

In contrast to extensive studies on the 
styrene-MAn system, known to be a 1 : I 
alternating copolymerization system, 5 ·6 there 
have been only a few studies on the vinyl-

naphthalene-electron-acceptor monomer sys
tems. It has been reported that the copolymer
ization of 2-vinylnaphthalene (2-VN) with 
methyl methacrylate yields random copoly
mers, but that the copolymerization in the 
presence of ethylaluminum sesquichloride 
produces a 1: 1 alternating copolymer. 7 - 9 

Recently a 2-VN-MAn copolymer was pre
pared by the radical copolymerization of 2-VN 
with MAn as a precursor to amphiphilic copo
lymers and shown to be a 1 : 1 alternating 
copolymer based on the composition data. 10 

Characterization of copolymers as I : 1 alter
nating copolymers is usually based on the fact 
that copolymers with equimolar composition 
are obtained over a wide range of monomer 
feed ratios. The equimolar composition of 
copolymers, however, does not necessarily 
mean that they are truely 1 : 1 alternating 
copolymers. In addition, there is a limitation in 
the accuracy of the copolymer composition, 
which has usually been determined by elemen-
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tal analysis, infrared absorption spectroscopy, 
or chemical analysis. It is necessary to dis
tinguish real 1 : I alternating copolymers from 
copolymers with a statistical I : I composition; 
however, there have been few studies on the 
microstructure of hitherto reported I : I alter
nating copolymers and copolymers with com
positions close to I : I. 

In our studies of alternating radical copo
lymerizations11-18 we reported that radical 
copolymerizations of N-vinylcarbazole with 
fumaronitrile 11 •13 and diethyl fumarate 12· 13 

produce I : 1 alternating copolymers over a 
wide range of monomer feed compositions 
and that these 1 : 1 alternating copolymers ex
hibit only monomer fluorescence due to the 
carbazole chromophore13 ·19: this provides an 
evidence for the 1 : I alternating structure. 
I : I Alternating copolymers prepared by rad
ical copolymerizations in the presence of ethyl
aluminum sesquichloride, e.g., poly(2-VN-a/t
methyl methacrylate) and poly(styrene-a/t
methyl methacrylate), have also been reported 
to show only monomer fluorescences. 7 It is 
expected that examination of the fluorescence 
spectra of copolymers as a function of the 
monomer feed composition should provide 
information on the microstructure of copoly
mers, in particular, for the distinction of the 
real 1 : I alternating copolymer from copoly
mers with a statistical 1 : 1 composition. 

We report here the characterization of the 
microstructure of the copolymer of 2-VN with 
MAn, produced by the AIBN-initiated radical 
copolymerization of 2-VN with MAn over a 
wide range of monomer feeds, by fluorescence 
spectroscopy and composition data. 20 The ef
fect of polymerization temperature on the 
microstructure of the resulting copolymer is 
also examined. 

EXPERIMENT AL 

Materials 
2-Vinylnaphthalene (Aldrich Chem. Co., 

Inc.) was chromatographed over silica gel 
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(eluent: n-hexane), then recrystallized from 
ethanol, and dried in vacuo. Maleic anhydride 
(Wako Chemical Industries, Ltd., extra pure 
grade) was chromatographed over silica gel, 
recrystallized from benzene and then sublimed 
twice in vacuo immediately before use. Benzene 
was purified by washing with (i) concentrated 
sulfuric acid, (ii) dilute aqueous sodium hy
droxide, (iii) deionized water; it was then dried 
over calcium chloride and over metallic so
dium before distillation. Tetrahydrofuran 
(THF) was refluxed over potassium hydroxide 
and distilled; it was further purified by distil
lation over lithium aluminum hydride. 

Copolymerization 
The radical copolymerization of 2-VN with 

MAn was carried out in toluene at O'C and in 
benzene at 30, 60, 80, and 9O'C. The total 
monomer concentration was 0.5 mol dm - 3 in 
toluene and 1.0 mo! dm - 3 in benzene. The 
initiators used for the polymerizations in tol
uene at O"C, in benzene at 3O°C, and in 
benzene at higher temperatures were 2,2'
azobis( 4-methoxy-2,4-dimethylvaleronitrile) 
(AMDVN), 2,2' -azobis(2,4-dimethylvaleroni
trile) (ADVN), and AIBN, respectively. The 
concentrations of AMDVN, ADVN, and 
AIBN were 1.0 x 10- 2, 1.0 x 10- 2 , and 1.25 x 
10- 2 moldm- 3, respectively. The polymeri
zation was stopped at less than 8% conversion 
based on total quantities of the monomers. 
The copolymers obtained were dissolved in 
acetone and reprecipitated repeatedly from n
hexane-benzene (9 : I, v /v ratio), and dried in 
vacuo. 

Measurements 
Copolymer compositions were determined 

from carbon content in elemental analysis. The 
fluorescence spectra of the 2-VN homopolymer 
and copolymers were measured in THF mostly 
at a concentration of ca. 2x 10- 4 moldm- 3 
based on the 2-VN unit. The excitation wave
length was 280 nm for both the 2-VN homo
polymer and the copolymers. The electronic 
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absorption spectra and fluorescence spectra 
were taken with a Hitachi U-3200 spectro
photometer and a Hitachi 850 fluorescence 
spectrometer, respectively. Molecular weights 
of the copolymers were determined by gel
permeation chromatography with a Shimadzu 
LC5A system using polystyrene as a standard. 

RESULTS AND DISCUSSION 

The copolymerization of 2-VN with MAn in 
the presence of a free-radical initiator pro
duced a copolymer, poly(2-VN-co-MAn). 
Table I summarizes compositions and mo
lecular weights of poly(2-VN-co-MAn) ob
tained by AIBN-initiated copolymerization at 
60cc in benzene. The results show that the 
compositions of the copolymers obtained at 
monomer feed compositions in large excess 
of either 2-VN or MAn deviate from the I: 1 
composition but that the copolymers obtained 
at the 2-VN feed ratio from 0.40 to 0.60 have 
nearly I : 1 compositions. 

AIBN -6 

300 350 400 

Figure I shows the fluorescence spectra of 
poly(2-vinylnaphthalene) (poly(2-VN)) and 
poly(2-VN-co-MAn) with near equimolar 
compositions. Poly(2-VN) exhibits both ex
cimer and monomer fluorescences with peaks 
at 400 nm and 338 nm, respectively. 21 The pres
ent results show that the poly(2-VN-co-MAn) 
also exhibits both monomer and excimer 
fluorescences in spite of the fact that the 
copolymer composition is approximately 1 : 1; 

Table I. Compositions and molecular weights of 
poly(2-VN-co-MAn) obtained at 60'C' 

2-VN mole 2-VN mole 
fraction in fraction in M. x w- 4 M w x w- 4 

monomer feed copolymer 

0.10 0.44 0.7 1.3 
0.20 0.46 0.7 2.2 
0.30 0.46 1.6 3.8 
0.40 0.49 1.4 7.8 
0.50 0.50 4.4 7.6 
0.60 0.51 4.0 9.9 
0.70 0.53 5.8 17 
0.80 0.57 8.5 51 
0.92 0.66 4.5 20 

'[2-VN)+[MAn]=l.0moldm- 3 ; [AIBN]=l.25x 10- 2 

mol dm- 3 ; solvent. benzene. 

Wavelength /nm 

Figure l. Fluorescence spectra of poly(2-vinylnaphthalene) and poly(2-VN-co-MAn) obtained at 60 C 
in benzene. The spectra were measured in THF at room temperature. a) poly(2-vinylnaphthalene); b)~d) 
poly(2-VN-co-MAn). 2-VN molar fraction in the monomer feed: b) 0.6; c) 0.5; d) 0.4. 
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the relative intensity of the excimer fluores
cence to the monomer fluorescence increases 
with the molar fraction of 2-VN in the mono
mer feed. No change in the ratio of the ex
cimer to the monomer fluorescence intensity 
was observed when the copolymer concen
tration based on the 2-VN unit was varied 
from 4x 10-s to Ix 10- 3 moldm- 3 . It is 
therefore concluded that the excimer fluores
cence observed at ca. 2 x 10-4 mo! dm - 3 con
centration is intramolecular in nature. 

Figure 2 shows the ratios of the excimer to 
the monomer fluorescence intensity, /400 / / 338 , 

for poly(2-VN-co-MAn) obtained at 60°C in 
benzene vs. monomer feed compositions. The 
copolymer compositions are also figured. It is 
clearly shown that the value of the fluorescence 
intensity ratio depends significantly on the 
monomer feed composition, increasing with 
the 2-VN molar fraction in the monomer 
composition. 

Generally, the intramolecular excimer for
mation in aryl vinyl polymers in a dilute 
solution using good solvents occurs by the 
nearest-neighbor interactions as reported for 
polystyrene, poly(2-VN) and poly(N-vinyl
carbazole),7· 19·21 although the excimer forma
tion by non-nearest-neighbor interactions has 
also been observed for poly(acenaphthylene) 
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Figure 2. Compositions ( O) and fluorescence intensity 
ratios (e), /400//338 , ofpoly(2-VN-co-MAn) obtained at 
60°C in benzene vs. monomer feed compositions. 
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in which nearest-neighbor interactions are 
structurally impossible. 22 The appearance of 
the intramolecular excimer fluorescence in 
poly(2-VN-co-MAn) indicates the existence 
of the 2-VN-2-VN diad sequence even in the 
copolymer with a composition close to 1 : 1. 
Significant differences in the relative intensity 
of the excimer to the monomer fluorescence 
for poly(2-VN-co-MAn) obtained at various 
monomer feed ratios indicate that the micro
structure of poly(2-VN-co-MAn) varies sig
nificantly depending on the monomer feed 
composition at which the copolymer is pro
duced. 

It is known that the intramolecular excimer 
formation in vinyl aromatic polymers gen
erally takes place via energy migration be
tween pendant aromatic chromophores along 
the polymer chain. The ratio of the excimer to 
the monomer fluorescence intensity (/0//M) in 
the fluorescence spectra of the copolymers is 
proportional to the product of Faa times L. as 
expressed in eq 1,23 where, in the present 
study, Faa and L. represent the diad fraction 
and mean sequence length of the 2-VN unit, 
respectively. Since Faa is unable to be calcu
lated from the fluorescence spectral data, eq I 
is modified as follows. According to Harwood 
equation,24 the diad fraction Faa and mean 
sequence length L. are given by eq 2 and eq 3, 
respectively, where fa is the molar fraction (in 
%) of the 2-VN unit in the copolymer and R is 
the run number in the copolymer chain. 
Introducing eq 2 and 3 into eq I gives eq 4, 
which shows that / 0 / IM is proportional to the 
product of j~ times (L. - 1 ). In a real 1 : 1 
alternating copolymer, the mean sequence 
length is equal to 1, and hence, ( L. - I) in eq 4 
represents the extent of the deviation (11.La) 
from the 1 : 1 alternation in the mean sequence 
length. By introducing the experimental data 
of / 0//M and j~, information on the mean 
sequence length of the 2-VN unit can be 
obtained. 

(]) 
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Faa = f, - R/2 (2) 

La= 2j~/ R (3) 

fo//M=kfa·(La- l)=k-j3 ·f'1L3 (4) 

Table II lists the values of kl'lLa calculated 
from eq 4 for the poly(2-VN-co-MAn) ob
tained at various monomer feed compositions. 
The results show definitely that the mean 
sequence length of the 2-VN unit in the co
polymer increases with the 2-VN molar frac
tion in the monomer feed. The increase in the 
mean sequence length of the 2-VN unit in the 
copolymer indicates that the relative propor
tion of the 2-VN-2-VN diad fraction or the 2-
VN-2-VN-2-VN triad fraction is increased. 
That is, the copolymer produced at a low 2-
VN molar fraction in the monomer feed con
tains mostly the 2-VN unit as an isolated se
quence; however, the copolymer tends to con
tain the 2-VN-2-VN diad sequence with in~ 
creasing content of 2-VN in the monomer 
feed. It is concluded that the microstructure 
of the poly(2-VN-co-MAn) varies significant
ly depending on the monomer feed compo
sition: the 2-VN mean sequence length increases 
with the 2-VN molar fraction in the monomer 
feed. Although the copolymers produced at 
the 2-VN feed molar ratio from 0.4 to 0.60 

Table II. Fluorescence intensity ratios and relative 
extents of deviation from I : I alternation (AL.) 

for poly(2-VN-co-MAn) obtained at 60°C" 

2-VN mole 2-VN mole 
fraction in fraction in 1400/ I,,s b k·AL,' 

monomer feed copolymer 

0.30 0.46 0.19 0.41 
0.40 0.49 0.24 0.49 
0.50 0.50 0.31 0.62 
0.60 0.51 0.40 0.78 
0.70 0.53 0.58 I.I 

• [2-VN]+[MAn]= l.0moldm- 3 ; solvent, benzene. 
h Intensity ratio of the excimer fluorescence ( 400 nm) to 

monomer fluorescence (338 nm). 
c Calculated from equation 4 using .f~ in mole fraction 

instead of%: AL=L.-1; L 0 , 2-VN mean sequence 
length; k, constant. 
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have nearly the equimolar composition, they 
are not real 1 : 1 alternating copolymers. 

The copolymer composition is known to be 
affected by polymerization temperature. For 
example, copolymer compositions deviate 
from the equimolar one, becoming random at 
high temperatures, as reported for the styrene
MAn and ct-methylstyrene-MAn 1 : I alternat
ing copolymerization systems. 25 •26 It is of in
terest to examine how polymerization tem
perature affects the microstructures of copoly
mers resulting from the 2-VN-MAn system. 
In the present study, the copolymerization of 
2-VN with MAn was carried out at several 
temperatures, and the fluorescence spectra of 
the resulting copolymers were measured. 

Figure 3 shows the compositions of poly(2-
VN-co-MAn) obtained at several tempera
tures. In the temperature range from 0°C to 
80°C, copolymers with near equimolar com
positions are obtained when the 2-VN molar 
fraction is in the range from 0.4 to 0.6. It seems 
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Figure 3. Compositions of poly(2-VN-co-MAn) ob
tained at several temperatures vs. monomer feed com
positions:(.) 80°C; (e) 60°C; (D) 30°C; (0) 0°C. 
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Figure 4. Fluorescence spectra of poly(2-VN-co-MAn) obtained for the equimolar monomer feed at 
several temperatures: a) 90T; b) 60 C; c) 30 C; d) 0 C. 

from the composition data that the polymeri
zation temperature does not greatly affect the 
copolymer composition. Figure 4 shows the 
fluorescence spectra of poly(2-VN-co-MAn) 
obtained for the monomer feed molar ratio of 
1 : I at different temperatures. The result shows 
that in spite of the fact that the copolymers 
have nearly 1 : 1 compositions, the fluorescence 
spectra of the copolymers depend significantly 
on the polymerization temperature: the rel
ative intensity of the excimer fluorescence to 
the monomer fluorescence increases with po
lymerization temperature. Although polym
erization temperature affects the molecular 
weight of the resulting copolymers, it is found 
that molecular weight does not greatly influ
ence the relative fluorescence intensity ratio. 
For example, the copolymer prepared for 
the equimolar monomer feed at 60°C has a 
smaller molecular weight than the copolymer 
obtained at 30°C; however, the relative fluo
rescence intensity ratio for the former copoly
mer is larger than that for the latter copoly
mer (Figure 4). The fact that the copolymer 
obtained at 0°C shows distinctly the excimer 
fluorescence indicates that a real 1 : 1 alternat-
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Figure 5. Fluorescence intensity ratios, /400 / / 338 , of 
poly(2-VN-co-MAn) obtained at several temperatures 
vs. monomer feed compositions: ( O) 90'C; ('v) 80'C; 
(e) 60C; (.) 30'C; Ca.) 0 C. 

ing copolymer cannot be obtained even at a 
low polymerization temperature of 0°C. 

Figure 5 shows the relative intensity ratios 
of the excimer to the monomer fluorescence 
for poly(2-VN-co-MAn) obtained at different 
temperatures vs. monomer feed composition. 
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Table III. Relative extent of deviation from l : 1 
alternation (.1.L.) for poly(2-VN-co-MAn) 

obtained at various temperatures' 

Polymerization 
temperature 

0 
30 
60 
80 
90 

2-VN mole 
fraction in 
copolymer 

0.49 
0.50 
0.50 
0.52 
0.52 

0.21 0.43 
0.25 0.50 
0.31 0.62 
0.37 0.71 
0.42 0.81 

• [2-VN)=0.5moldm- 3; [MAn]=0.5moldm- 3 ; sol
vent: toluene (O'C); benzene (30-90"C). 

b Intensity ratio of the excimer fluorescence (400 nm) to 
the monomer fluorescence (338 nm). 

' Calculated from equation 4 using}~ in mole fraction 
instead of %: .1.L = L. - 1; L,, 2-VN mean sequence 
length; k, constant. 

It is clearly shown that the relative fluores
cence intensity ratios increase with the 2-VN 
molar fraction in the monomer feed at the 
same temperature, and that the higher the 
polymerization temperature, the larger is the 
relative intensity of the excimer fluorescence 
over a wide range of monomer feed com
positions. 

Table III lists the values of kL1L. calculated 
from eq 4 for poly(2-VN-co-MAn) obtained 
for the equimolar monomer feed composition 
at different temperatures. It is shown that 
the microstructure of poly(2-VN-co-MAn) is 
strongly influenced by polymerization temper
ature. When the polymerization temperature 
increases from 0°C to 90°C, the mean sequence 
length of the 2-VN unit increases and the 
values of kL1L. is almost doubled. 

Although it is necessary to elucidate which 
model, terminal, penultimate, or charge
transfer model, explains most satisfactorily the 
propagation process of the present 2-VN:_ 
MAn system, reactions of the free monomers 
will surely be involved. Generally, the tran
sition state of the cross-reaction will be more 
stabilized than the homoreaction in the 
electron-donor monomer-electron-acceptor 
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monomer system. In the present system, the 
cross-propagation seems to be favored; how
ever, the homo-reaction between the 2-VN 
free radical and 2-VN monomer tends to occur 
with increasing concentration of the 2-VN in 
the monomer feed. The cross-reaction will be 
more favored at a lower polymerization tem
perature; the selectivity in the reaction tends to 
decrease with increasing polymerization tem
perature. 

The fluorescence spectroscopy characteri
zation of the copolymer is a sensitive method 
for gaining information on the monomer se
quence in the copolymer. Even when an in
crease in the proportion of the diad fraction 
does not greatly affect the copolymer com
position, the increase in the Faa and hence L. 
brings about more significant variation in 
10 /IM, which is proportional to the product of 
F •• times L •. In addition, the present method is 
simple and convenient because it requires only 
a few milligrams of samples for the measure
ment. The method can be applied to other 
copolymers with the aryl vinyl monomer as 
one component. 

CONCLUSION 

The fluorescence spectra of poly(2-VN-co
MAn) obtained by the radical copolymeri
zation of 2-VN with MAn were measured as a 
function of the monomer feed composition 
and polymerization temperature in order to 
gain information on the microstructure of the 
resulting copolymers. The copolymer exhibits 
both excimer and monomer fluorescence, and 
their intensity ratio depends significantly upon 
monomer composition and polymerization 
temperature. It is shown that the microstruc
ture of the copolymer varies significantly de
pending on the monomer feed composition 
and on the polymerization temperature. The 2-
VN-2-VN diad fraction increases with the 2-
VN molar fraction in the monomer feed and 
with polymerization temperature. Although 
copolymers with an equimolar composition 
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are obtained at the 2-VN feed molar ratio from 
0.4 to 0.6, a real I : I alternating copolymer is 
not obtained even at 0°C in the 2-VN-MAn 
system. 

The fluorescence spectroscopy characteri
zation of the copolymer provides useful infor
mation on the microstructure of copolymers 
with aryl vinyl monomers as one component. 
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