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ABSTRACT: Radical copolymerization of citraconic anhydride (CAn) with styrene (St) and terpolymer-
ization of CAn, St, and maleic anhydride (MAn) were carried out in bulk at 60 °C and in benzene at 50 °C,
respectively. Existence of a 1:1 charge-transfer complex between CAn and St in the copolymerization system
was confirmed by means of UV spectroscopies. The equilibrium constant of the complex formation was
determined as 0.098 L/mol in CHCl; at 15 °C. The copolymerization of CAn with St was evaluated by using
either the terminal or the penultimate model, and the complex participation model. As a result, the pen-
ultimate model was demonstrated to be the relatively adequate description of the mechanism of the copo-
lymerization. The relative reactivity of MAn toward a poly(St) radical was found to be about 6.8 times higher
than that of CAn. The alternating copolymer of dialkyl citraconate (DRC) with St, having a relatively high
thermal stability, was prepared by esterification of the copolymer of CAn and St.

Introduction

Much interest has been shown in the radical copolym-
erization of maleic anhydride (MAn) with styrene (St),!-10
which gives an alternating copolymer, probably via for-
mation of a donor-acceptor complex between both mono-
mers. From this system, high molecular weight alternating
copolymer was obtained even in the absence of the
initiator.2? The existence of a 1:1 charge-transfer complex
has been firmly established for the copolymerization
system.%® However, Ebdon and T'owns proposed recently
that such complexes play only a very small part in leading
to alternation in thissystem.! Moreover, the kinetics and
mechanism of these copolymerizations have been widely
investigated by using various models,!6-8

Recently, we studied radical polymerization reactivi-
ties of citraconic (a-methylmaleic) acid derivatives. The
radical homopolymerization of N-alkylcitraconimides was
attempted and found to give the polymers consisting of
1,1,2-trisubstituted ethylenic structure.!! The copoly-
merizations of dialkyl citraconates (DRC) and the isomeric
mesaconates with vinyl acetate, as well as isobutyl vinyl
ether, have been performed and found to give alternating
copolymers.1213

Next, our attention is focused on the reactivity and
behavior of citraconic anhydride (CAn) as an electron-
accepting monomer inradical copolymerization. Although
there have been a few publications on copolymerization
parameters of CAn with St,!* no systematical study has
been done.

H CHj,
\,C,:C\/
O=C\O/C =0
CAn

In the present study, radical copolymerization of CAn
with St was carried out and studied spectroscopically. The
mechanism of the copolymerization was evaluated by three
types of models, i.e. the classical terminal model, the pen-
ultimate model, and the complex participation model.
Moreover, radical terpolymerization of CAn, St,and MAn
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was also investigated to compare the relative reactivities
of CAn and MAn toward the poly(St) radical. Further-
more, the esterification of the anhydride moiety in the
copolymer of CAn with St was attempted to obtain the
copolymer involving DRC. The results obtained are
described and discussed in this paper.

Experimental Section

Materials. CAn was obtained by isomerization—dehydration
of itaconic acid at 200 °C and purified by distillation under
reduced pressure. St and MAn were distilled from their
commercial materials before use. 2,2’-Azobis(isobutyronitrile)
(AIBN) was recrystallized from methanol. Other reagents were
purified by ordinary methods.

Polymerizations. Copolymerization and terpolymerization
were carried out in a sealed glass tube in the presence of AIBN.
After polymerization for a given time, the content of the tubes
was poured into a large amount of dried diethyl ether to isolate
the copolymer. The copolymers obtained were then reprecip-
itated from acetone solution into diethyl ether to obtain pure
copolymers for the composition analysis. The copolymer com-
positions were determined by elementary analyses. The ter-
polymer compositions were determined by measuring the in-
tensity of the specific absorption for the respective monomer
units in 'H NMR spectra: St, C¢H; protons (6.8-7.2 ppm); CAn,
CH; protons (1.3 ppm); MAn, CH proton (3.0 ppm) and CH,
protons (2.0-3.0 ppm).

Esterification of the Copolymer. Methylation of poly(CAn-
co-St) was performed by refluxing the copolymers with an excess
amount of methanol in the presence of sulfuric acid as a catalyst.
After reaction for 20 h, unchanged methanol was removed, and
the copolymers obtained were purified by reprecipitation from
the THF-hexane system.

Measurements. UV spectra were measured by a Shimadzu
UV-160 ultraviolet spectrometer in CHCI; at 15 °C using 1-cm
quartz cells. IR spectra were recorded on a JASCO A-202
spectrometer. NMR spectra (400 MHz) were taken on a JEOL-
GX 400 FT NMR spectrometer in deuterium acetone at 27 °C.
Number-average molecular weight (M,) was determined by Tosoh
8000 series gel-permeation chromatography (GPC) at 38 °C using
THF as an eluent. Thermogravimetric analysis (TGA) was
carried out in an atmosphere of nitrogen at a heating rate of 10
°C/min.

Results and Discussion

Copolymerization of CAn with St. The results of
the copolymerizations of CAn (M;) with St (My) in bulk
at 60 °C with 0.02 mol/L of AIBN are shown in Table 1.
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Table I
Radical Copolymerization of CAn (M,;) with St (M) in
Bulk at 60 °C: [AIBN] = 0.02 mol/L

[M;] in polymn 10R,/ [Mi] in
comonomer/ time/ copolymer (mol/ _ copolymer/
(mol %) min yield/ % (L-s)) 104M, (mol %)
5.0 60 4.5 1.1 21.9
10.0 30 2.6 1.3 8.1¢ 28.7
20.0 30 2.8 1.4 74 34.0
30.0 45 5.5 1.9 9.7 36.4
40.0 30 3.6 1.9 12.3 40.3
50.0 60 7.8 2.1 12.4¢ 43.1
50.0° 300 1.5 0.1 53.9¢ 45.4
60.0 30 4.0 2.3 15.0 45.4
70.0 45 8.5 3.2 12.5 48.0
80.0 30 4.1 2.4 8.4 489
90.0 60 10.4 3.1 11.5¢ 49.8

¢ The samples methylated were used. ® Spontaneous thermal co-
polymerization.
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Figure 1. Continuous variations for the chloroform solutions of
CAn with St: [CAn] + [St] = 1.0 mol/L.

The copolymerizations proceeded rapidly to give the
copolymers having M, in the range of (7.4-15.0) X 104,
The rate of copolymerization (Rp) was found to increase
with an increase in the molar fraction of M; in the monomer
mixture, and the M, of the copolymers have a maximum
[M;] value at about 60 mol % . Inaddition, it was observed
that the copolymerization proceeded slowly even in the
absence of AIBN, to give a high molecular weight
(>500 000) copolymer.

Confirmation of a Charge-Transfer Complexin the
CAn-St System. It has been confirmed that the charge-
transfer complex is formed in the MAn-St copolymeri-
zation system.%5 In order to examine whether or not such
a complex exists in the presence of the CAn-St copolym-
erization system, a UV spectroscopicstudy was attempted.
From the UV spectra obtained, a new absorption band
due to complex formation was observed in the range of
300-350 nm. Figure 1 depicts the plots by a continuous
variation technique of Garrett and Guile!® to determine
the compositions of the complex of CAn with St. From
this figure, it is clear that CAn formed a 1:1 charge-transfer
complex with St in CHC]; at 15 °C.

The formation of the complex (C) between St and CAn
is expressed as follows:

K
St + CAn=C 1

where K is an equilibrium constant of complex formation.

If the concentration of St is much larger than that of
CAn and the molar extinction coefficient (es;) of St at a
given wave length is zero, the following equation can be
derived:16:17

[CAn] 1 1
= +
d - do K(GC - eCAn) [St]
where [CAn] and [St] are the initial concentrations of

2

€c~ €can
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Figure 2. Plots by eq 2 for the CAn-St system in chloroform:
(a) 310, (b) 320, and (c) 330 nm.
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Figure 3. Copolymer composition curve for copolymerization
of CAn (M;) with St (M;) in buik at 60 °C.

CAn and St, respectively. dyand d are the optical densities
per unit cell length of CAn and the mixed solution, and
€can and ec are molar extinction coefficients of CAn and
the complex, respectively.

Accordingly, the equilibrium constant, K, can be de-
termined from the plots of [CAn]/(d - do) vs 1/[St]. The
plots by eq 2 are shown in Figure 2, in which straight lines
whose slopes are equal to 1/ K(ec — ecan) and whose intercept
i8 1/(ec — ecan) are obtained. An average value of K for the
complex formation was calculated as 0.098 L/molin CHCl;
at 15 °C from Figure 2, which is smaller than that reported
for the MAn-St system (0.24 L/mol in CHCI; at 25 °C).4

Evaluation of the Mechanism for the Copolymer-
ization of CAn with St. On the basis of the terminal
copolymerization model by Mayo and Lewis,!® which
involves four propagation reactions (eqs 3—6), the monomer
reactivity ratios for CAn (r; = ky1/k12) and St (re = kgo/Ra1)
can be determined.

k1y

~~~M, + M, > ~~~M,’ @)
L3t

~~ M, + M, >~~~ M, @)
kos

~~ My + M, >~~~ M, (5)
ka

~~~M2'+M1—> ~~~M1' (6)

Figure 3 shows the copolymer composition curve, where
the open circles represent the experimental points and
the solid line is calculated by using a nonlinear least-
squares procedure,!® from which r; and r; are evaluated
and summarized in Table II, together with those from the
penultimate model, as will be described in the following
section. Comparing these values with those reported for
MAn-St copolymerization (r; = 0.018 and r; = 0.074),!
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Table 11
Reactivity Ratios Calculated by the Terminal Model or
Penultimate Model for the Copolymerization of CAn (M;)
with St (M)

parameter value parameter value
Terminal Model
ri 0.00 ro 0.25
Penultimate Model
ro 0.59 r12/roe 6.6
a2 0.090

dIMz) /diMyi -1

My / (My]

Figure 4. Plot by eq 12 for copolymerization of CAn (M;) with
St (My) in bulk at 60 °C.

one can conclude that the alternating tendency of the CAn-
St system is somewhat lower than that of the MAn—-St
system.

It has been demonstrated that MAn-St copolymeriza-
tion exhibits a deviation from the terminal copolymeri-
zation model shown above.?® Such a deviation has been
considered also, presumably, to occur for CAn (M;)-St
(M:) copolymerization. Therefore, the data obtained in
the present study were also analyzed with the penulti-
mate model as represented by equations 7-11 in which it
isassumed that CAn-ended radicals are incapable of adding
to the CAn monomer.

ko

~~~MM, +M, = ~~~M,M,’ G
kont

~~~MM," + M, = ~~~MM,’ ®)
k1o

~~~MM, + M, = ~~~M,M, ©)
kg

~~~MM, + M, > ~~~MM,’ (10)

ka1
~e MM, M, > ~~~MM,; (1)

From these equations, eq 12 was obtained, in which ro
= kogo/keor and rig = kigo/Ria1.

Figure 4 shows the plot of d[M2]/d[M;] - 1 vs [M]/
[M,], where the open circles represent the experimental
points and the solid line is calculated by using the non-
linear least-squares procedure. The reactivity ratios
obtained, ro; and ris, are indicated in Table II.

diM,] M) ( [M2]) ( [le)]
diM,] -1= rlz———[Mll 1+ r22————[M1] /A 1+ rlz—[Mll

(12)
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Figure 5. Litt plots (eq 20) for copolymerization of CAn (M;)
with St (My) in bulk at 60 °C: (0) roc/raca = 0; (0) rac/racz = 0.5;
(@), roc/roc2 = 1.0.

The value of r12/rs2in Table Il indicates that M; is about
6.6 times more reactive toward the ~ ~ ~M;M,* radical
than toward the ~~ ~M;M;"* radical. This tendency is
observed to be stronger than that for MAn-St copolym-
erization when the value of ri9/rg; is compared with that
reported for the MAn-St system (3.7).! The relatively
low reactivity of CAn toward the poly(St) radical with a
penultimate CAn unit seems to be attributed to steric and
dipolar repulsion.

Because the existence of the CAn (M;)-St (Ms) complex
was confirmed, as described above, the compositions
against the predictions of a simple terminal complex
participation model proposed by Seiner and Litt?! were
also tested. In this model, six equations in which CAn is
assumed not to be self-propagating again are included.

koo
~ My + M, =~~~ M (13)
ka1
~~ M, M, =~~~ M (14)
kg
~~ M, + M, = ~~~M,’ (15)
ko1
~~~M2' + Mle —> ~~~M1' (16)
ko12
ki
~~ M+ MM, = ~~~M,’ (18)

From these reactions is derived

d[Mz] - rz([le/[Mll) + rzK[le/rgcg
d[M,] 1+ r2[M2]/Krzc

where raoce = koo/kog: and roc = kag/(Roa1 + karo).
Equation 19 can be rearranged to a form given by

(d[Mz] Toc _Tc T (d[le )[M1]

d[MIJ‘l'?@)[M”'?'K—m a1 v
20)

Here, if a value is postulated for roc/race, a plot of the
left side of eq 20 vs (d[M2]/d[M;] - 1)/ (IM2)/[M;]) yields
a straight line whose intercept is roc/K and whose slope
i8 roc/Krs. The plot for several values of roc/racs is shown
inFigure 5. It can be seen that the closeness of fit is better

(19)
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Table II1
Reactivity Ratios Calculated by the Complex Participation
Model for the Copolymerization of CAn (M,) with St (M)

rac/race rac/K rac® rz
0 0.15 0.015 0.026
0.5 3.45 0.34 0.31
1.0 6.76 0.66 0.42

2 By using K = 0.098 L/mol.

Table IV
Comparison of Experimental and Calculated Copolymer
Compositions for Different Copolymerization Models

F =d[M;]/d[M]

feed data exptl terminal penultimate complex
[M2]/[M;] data model model model®
19.00 3.57 5.67 3.49 3.19
9.00 248 3.22 2.52 2.27
4,00 1.94 1.98 1.96 1.86
2.33 1.75 1.57 1.70 1.75
1.50 1.48 1.37 1.53 1.54
1.00 1.32 1.25 1.40 1.43
0.67 1.20 1.16 1.30 1.33
0.43 1.08 1.11 1.21 1.18
0.25 1.04 1.06 1.13 1.13
0.11 1.01 1.03 1.06 1.07
Syt 0.75 0.080 0.17

¢ By using rac/rece = 0. b Standard error, determined according to
the equation Sp = [L(Fexp = Fea)?/(n = 1)]1/2, where Feyp is the
experimental molar fraction in the copolymer, F., is the calculated
molar fraction in the copolymer, and n is the number of experimental
points.

Table V
Terpolymerization of CAn (M;), St (M;), and MAn (M;3) in
Benzene at 50 °C: [M}iota1 = 3.0 mol/L, [AIBN] = 0.01 mol/L

monomer olymn ter- tel:pplymer
composition/(mol %) pmir; polymer composition/(mol %)

M1 M2 M3 min yield/ % M1 M2 M3

333 333 333 10 3.1 6.9 487 444
333 1560 517 5 14 6.7 460 473
333 517 15.0 10 15 11.8 531 3851
530 201 179 20 2.4 123 355 522
1560 300 35.0 5 2.6 2.8 404 56.7
150 55.0  30.0 5 1.6 40 461 499
65.0 25.0 100 30 1.5 20.8 405 387
65.0 50  30.0 25 1.9 104 336 56.0

for the case roc/rac2 = 0, and these values are therefore
used. Table III shows the parameters obtained from the
complex model. The fact that roc/roce = 0 (rec2 > rec)
indicates that the complex is not equally reactive on both
sides toward the poly(St) radical; that is, M;M; is more
reactive than MoM; toward the ~ ~ ~Mj;* radical.

A comparison of experimental and calculated d[Ms]/
d[M;] from different copolymerization models is sum-
marized in Table IV. The comparison of the standard
error for each model leads to the following conclusion: a
significant deviation from the classical terminal model of
Mayo and Lewis arises in the present copolymerization
system, as has been reported for the MAn—St system. The
penultimate model gives a better fit for the experimental
data than the terminal and the complex models, indicating
that the penultimate group effect is very important in this
copolymerization. The complex model provides a some-
what better fit to the composition data than the terminal
model, indicating presumably that complexes also play a
certain but small part in the copolymerization. This
observation is in agreement with that reported for the
MAn-St copolymerization.!

Terpolymerization of CAn, St,and MAn. Although
the difference in reactivity between MAn and CAn toward
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Figure 6. Monomer-terpolymer composition diagrams for ter-
polymerization of CAn (My), St (Mz), and MAn (M;) in benzene
at50°C: (O) monomer composition; (@) terpolymer composition.

Table VI
TGA Data of Poly(DMC-co-St) and Poly(CAn-co-St)
decomposition temp/°C residue at
copolymer Tinit Tonax 500°C/%
poly(DMC-co-St) 325 377 2.3
poly(CAn-co-St) 264 373 11.5

poly(St) radical might be evaluated from the copolym-
erization parameters, as shown above, it is not the surest
way because both systems showed considerably high
alternating tendency. In order to compare the reactivity
of CAn with that of MAn toward poly(St) radical, and also
to compare the reactivity of the CAn-St complex with
that of the MAn-St complex if it is possible, a terpolym-
erization technique??? was adopted.

The terpolymerizations of CAn (My), St (M), and MAn
(M3) in benzene at 50 °C with 0.01 mol/L of AIBN were
performed. The results of the terpolymerizations are
shown in Table V. From these results, the monomer-
terpolymer composition diagram is obtained, as is shown
in Figure 6.

In this terpolymerization, as CAn has been confirmed
not to homopolymerize and the copolymerization between
CAn and MAn seems to be negligible, there are six
elementary reactions to be considered (eqs 21-26).

kg

NNNMI. +M2-—> ~~~M2' (21)
ko

~~~M2. +M1—> ~~~M1' (22)
ks
ka3

~~~M2' +M3-—> ~~~M3' (24)
k3z
kg

~ M+ M= ~~~M," (26)

Accordingly, the eqs 27-29 are derived by using the
ordinary stationary-state assumption, where rysMan
(=0.018) and rus sy (=0.074) are the monomer reactivity
ratio for MAn and St, respectively, in the copolymeriza-
tion of MAn with St. rcsey (=0.25) is the monomer
reactivity ratio for St in the copolymerization of CAn with
St.

By using eqs 27-29 for the results of Table VI, the
average value of kog/ ko is calculated as 6.8, indicating that
MAn is about 6.8 times more reactive than CAn toward
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dIM,] _ Ry M,l( [M3])
d[M,] Ry [M,J\ "~ "MSMADN T

27

d[M;] _ (rusovan [M3l/[M]) + 1

dIM,] 1+ (Ry/ky3)[M,1/[M;] + ryg sy [M,]/[M;]
(28)

M

d[M,] - (kg3/ky) IM5]/[IM] + regsy [M,]/[M;]

the poly(St) radical in benzene at 50 °C. The lower
reactivity of CAn compared with MAn is considered to
result from the steric effect of its a-methyl group. In the
propagation reactions within the copolymerization of CAn
with St, the poly(St) radical should attack selectively in
a limited direction to the §-position of the C-C double
bond of CAn, but not the a-position, as formulated in
Scheme L.

A similar result has been obtained for alternating co-
polymerization of CAn with ethylene.?

As described above, CAn has been confirmed to form
a 1:1 charge-transfer complex with St, and MAn has also
been known to form a similar complex with St. In such
cases, the terpolymerization can usually be treated simply
as binary copolymerization between the complexed mono-
mers Cq3 and Cq; (egs 30 and 31) which participate in the
propagationreaction. Inthiscase,eq 32 canbe derived,?%

Ko

M, + M, =Cy (30)
Ko

M, + M;=C,, (31)

where Ko; and Kj; are the equilibrium constants for
complex formations of Mo—M; and My-Ms, respectively.

d[Ma] - [M3] r23(K23/K21)[M3] + [M1]
d[M1] [Ml] [M3] + 721(K21/K23)[M1]

(32)

If the present terpolymerization is suitable for the
assumption described above, the apparent reactivity ratios,
roa(Kos/Ko1) and ro1(Ka1/Kas), can be obtained by using eq
31. The composition curve between [Ms]/([M3] + [M;])
and d[Ms]/(d[Ms] + d[M;]) obtained by the least-squares
procedure is shown in Figure 7, together with that obtained
from the free propagation assumption (eq 27). The values
of ros(Kass/Ka1) and ra(K21/Ka3) were calculated as 6.24
and 0, respectively. These values appear to be reasonable,
atleast qualitatively, indicating that the MAn-St complex
is much more reactive than the CAn-St complex toward
the attacking polymer radical. However, their quantitative
meaning is doubtful, as discussed below. The complex
propagation assumption used requires that St should
always be 50 mol % in the terpolymer, but the deviations
from this requirement are quite large in the terpolymer-
ization of CAn, St, and MAn. Therefore, suitability of
this assumption for the present terpolymerization is not
so reliable.

Esterification of Poly(CAn-co-St). As described
above, the copolymers with considerably high alternating
tendency have been obtained easily by radical copolym-
erization of CAn with St. On the other hand, DRC is a
low reactive in copolymerizations with St, as can be seen
from Figure 8 in which the copolymer composition curves
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Figure 7. Composition curves determined for copolymeriza-
tion between CAn-St and MAn-St complexes (—) and from eq

27 (- -) for terpolymerization of CAn (M), St (M;), and MAn
(M5) in benzene at 50 °C.
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Figure 8. Copolymer composition curves for copolymerization
of DMC (a) and DEC (0) (M;) with St (M;) in bulk at 60 °C,
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Figure 9. IR spectra of poly(CAn-co-St) (- -) and poly(DMC-
¢0-St) from poly(CAn-co-St) (—).

Scheme I
i i
TTTCHp—CH® + CH=—=C — T CH;—CH——CH—Cl'
CsHs CO‘O/CO CgHs CO‘O/CO

for copolymerization of dimethyl citraconate (DMC) and
diethyl citraconate (DEC) with St are shown.
Therefore, alternating poly(DRC-co-St) has been ex-
pected to be obtained by the esterification of the anhydride
moiety in poly(CAn-co-St). In order to clarify this point,
poly(CAn-co-St) was allowed to react with methanol.
IR spectra of poly(CAn-co-St) and the methylated
polymer are shown in Figure 9. In the spectrum of the
methylated poly(CAn-co-St), evidence for the presence of
anhydride and acid groups was not found, but strong
absorption bands centered at 1730 and 1200 cm™! attrib-
uted to carboxylic ester groups were observed. Itis clear,
therefore, that poly(CAn-co-St) was completely meth-
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Figure 10. TGA curves of poly(DMC-co-St) (—) and poly(CAn-
co-St) (—=+-).

ylated. That is, the esterification of poly(CAn-co-St) is a
useful route for preparing the alternating copolymers of
DRC with St.

The thermal stability of the resulting poly(DMC-co-St)
was evaluated by means of TGA measurement. The TGA
curve obtained is indicated in Figure 10, together with
that of poly(CAn-co-St). The TGA datafor the copolymers
are summarized in Table VI, from which it is noted that
the poly(DMC-co-St) thus obtained shows a higher thermal
stability than the initial poly(CAn-co-St). This leads to
a conclusion that the thermal stability of poly(CAn-co-St)
can be improved by its esterification.

Conclusion

The radical copolymerization of CAn with St shows a
considerably high alternating tendency. However, the
relative reactivity of CAn is lower when compared with
that of MAn. From the terpolymerization of CAn, St, and
MAn, it is clear that MAn is about 6.8 times more reactive
than CAn toward the poly(St) radical. This difference is
considered to come from the steric effect of the a-methyl
group in CAn. However, the copolymerization behavior
of CAn with St was almost similar to that of MAn with
St. A 1:1 charge-transfer complex between St and CAn
exists in the copolymerization system, although it is
somewhat weaker than that of St—-MAn and takes a certain
but small part in the propagation reaction of the copo-
lymerization. The kinetic model considering the penul-
timate group effect has been demonstrated to be a
relatively adequate description of the copolymerization
mechanism in preference to the classical terminal model
or the complex participation model. The alternating
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copolymer of DMC with St was prepared by the methyl-
ation of the anhydride moiety in the copolymer of CAn
with St and was found to be more thermally stable than
the initial copolymer.
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