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is changed to a o conformation, the steric energy of that 
conformer increases by about 3.8, 1.3, and 2.8 kcal/mol in 
syndiotactic, isotactic, and heterotactic sequences, re- 
spectively. Therefore, for the naphthyl group in PlVN, 
the ir conformation is believed to be more stable than the 
o conformation. 

The origin of the steric energies of the conformers is 
mainly attributed to the difference in the van der Waals 
(nonbonded) interaction energy and the bending energy 
of the bond angles. The optimized distance between the 
methine hydrogen and the hydrogen of the naphthyl ring 
in the same monomer unit was obtained as follows: in the 
o state, the distance from the hydrogen atom bonded to 
C(2) is 2.27 A (1.02 kcal/mol), and in the ir conformation 
the distance from the hydrogen atom bonded to C(9) is 
2.16 A (1.89 kcal/mol). If the interaction between the 
methine and naphthyl group is the only effective inter- 
action within the same monomer unit, the o conformation 
is more stable than the r conformation. However, the o 
conformation imposes steric overlap between the hydro- 
gens a t  C(9) in a rotating naphthyl ring and one of the 
methylene or a carbons which belongs to the adjacent 
monomer unit: the hydrogen atom on C(9) takes the 
center position of the two adjacent methylene hydrogens 
or the methylene hydrogen and the a-carbon atom in the 
adjacent monomer unit. In the optimized states, this 
hydrogen would be located a t  a position equidistant (2.25 
A) from the two methylene hydrogen atoms on each side. 
Consequently, the rotational freedom of the naphthyl 
groups should be strongly restricted in the o conformation. 
In the ir conformation, the energy falls rapidly as the steric 
repulsions between the naphthyl groups are relieved by 
an increase in rotation of the side group. In the o con- 
formation, as mentioned above, the energy does not fall 
as much as in the ir conformation by the optimization 
process. An increase of the bending energy of the bond 
angle in the o conformation is also ascribed to the intense 
interaction between H(9) and the adjacent methylene 
hydrogen atom: the bending interactions of CH2-aC-CH2, 
Cmmti,-aC-CH2 and H,,&,-aC-CH2 become important. 

For the P2VN chain, the iririr conformer may not always 
be of lowest energy: the ooir conformer for isotactic and 
the i r i r o  conformer for heterotactic sequences are the most 
stable for the P2VN chain. The difference in steric energy 
between these conformers was about 0.91-0.26 kcal/mol. 
On the basis of the calculated results for the P2VN chain, 
which has the preferred conformation in the main chain, 
there were no appreciable nonbonded and bending inter- 
actions between the C(6) to C(9) atoms or the hydrogen 
atoms bonded to them (Figure 1) and the main chain (or 
the neighboring side groups). The extent of the interaction 
between the 2-naphthyl group and the main chain was 
almost of the same order as that  in PS. 

In order to estimate the curves of the potential energy 
as a function of the rotation angle of the aromatic ring for 
PlVN, PSVN, and PS, we used Tonelli's model.12 The 
curves for PlVN did not resemble those for P2VN and PS, 
as we expected. On the other hand, the curves for P2VN 
correspond well to that for PS. The above results suggest 
that  there is little conformational difference in the rota- 
tional states of P2VN and PS. 

The conclusions obtained from Tables I and I1 are as 
follows: (a) In the PlVN chain, the ir conformation is the 
preferred conformation. (b) In the P2VN chain, both the 
ir and o conformations are stable conformations, the 
side-chain rotational state does not have a great influence 
upon the conformational stability of the main chain, and 
the circumstances are quite similar to those of PS. 

Finally, it may be assumed that the difference of the RIS 
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of the side groups between PlVN and P2VN probably 
leads to different solution behavior, as, for example, the 
lH NMR spectra or transition phenomena. 
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Introduction 
Among polymerizations of vinyl heterocycles reported 

in the literature, studies involving isoxazole monomers1 are 
rather seldom met. Nevertheless, macromolecules with 
pendant isoxazole residues could show interesting physical 
and chemical properties owing to the polarity, basicity, and 
coordinative power of such a ring. Besides, the ring's 
characteristic reactivity allows it to be transformed, by 
suitable reagents, into noncyclic 1,3-difunctional systems; 
i.e., the isoxazole nucleus could be a useful protecting group 
in the synthesis of polyfunctional polymers. 

This paper deals with radical polymerization and co- 
polymerization of 3,5-dimethyl-4-vinylisoxazole (I) and 
5-vinylisoxazole (11) with styrene, acrylic acid, and other 
selected comonomers. 

0 

Results 
Preparation and purification of reagents are reported 

in the Experimental Section. 
Monomers I and I1 were homopolymerized and co- 

polymerized with styrene and acrylic acid using azobis- 
(isobutyronitrile) (AIBN) initiation. Other co- 
polymerizations were carried out with comonomers selected 
on the basis of an approximate Q-e scheme to space out 
the isoxazole units as much as possible in order to prevent 
undesired interactions when the polymers are submitted 
to chemical transformations and to improve solubility in 
aqueous media a t  different pH values, keeping in mind 
that 3-unsubstituted isoxazole derivatives are unstable in 
the presence of bases. On account of this I was co- 
polymerized with 4-vinylpyridine and 2-vinylpyridine and 
I1 was copolymerized with 2-vinylthiophene in the presence 
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isoxazole-containing homopolymers and copolymers with 
styrene, 4-vinylpyridine, 2-vinylpyridine, and 2-vinyl- 
thiophene, as well as homopolymers of such monomers 
prepared for comparison under the same conditions, 
showed birefringence under polarized light in a Kofler 
apparatus. Copolymers of I or I1 with acrylic acid showed 
birefringence for isoxazole mole fraction in the copolymer 
higher than 0.2. 

Polymers and copolymers were further characterized by 
intrinsic viscosity measurements, vapor pressure or mem- 
brane osmometry, and gel permeation chromatography 
employing the "universal calibration method". The GPC 
columns and conditions used showed a fairly good reso- 
lution for homopolymer and copolymers of monomer I1 but 
were inadequate for samples of poly(3,5-dimethyl-4- 
vinylisoxazole) and copolymers rich in monomer I. 

Some data obtained by osmometry and gel permeation 
chromotography on homopolymers of I and I1 and some 
of their copolymers with styrene are compared in Table 
I. Molecular weight and viscosity values of other poly- 
meric samples are reported in the Experimental Section. 

Homopolymers of I and I1 are soluble in methylene 
chloride, chloroform, dioxane, and acetone, slightly soluble 
in tetrahydrofuran and carbon tetrachloride, and very 
slightly soluble or insoluble in petroleum ether, cyclo- 
hexane, benzene, ethyl ether, ethanol, methanol, ethyl 
acetate, carbon disulfide, water, aqueous hydrochloric acid, 
and sodium hydroxide. Polymers with AcP initiation are 
generally a little less soluble than the analogous products 
obtained in the presence of AIBN. The homopolymer of 
I1 is a little more soluble than that of I in tetrahydrofuran, 
methanol, and ethyl acetate. 

Homopolymers of I and I1 and their isoxazole-rich co- 
polymers give brittle films by evaporation of saturated 
solutions. 

The reactivity ratios, rl and r2, were determined with 

I I I 1 
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Figure 1. Bulk polymerization of 3,5-dimethyl-4-vinylisoxazole 
(I) (O), 5-vinylisoxazole (11) (0), and styrene (A) at 70 OC with 
1% AIBN initiator. 

of AIBN. Copolymerizations of I with styrene and acrylic 
acid were also carried out with acetyl peroxide (AcP) in- 
itiation. All reactions were performed in bulk under ni- 
trogen a t  40 "C with the exception of copolymerizations 
of I1 with 2-vinylthiophene and with acrylic acid which 
were conducted a t  60 and 70 "C, respectively. 

Values of conversion, in the 0-25% range, at 70 "C with 
1 % AIBN initiator for bulk homopolymerization of I, 11, 
and styrene are plotted vs. time in Figure 1. Monomer 
I is slower and I1 faster than styrene to polymerize. 

At high conversions bulk homopolymerization of both 
I and I1 shows an appreciable "gel effect". 

Each homopolymerization or copolymerization of I or 
I1 yielded solid products still containing the isoxazole 
nucleus of the starting monomer as shown by the presence 
in the IR spectra of characteristic bands of trisubstituted 
or of 5-monosubstituted isoxazole (see Experimental 
Section). Each copolymerization yielded copolymers and 
not mixtures of homopolymers, and, in fact, attempts for 
selective extraction or separation by solubilization and 
partial reprecipitation with solvents always afforded 
products with practically an unchanged ratio of the in- 
tensities of the IR bands which are characteristic of the 
chromophores of the two different monomeric units. All 
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Table I 
Intrinsic Viscosities in Chloroform at 25 'C and Molecular Weight Averages of Homopolymers of I and I1 and Their 

Copolymers with Styrene Prepared in Bulk a t  40 "C with AIBN 
mole 

fraction of weight 
isoxazole units conversion, - 

polymer in polymer % [QI,  m u g  Mn a Mw b M, /En b 

homopolymer of I 1 11.42 26.6 5 000 
copolymer I/styrene 0.696 10.66 33.8 34 000 117 000 1.69 
copolymer I/styrene 0.303 6.33 66.7 67 000 170 000 1.93 
homopolymer of I1 1 7.20 62.8 11 o o o c  40 000 3.41 
copolymer II/styrene 0.704 12.69 69.1 62 000 75 000 2.17 
copolymer II/styrene 0.265 12.90 84.5 82 000 105  000 1.65 

Determined by membrane osmometry in chloroform a t  37 "C unless otherwise noted. Determined by GPC in chloro- 
C Determined by vapor pressure osmometry in 1,2-dichloroethane at form at 25 "C using the universal calibration method. 

37 "C. 

Table I1 
Reactivity Ratios, r ,  and r 2 ,  and Calculated Values of Q and e for Copolymerizations in Bulk of 
3,5-Dimethyl-4-vinylisoxazole (I) and 5-Vinylisoxazole (11) at 40 "C with AIBN as the Initiator 

mono- 
monomer 1 mer 2 r1 

styrene I 3.06 t 0.36 

acrylic acid I 0.34 c 0.08 

4-vinylpyridine I 0.96 * 0.10 
2-vinylpyridine I 2.63 0.36 
styrene I1 0.17 * 0.01 
acrylic acid I1 0.11 t 0.02 
2-vinylthiophene e I1 0.72 r 0.11 

3.92 r 0.30a 

0.51 c 0.06= 

With AcP initiator. Reference 7. Reference 8. 

Q i  e1 Q, e2 

0.08 t 0.01 1.00 -0.8 0.85 -1.99 
0.10 t 0.01 a 
0.04 f 0.01 1.15 +0.77 0.68 -1.31 
0.04 f 0.01 a 
0.10 f 0.02 0.82 -0.20 0.98 -1.73 
0.06 f 0.01 1 .3  -0.5 0.97 -1.85 
1.29 c 0.10 1.00 -0.8 2.23 +0.44 
2.84 t 0.30 1.15 +0.77 4.66 -0.32 
0.08 f 0.02 3.00 -0.8 2.90 +0.90 

At 70 "C. e At 60  "C. f Reference 9. 
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a procedure based on the use of the differential copolymer 
equation2" and calculated by the nonlinear least-squares 
method of Tidwell and M ~ r t i m e r , ~  simplified by Carcano 
et al.5 According to such computational treatment only 
the extreme points of the elliptical joint confidence limits 
are calculated; i.e., reference is made to a rectangle which 
circumscribes the elliptical area. 

An improvement for accounting for monomer compo- 
sition drift in the feed in the calculation method was 
deemed desirable, even when copolymerizations attain low 
conversions. This was done by introducing the arithmetic 
averages of the monomer feed mole fraction calculated with 
the use of the experimental data of copolymerization 
conversion according to JoshiS6 With such simplifications 
the whole computer work is definitely light, the error limits 
are obtained in useful digital form, and loss of accuracy 
is insignificant with respect to the intrinsic experimental 
errors connected with the adopted procedure. 

Collection of data for rl and r2 determination was 
achieved through low-conversion copolymerization reac- 
tions and analysis of copolymers (see Experimental Sec- 
tion). Initially, several copolymerization reactions were 
carried out a t  different mole fractions of the monomers 
in the feed in order to estimate crude values of rl and r2 
and locate through them the "best" two values for the 
initial mole fractions of the m o n ~ m e r s . ~  Other reactions 
were then achieved on initial monomer mixtures gathered 
around such compositions. 

The reactivity ratios, r1 and r2, and the Alfrey-Price Q 
and e values are compared in Table 11. 

Discussion 
The facile radical-initiated polymerization of monomers 

I and I1 and copolymerization with some vinyl monomers 
have been demonstrated. 

With AcP in place of AIBN initiator, molecular weights 
under the same conditions are a little higher, in accordance 
with a greater propagation rate with AIBN. 

Homopolymerization conversions vs. time (Figure 1) give 
the indication that monomer I is less and monomer I1 more 
reactive than styrene. The presence of two methyl groups 
"ortho" to the vinyl group in the monomer I is reminescent 
of 2,6-dimethylstyrene, which is knowdo to be much less 
reactive than styrene. Nevertheless, while the behavior 
of such an olefin may be correlated with its steric hin- 
drance (twist angle 5 5 O l 1 ) ,  as far as monomer I is concerned 
electronic effects probably play an important role, too. 
Monomer I in fact contains a pentaatomic ring with a 
rather low aromatic stabilization which easily undergoes 
distortions of bond angles besides those of bond dis- 
tances12J3 and should permit nearly coplanar preferred 
conformations of the heterocycle and the vinyl group. 
Moreover, monomer I is remarkably more electron rich 
than styrene, in agreement with the e values (Table 111, 
the presence of two methyl groups, and the reactivity of 
the isoxazole system. It is well-known in fact that the 
position 4 of such a ring is the only reactive one toward 
electrophilic reagents. 

Monomer I follows the Q-e scheme better than mono- 
mer 11. Q values indicate that monomer I is less conjugated 
than monomer 11, in accordance with the fewer resonance 
structures which may be drawn for the delocalization of 
the radical. Monomer I1 reveals a polarity (see e values) 
dependent on the nature of the comonomer, in agreement 
with a rather long conjugated and poorly aromatic system 
characterized by high polarizability. 

It is instructive to examine the obtained values of r1 and 
r2. Monomer I is less reactive toward benzyl radical ( l /r l  

= 0.33, M1 being styrene) than monomer I1 ( l / r l  = 6.02). 
In each examined copolymerization, monomer I is less 
reactive toward its radical than toward the radical of the 
comonomer (r2 < r J ,  in agreement with polymer chains 
where isoxazole units tend to be spaced out by comonomer 
units. On the contrary, monomer I1 is more reactive to- 
ward its radical than toward the radical of the comonomer 
in the copolymerization either with styrene or with acrylic 
acid. 2-Vinylthiophene reverses this trend, making the 
production of copolymers possible where isoxazole units 
of I1 tend to be spaced out. 

The probability of finding sequences of two contiguous 
isoxazole units in the copolymer chain, which could be 
responsible for undesired interactions when copolymers 
are submitted to chemical transformation of their isoxazole 
rings,14J5 has been calculated according to Price16 as a 
function of the monomer feed mole fraction. For the co- 
polymerizations with AIBN initiator a safeguard against 
undesired interactions, corresponding, for instance, to 0.1 % 
probability of finding two contiguous isoxazole units, is 
obtained with the following values of the mole fraction of 
isoxazole monomer in the initial feed: for monomer I, less 
than 0.175 (0.062) with styrene, 0.109 (0.209) with acrylic 
acid, 0.099 (0.093) with 4-vinylpyridine, 0.184 (0.074) with 
2-vinylpyridine; for monomer 11, less than 0.100 (0.119) 
with 2-vinylthiophene, 0.012 (0.065) with styrene, and 0.006 
(0.052) with acrylic acid (values in parentheses are the 
corresponding instantaneous mole fractions of the isoxazole 
units in the copolymer). The low safeguard content of I1 
in the initial feed of copolymerization with styrene or 
acrylic acid confirms the inadequacy of such copolymers 
in using them in chemical transformations under controlled 
conditions. 

Experimental Section 
Viscosities were measured in chloroform at  25 "C with a 

Desreux-Bishoff viscometer. Gel permeation chromatograms were 
run in chloroform at  25 "C on a Waters Model ALCIGPC-202 
equipped with p-Bondage1 columns E500, E300, and E125, using 
a flow rate of 0.6 mL/min; results were treated by using the 
universal-calibration method. Number averages of molecular 
weight, M,,, were determined a t  37 "C in chloroform or 1,2-di- 
chloroethane by Knauer vapor pressure and membrane osmom- 
eters. IR spectra were recorded with a Perkin-Elmer 377 spec- 
trophotometer. Microanalyses were performed by Laboratorio 
di Microanalisi, Facolti di Farmacia, Universiti di Pisa (Italy), 
or by Analytische Laboratorien Elbach (West Germany). Melting 
points were determined as birefringence disappearance under 
polarized light by a Kofler apparatus; the heating speed near the 
melting point was slower than 0.5 "C/min; the reproducibility 
was within 1 "C. 

Monomers. 3,5-Dimethyl-4-vinylisoxazole17 (I) and 5-vinyl- 
isoxaxole's (11) were prepared as previously reported and further 
purified prior to use by fractional column distillation at  reduced 
pressure under nitrogen in the presence of hydroquinone. Both 
showed a single peak by GLC on a 1.75-m column of 10% poly- 
(propylene glycol) on CWS at  130 OC. 

Commercial acrylic acid and 4-vinylpyridine were purified by 
fractional column distillation at reduced pressure under nitrogen 
in the presence of hydroquinone for the first and of KOH pelleb 
for the second. 

Commercial styrene was stirred with aqueous KOH, washed 
with water, dried over sodium sulfate, and fractionated at  reduced 
pressure under nitrogen in the presence of calcium hydride. 

2-Vinylthiophene was prepared according to Emerson et al.19 
and further purified by fractional column distillation at reduced 
pressure under nitrogen in the presence of 1-nitroso-2-naphthol. 

2-Vinylpyridine was prepared according to Winterfeld et al.n' 
and further purified by fractional column distillation at  reduced 
pressure under nitrogen in the presence of KOH pellets. 

Homopolymerizations and Copolymerizations. Polymer- 
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Table I11 
Intrinsic Viscosities in Chloroform a t  25 "C and Number-Average Molecular Weights by Membrane Osmometry 

in Chloroform at  37 "C of Polymers of I and I1 
mole fraction 

weight of isoxazole - 
polymer (initiator; T, "C) conversion, 7% units in polymer [ V I ,  mL/g M" 

homopolymer of I 

copolymer I/styrene 
(AcP; 40) 

I AcP: 401 

6.93 1 14.6 8 000 a 

8.93 0.738 25.4 27 000 
\ I ,  

copolymer I/styrene 4.73 0.268 61.8 112  000 

copolymer 1/4-vinylpyridine 7.98 0.397 100.3 73  000 
( AcP; 40)  

(AIBN; 40) 
copolymer Ij2-vinylpyridine 21.95 0.213 82.6 263 000 

(AIBN; 40)  

(AIBN; 60) 
copolymer 11/2-vinylthiophene 8.65 0.108 14.6 20 000 b 

a Determined by vapor pressure osmometry in chloroform at  37 "C. In THF. 

ization experiments were carried out in bulk under a nitrogen 
atmosphere after three freeze-thaw degassing cycles, using azo- 
bis(isobutyronitri1e) (AIBN) or acetyl peroxide (AcP) as initiator, 
in 15-mL sealed Pyrex vials stirred in a thermostatic bath. 

Commercial AIBN was crystallized from methanol, while AcP 
was used without further purification. 

Polymers obtained by low conversion were precipitated by 
pouring the reacting mixture into petroleum ether or diethyl ether. 
In all cases crude polymer samples were purified by two cycles 
of dissolution in dichloromethane and precipitation into petroleum 
ether. Rather insoluble copolymers containing acrylic acid were 
purified by reflux in petroleum ether. Purification was achieved 
by maintaining samples under vacuum at  45 "C for 24 h. Hom- 
opolymers and copolymers obtained by this procedure are white 
or light yellow soft powders. 

The copolymerization reactivity ratios were determined by an 
average of 18 low-conversion copolymerization experiments for 
the couples of monomers reported in Table 11. The composition 
of the copolymers was determined by nitrogen analysis, with the 
exception of the copolymers with 2- and 4-vinylpyridines, which 
were subjected to oxygen analysis. 

Poly(3,5-dimethyl-4-vinylisoxazole) (conversion 11.42% ; mp 
218 O C )  shows IR bands in KBr characteristic of a trisubstituted 
isoxazole nucleus a t  1627,1490,1444,1425,1013, and 899 cm-'. 
Analogous bands are contained also in the IR spectrum of each 
examined copolymer of I. Other intense bands of the homo- 
polymer are a t  2934, 1310, and 1197 cm-'. 

Poly(5-vinylisoxazole) (conversion 8.56%, mp 140 "C) shows 
IR bands in KBr characteristic of the isoxazole nucleus mono- 
substituted in the 5 position at 1591,798, and 624 cm-'. Analogous 
bands are found in the IR spectrum of each examined copolymer 
of 5-vinylisoxazole. Other bands of the homopolymer are at 3127, 
2935,2860,1573,1368,1335,1241,1179,1067,1035,917, and 875 
cm-'. 

Table I11 shows intrinsic viscosities and molecular weights of 
some polymers of I and 11; other data are reported in Table 11. 
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