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and an increase in the lowest unoccupied antibonding level, 
leading to an increase in energy difference between ground 
and transition states and the large stability of the com- 
pound. Futhermore, it  similarly exerts a great influence 
on the electron-accepting character of these compounds, 
ascertained with Fieser's reduction potential for the com- 
pounds. Consequently, the exocyclic atom of hetero p :  
benzoquinones affects not only the stability of their com- 
pounds, that is, the reactivity, but also their electron-ac- 
cepting character. In the case of the PCA-St system, it 
is may be presumed that the exocyclic electronegative 
oxygen atom of PCA affects its stability of PCA more 
effectively than its electron-accepting character. 

Registry No. Acenaphthylene, 208-96-8; butyl vinyl ether, 
111-34-2; 2-chloroethyl vinyl ether, 110-75-8; phenyl vinyl ether, 
766-94-9; isobutyl vinyl ether, 109-53-5; QBS, 1050-82-4; St, 
100-42-5; MAnh, 108-31-6; PCA, 118-75-2; TMCQ, 65649-20-9; 
TCNQ, 1518-16-7. 
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Ring-Opening Polymerization of 3-Methyloxetane: NMR 
Spectroscopy and Configurational Properties of the Polymer 
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Instituto de  Pldsticos y Caucho (CSIC);Madrid-6, Spain. Received June  13, 1983 

ABSTRACT Poly(3-methyloxetane) was obtained at -78 "C by ring-opening polymerization of 3-methyloxetane, 
using a cationic initiator with a very stable counterion. The polymerization reaction was rapid and quantitative, 
suggesting that 3-methyloxetane is much more reactive than initially was suspected. The structure of the 
polymer was studied by 'H NMR and 13C NMR spectroscopy. The 13C NMR spectra show that the methine 
carbons present three peaks, which can be assigned to the isotactic, syndiotactic,.and heterotactic triads. The 
chemical shift differences of these signals (0.017 ppm), much lower than those for poly(2-methyloxetane) (0.14), 
suggest that the vicinity of the oxygen atom to the methine carbon enhances the splitting of these carbons. 
Mean square dipole moments (bz) of poly(3-methyloxetane) were determined as a function of temperature 
by means of dielectric constant measurements in cyclohexane. It was found that the value of the dipole moment 
ratio (pz)/nm2, where nmz is the mean square dipole moment of the chains in the idealization that all the 
skeletal bonds are freely jointed, is 0.354 at 30 "C and its temperature coefficient is 2.7 X K-l. The 
experimental results were found to  be in good agreement with theoretical results based on a 3 X 3 rotational 
state scheme. The theoretical analysis showed that the dielectric properties are not very sensitive to the 
stereochemical composition of the chains. The present study also indicates that all of the members of the 
polyoxetane series have a high degree of conformational randomness. 

Introduction activation parameters. However, a considerable discrep- 
ancy was observed in the kinetic results obtained by dif- 
ferent authors. As far as we are aware, no additional work 
to that of ref 3 has been published on the reactivity of 
MOx. 

The cationic polymerization of the oxetanes gives rise 
to chains of unusual interest to get a better understanding 

The cationic ring-opening polymerization of oxetane 
and its derivatives 3-methyloxetane (MOX)~B and 

3,3-dimethyloxetane ( D M O X ) ~ ~  was studied some time 
ago. The correlation between the reactivity and the mo- 
nomer ring substitution was discussed from the viewpoint 
of the propagation rate constants and the corresponding 
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2 min. The polymer was precipitated with methanol, isolated at 
low temperature, washed several times with water, and, finally, 
dried in vacuo at room temperature. 

Characterization of the Polymer. The polymer was frac- 
tionated by precipitation at 25 O C ,  using chloroform-methanol 
as the solvent-nonsolvent system. The second fraction, which 
amounted to 10% of the total polymer, was used for the dielectric 
measurements. The molecular weight of the fraction, measured 
with a Knauer 01.00 membrane osmometer, was 125000. 

The 'H and 13C NMR spectra of the unfractionated and 
fractionated polymer were registered on a Bruker WPBOSY and 
a Bruker WM-360 at 80 and 90.55 MHz, respectively, using 
deuterated chloroform as solvent and Me,% as internal standard. 
Similar spectra were obtained in both cases. 

The glass transition temperature of the polymer (T,) was de- 
termined with a DuPont 900 calorimeter at a heating rate of 10 
OC/min and turned out to be -62 "C. 

Dielectric Measurements. Dielectric measurements were 
carried out on solutions of the polymer in cyclohexane at several 
temperatures, using a capacitance bridge (General Radio 1620 
A) and a three-terminal cell (Foxboro Model 3HV35). Values of 
the increments in index of refraction of the solutions were de- 
termined at 632.8 nm with a Chromatix KHX laser differential 
refractometer. 

Results and Discussion 
The ring-opening polymerization of 3-methyloxetane, 

carried out a t  -78 O C  in methylene chloride solution and 
initiated by acetyl hexafluoroantimonate, proceeds in less 
than 2 min and is almost quantitative. Apparently, these 
results are in disagreement with those obtained by Saegusa 
et al.3 These authors found that the value of the propa- 
gation rate constant of MOx, determined at  -40 "C with 
the BF3.THF complex as initiator and methylene chloride 
as solvent, amounted to 6.8 X L mol-' s-', which means 
that the lower bound for the value of the time necessary 
to convert a t  -40 "C 50% of the monomer into polymer, 
using an initiator concentration similar to that utilized in 
our experiments mol L-l), would be lo5 s. Since the 
nature of the anion seems to have little influence on the 
propagation rate constants of heterocycles through free and 
pair ions,12J3 the great differences observed in the reactivity 
of MOx with BF3.THF and acetyl hexafluoroantimonate 
should not be attributed to counterion effects. It is more 
likely due to the fact that the former initiator is not a good 
system to study the reactivity of the oxetanes. Actually, 
BF,-catalyzed oxetane polymerization does not occur when 
water or hydroxyl compounds are removed from the re- 
action system and, as a consequence, incomplete drying 
was used, which could affect the kinetic mechanism. It 
should be pointed out in this regard that, according to 
Saegusa et al.,, the reactivity of the oxetanes increases in 
the order DMOx > MOx > Ox. However, this was not 
supported by Bucquoye and Goethals? who studied the 
copolymerization reactions between Ox and DMOx and 
found that the former heterocycle is more reactive than 
the latter. In view of these controversial results, it is de- 
sirable to  carry out further experimental work on the 
cationic polymerization of oxetanes using initiators with 
very stable counterions, in order to determine the true 
reactivity of these heterocycles and to obtain reliable values 
of the propagation rate constants through free and pair 
ions. 

NMR Spectroscopy of Poly(3-methyloxetane). The 
structure of PMOx was studied by 'H NMR and 13C NMR 
spectroscopy. The 'H NMR spectrum, shown in Figure 
1, presents a doublet a t  0.92 ppm, a multiplet at 2.0 ppm, 
and two quadruplets between 3.12 and 3.48 ppm, corre- 
sponding to the methyl, methine, and methylene protons, 
respectively. The presence of the methine group produces 
magnetic nonequivalence of the two protons of each 

Scheme I 

I HBr I H4LiAl  
CHz=C- COOCH3 - BrCH2- CH - COOCH3 - 

CH3COCI I 
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of the correlation between structure and properties in 
polymers. Poly(trimethy1ene oxide) (POX), which is ob- 
tained by. ring-opening polymerization of Ox, has two 
bonds in the repeating unit that strongly prefer trans states 
whereas the other two show a strong preference for gauche 
 state^.^ These chains are extremely coiled and, conse- 
quently, exhibit the smallest unperturbed dimensions re- 
ported for any polymer to date.6 The substitution of the 
two hydrogen atoms of the central methylene group of the 
repeating unit of POX for two methyl groups converts this 
polymer into poly(3,3-dimethyloxetane) (PDMOx). The 
dielectric properties of the latter polymer change drasti- 
cally with regard to those of POX. The dipole moment 
ratio of PDMOx ( ~ 1 ~ ) / n m ~ ,  where ( p 2 )  is the mean square 
dipole moment of a chain with n skeletal bonds, each of 
them having an average dipole moment m, is 0.21-0.25,7!8 
significantly lower than the value of this quantity for POX 
(0.4).9 The dipole moments and the unperturbed dimen- 
sions of PDMOx are more sensitive to temperature than 
those of POX chains. 

It would be interesting to investigate how the substitu- 
tion of a single hydrogen atom of the central methylene 
group of the repeating unit of POX for a methyl group 
would affect the configurational properties of the resulting 
polymer poly(3-methyloxetane) (PMOx). I t  is expected 
that the stereochemical structure will have little effect on 
the statistical properties of PMOx; however, the dipole 
moment of these chains will differ significantly from those 
of PDMOx owing to the fact that the C-0 skeletal bonds 
of PMOx will have accessibility to some rotational states 
that are excluded in PDMOx. These qualitative predic- 
tions are tested in the present study, where the dipole 
moments of PMOx chains were measured and the results 
were interpreted in terms of the rotational isomeric state 
(RIS) model. The effect of the position of the oxygen 
atom, with respect to the asymmetric carbon, on the 
splitting of the methine carbons of substituted poly- 
oxetanes was also studied by comparing the 13C NMR 
spectra of poly(2-methyloxetane) and PMOx. 

Experimental Section 
Materials. 3-Methyloxetane was prepared by the method 

described by Searles et The synthetic route involves the steps 
shown in Scheme I. The monomer was purified by fractional 
distillation, dried over calcium hydride, and distilled several times 
onto sodium mirrors. Methylene chloride was purified by con- 
ventional methods and stored in vacuo over calcium hydride. 
Acetyl chloride was distilled in an inert atmosphere immediately 
before use. Silver hexafluoroantimonate was purified as described 
elsewhere." 

Ring-Opening Polymerization. The cationic polymerization 
of 3-methyloxetane was carried out at -78 "C under vacuum, using 
methylene chloride as solvent and acetyl hexafluoroantimonate 
as initiator. The initiator was prepared "in situ" by reaction of 
equimolecular amounts of silver hexafluoroantimonate and acetyl 
chloride. The monomer and initiator concentrations were 2 and 
1.0 X mol L-', respectively. In spite of the small initiator 
concentration, total conversion was achieved practically in about 
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Figure 1. IH NMR spectrum of poly(3-methyloxetane). 
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Figure 2. 13C NMR spectra of poly(3-methyloxetane) (top) and 
poly(2-methyloxetane) (bottom). 

methylene group, giving rise to the apparently abnormal 
signals of these protons. This behavior also occurs in 
substituted ethanes,14 poly(propy1ene oxide),15 and poly- 
(propylene sulfide).16 The stereoregularity of the polymer 
cannot be detected by lH NMR spectroscopy, because four 
skeletal atoms separate two consecutive asymmetric cen- 
ters; the analysis of the spectrum shows, however, the high 
purity of the polymer obtained. 

The 13C NMR spectrum of PMOx, determined at 90.55 
MHz in a solution of deuterated chloroform in which the 
concentration of polymer was 100 mg/mL, is shown in 
Figure 2. For comparison, the 13C NMR spectrum of 
poly(2-methyloxetane) is also shown. It  can be observed 
that the spectrum corresponding to the former polymer 
does not present any splitting in its resonance signals, in 
sharp contrast with what occurs in the latter, where dif- 
ferent stereochemical triads (isotactic, syndiotactic, and 
heterotactic), are easily detected in the methine carbon of 
the head-to-tail Since the methine carbons are 
separated by four skeletal bonds in both polymers, the 
relatively simple spectrum obtained for PMOx would 
suggest that the cationic ring-opening polymerization of 
MOx produces a practically 100% stereoregular (isotactic 
or syndiotactic) polymer. This possibility, however, seems 
unlikely because it would require very strong stereospecific 
effects by the initiator, which have never been observed 
in other cases. Moreover, the symmetry of the monomer 
suggests that an atactic polymer should be formed. The 
most plausible explanation for the appearance of the 
splitting in poly(2-methyloxetane) and not in PMOx may 
be that the vicinity of an oxygen atom to the asymmetric 

I , 1 I 

34 6 34 5 34 4 34 3 
6 ppm 

Figure 3. Expanded resonance signals of the methine carbon 
in the 13C NMR spectrum of poly(3-methyloxetane). 

Figure 4. Concentration dependence of the increments in di- 
electric constant and squared index of refraction at 30 (0) and 
60 "C (0) for poly(3-methyloxetane). 

carbon in the former polymer enhances strongly the 
splitting of the methine carbons. In order to check this 
assumption, new spectra of PMOx were obtained at the 
same high field by using a concentration of polymer of 10 
mg/mL at 44 "C; 32K of memory were used for the ac- 
quisition of the free induction decay (FID). The resolution 
was slightly enhanced by means of a Lorentz-Gauss 
multiplication of the FID. The spectrum recorded under 
these conditions is shown in Figure 3. It  can be seen that 
the methine carbon resonance presents three peaks, which 
can be assigned to the isotactic, syndiotactic, and hetero- 
tactic triads. The chemical shift differences of these signals 
are only 0.017 ppm, much lower than those for poly(2- 
methyloxetane), which are about 0.14 ppm. The fact that 
these peaks appear at the same chemical shift in all the 
spectra recorded on PMOx assures that the splitting ob- 
served is not due to noise. I t  should be stressed in this 
regard that the wide band of the methine carbon in com- 
parison with that of the others also indicates a true 
splitting. Although the very small separation between 
signals precludes an accurate measurement of the areas, 
the values observed for the ratio of the intensities (about 
1:2:1) suggest an atactic structure for the polymer. 

Experimental Dipole Moments of Poly(3-methyl- 
oxetane). The dielectric constant c and the index of re- 
fraction f i  of four solutions of PMOx in cyclohexane were 
measured at 30,40,50, and 60 "C. Both parameters were 
expressed relative to the corresponding values el and fil 
for the pure solvent in the incremental quantities Ac = t 
- c1 and Afi2 = ii2 - 5:. From the plots At and Aii2 against 
the weight fraction w of the polymer, the values of d(t - 
e,)/dw and d(fi2 - ii12)/dw at each temperature of interest 
were obtained. Illustrative plots of this kind are shown 
for two extreme temperatures in Figure 4. Values of d(ii2 
- fi,2)/dw and d(t - cl)/dw determined in this way are given 
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Figure 5. Natural logarithm of the dipole moment ratio against 
temperature. 

Table I 
Summary of Dielectric Results 

T ,  " C  d(E2 - E12)/dW d(t - t l ) /dw ( w 2 )  /nm2 
30 0.067 1.001 0.354 
40 0.073 0.979 0.363 
50 0.076 0.956 0.372 
60 0.077 0.940 0.384 

in the second and third columns of Table I. The dipole 
moment ratio corresponding to PMOx chains was calcu- 
lated a t  each temperature by means of the equation of 
Guggenhein and Smith20~21 

(pz)/nm2 = 

27kTM d(c - €1) d(fiz - f i l 2 )  

4rpNA(cl + 2)2nm2 dw 

where k is the Boltzmann constant, T is the absolute 
temperature, M is the molecular weight of the solute, and 
p is the density of the solvent. The average m2 of the 
skeletal bond dipole moments was calculated from mz = 
(1/4)(2mc-02 + 2mcX2) using mc4 = 1.07 D and mcX = 
0.00 D.5922 The values of the dipole moment ratio thus 
abtained are listed in the last column of Table I. I t  should 
be pointed out that the values of (p2)23-29 may be consid- 
ered as the unperturbed values owing to the small excluded 
volume effects of such nearly symmetrical chains as PMOx. 
The temperature dependence of the dipole moments, ob- 
tained from the plot of the natural logarithm of the dipole 
moment ratio against temperature shown in Figure 5 ,  
amounted to 2.7 X K-I. 

Theoretical Analysis of the Configurational Prop- 
erties of Poly(3-methyloxetane). Values of the dipole 
moment ratio were calculated by standard matrix multi- 
plication methods described elsewhereaBPm All the skeletal 
bond angles were assumed to have a value of l l O o ,  and the 
rotational states were considered to be located at 0, +120, 
and -120O. Although the rotational angles corresponding 
to some skeletal bonds might depart somewhat from these 
values, the error introduced by assuming regularly stag- 
gered positions for the conformational states is not very 
important, in comparison with the errors introduced by 
the uncertainties involved in the determination of the 
conformational energies. 

Before the theoretical calculations are performed, the 
values of the energies associated with the different rota- 
tional states of each skeletal bond of the repeating unit 
hould be established. An isotactic dyad of PMOx in 

all-trans conformation is shown in Figure 6. Bond rota- 
tions about bonds of type i give rise to steric interactions 
between the methyl group associated with the asymmetric 
carbon i + 1 and the methylene group i - 2 that reduce 
the number of possible states to trans (t) and gauche 
positive (g+); actually, a negative rotation of 120° about 
this skeletal bond places both groups a t  the intolerable 
distance of ca. 2.4 A and, therefore, g- states should be 

Figure 6. Isotactic dyad of poly(3-methyloxetane) in all-trans 
conformation. 

totally disfavored with regard to the alternative trans 
states. The energy associated with g+ states about bonds 
of type i was assumed to be 1.2 kcal mol-' higher than that 
of the corresponding trans statesa5 The energy interactions 
arising from g- rotations about bonds of type i + 1 would 
be similar to those of the alternative trans states were it 
not for the Coulombic interactions between the positively 
charged i + 2 carbon atoms (6c = 0.155 in electron units) 
and the negatively charged oxygen atom (60 = -0.31 in the 
same units), which amounts to -1.83 kcal mol-', a value 
significantly lower than that corresponding to trans states, 
which is only -1.41 kcal mol-'. In these calculations a value 
of 3 for the dielectric constant8 was assumed. Therefore, 
the conformational energy E, associated with g- states was 
considered to have, as a first approximation, a value 0.42 
kcal mol-' lower than that of the alternative trans states. 
Gauche states of positive sign about bonds of type i + 2 
have an energy similar to that of g- states about bonds of 
type i + 1. Negative rotations about these bonds place the 
oxygen atom between a methylene and a methyl group; the 
value of the energy E,  associated with these states was 
determined, as indicated below, by comparing the theo- 
retical and experimental values of the dipole moment ratio 
and its temperature coefficient. Finally, and for the rea- 
sons outlined above, only t and g+ states are permitted 
about bonds of type i + 3. 

Gauche rotations of different sign about pairs of skeletal 
bonds of the type (i, i + 1) or (i + 2, i + 3) cause overlap 
between two methylene groups separated by four bonds 
and, therefore, these conformations are not permitted. 
However, g*g? rotations about (i + 1, i + 2) bonds give rise 
to 0-0 interactions whose energy E, is ca.9 1.6 kcal mol-I. 

The statistical weight matrices required for evaluating 
the statistical properties for the polymer may be expressed 
in a 3 X 3 matrix scheme 

Ui+2 = [; ; "1 ; Ui+B = E %,, 3 

.-[B ; ;] ( 3 )  

Pw ff 

where subscripts i, i + 1, i + 2, and i + 3 denote the type 
of skeletal bonds, shown in Figure 6, to which each matrix 
should be applicable in an isotactic dyad. The corre- 
sponding matrices for mirror image or enantiomorphic 
structure can be obtained by pre- and postmultiplying each 
of the matrices U,, U,+', Ui+z, and Ui+3 by the elementary 
matrixz9 

Since the NMR spectroscopic analysis of PMOx chains 
suggests that the chains are perfectly heterotactic, Monte 
Carlo techniques were used to generate chains in which 
the isotactic replication probability pr was 0.50. Theo- 
retical values of the dipole moment ratio and its temper- 
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Figure 8. Variation of the dipole moment ratio and its tem- 
perature coefficient with the isotactic content of the chain. 

ature coefficient, obtained as a function of E,, are shown 
in Figure 7. The other energy parameters ( E ,  = 1.2, E, 
= -0.42, and E, = 1.3, all in kcal mol-l) were kept constant. 
In order to facilitate comparison between theory and ex- 
periment, the calculations were carried out a t  30 "C. It 
can be observed that both ( p 2 )  /nm2 and d In ( pz) / d T  are 
quite sensitive to E,. Variation of this conformational 
parameter from -0.67 to +0.5 kcal mol-' raises the ratio 
from 0.281 to 0.525; the temperature coefficient, on the 
other hand, decreases from 3.5 X K-l. The 
values of E, that reproduce the experimental quantities 
are quite restricted, a value of E, in the vicinity of -0.3 
kcal mol-' being the best choice. The values of ( p2)  /nm2 
and d In (p2)/dT, calculated with the set of statistical 
weights (0" = 0.138, u, = 2.0, Q, = 1.6, and w = 0.117), are 
0.34 and 2.3 X K-l, in very good agreement with the 
experimental results 0.353 and 2.7 X K-l, respectively. 

Although the conditions used in the preparation of the 
polymer produce heterotactic chains, other conditions 
might be devised that presumably would produce polymers 
of variable stereochemical composition. It is important, 
therefore, to investigate how sensitive are the configura- 
tion-dependent properties to the stereoregularity of the 
chains. For this purpose, chains were generated with 
values of p r  ranging from 0 to 1. The results obtained, 
shown in Figure 8, indicate that the dipole moment ratio 
and its temperature coefficient of PMOx chains are not 
very sensitive to their stereochemical composition. For 
example, the values of (k2)/nm2 for perfectly isotactic (p, 
= 1) and syndiotactic (p, = 0) chains are 0.353 and 0.336, 
respectively, whereas for heterotactic chains 03, = 0.5), the 

to 8 X 

Table I1 
Configurational Characteristics of Poly(trimethy1ene 

oxide) (POX), Poly(3-methyloxetane) (PMOx), and 
Poly(3,3-dimethyloxetane) (PDMOx) 

( w 2 ) /  ( r 2 ) o /  103d In 103d In 
polymer nm2 n12 (p2)/dT (r2)o/dT T,, "C 

PDMOxd 0.21-0.25 4.2e 2.5-4.1 1.1 -5d 

Reference 5. References 34, 35, and 36. Calculated by using 
the rotational isomeric state model. dReferences 7 and 8. 
e Reference 38. /Reference 37. 

pox4 0.42 3.9 1.8 0.1 -78b 
PMOx 0.35 4.0' 2.7 0.4c -62 

value of this quantity is 0.344. The unperturbed dimen- 
sions are even less sensitive than the dipole moments to 
the stereochemical composition of the polymer. These 
results support previous ones,31 according to which the 
configurational properties are not very sensitive to the 
stereoregularity of the chains when the asymmetric centers 
are separated by more than three skeletal bonds. 

Table I1 compares experimental values of some config- 
uration-dependent properties of the members of the po- 
lyoxetane series. In the cases in which a particular prop- 
erty was not measured, the theoretical value is given. It 
can be seen that PDMOx is the least polar of all of the 
members of the series. The reason is that in this polymer 
the C-0 bonds are restricted to trans states and the C-C 
skeletal bonds have a strong preference for gauche ~ t a t e s . ~  
Therefore, there is a great incidence of g'g' conformations 
about consecutive C-C skeletal bonds which place the 
dipoles corresponding to consecutive COC groups in an- 
tiparallel direction-hence the low polarity of these chains. 
When a methyl group in PDMOx is substituted for a hy- 
drogen atom, the incidence of ttg'g'tt conformations in 
the sequences CH2-0-CHz-CH(CH3)-CHz-0-CH, de- 
creases, because g+ or g- states (depending on the stere- 
oregularity of the triad) about C-0 skeletal bonds are now 
permitted; consequently, the polarity of PMOx increases. 
This increase is higher in POX, where g* states about C-0 
bonds are equally permitted. In all cases an increase in 
temperature increases the fraction of tttttt conformations 
in the sequence indicated above, the dipole corresponding 
to the C-0-C groups becoming parallel, and, hence, the 
dipole moments of the chains increase. The changes in 
the dipole moments with temperature are, however, less 
important in the cases in which rotational states about 
C-0 bonds are permitted because an increase in tem- 
perature increases the gauche population about these 
bonds, decreasing the incidence of tttttt conformations. 

Since for all-trans conformations limn-- (r2),/n12 = m, 

the dependence of the unperturbed dimensions on tem- 
perature will follow the same trend as the dipole moments. 
That is, PDMOx should have the higher value of d In 
(?),/dT and POX the lower, in agreement with the results 
given in Table 11. Finally, it should be pointed out that 
all the polymers of Table I1 are conformationally rather 
random in the sense that two skeletal bonds of the re- 
peating unit prefer trans states while the other two show 
preference for gauche states. Although the magnitudes of 
the rotational energy differences are obviously of impor- 
tance, the fact that the fraction ft of skeletal bonds showing 
preference for trans states is f explains why the poly- 
oxetanes are compact molecules with very small unper- 
turbed dimensions. The data shown in Table I1 suggest 
that among all of the members of the polyoxetanes, PMOx 
seems to have the largest dimensions. 

From the conformational analysis carried out above, it 
can be concluded that the flexibility of the polyoxetanes, 
as expressed for the configurational partition function, 
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increases as the accessibility of the C-0 skeletal bonds to 
gauche states increases, following the order POX > PMOx 
> PDOx. Assuming that the glass transition temperature  
of the polymers is closely related to the molecular flexi- 
bility such that the higher is the flexibility generally the 
lower is Tg,32,33 the values of Tg should decrease in the order 
PDMOx > PMOx > POX. This prediction is confirmed 
i n  the last column of Table 11, where it can b e  observed 
that t h e  glass transition of PDMOx is higher than that of 
POX, the value of Tg corresponding to PMOx being in- 
termediate. 
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ABSTRACT The gas-phase, photoinduced, free radical polymerization of vinyl acetate is studied, using drop 
formation in supersaturated vinyl acetate vapor in a diffusion cloud chamber as a detector. A detailed kinetic 
mechanism involving initiation, propagation, termination, and chain transfer is postulated, and the corresponding 
rate equations are solved. We are able to achieve conditions such that growing polymer molecules cannot 
encounter one another. Thus the arrival, by growth, of individual polymer molecules is detected. The system 
can be “tuned” to  detect polymer molecules of a given size by adjusting the supersaturation and therefore 
constitutes a technique of high resolution. In view of the “extreme” nature of the measurement, no alternative 
method exists that allows a comparative confirmation of the assumed fundamental process. Therefore, 
confirmation is a “bootstrap” operation in which the harmonious register of many quantitative and qualitative 
observations, with each other and with theory, must be used to prove-out the technique. The demonstration 
of this observational consistency, and not the measurement of particular kinetic parameters, forms the main 
purpose of this paper. Almost all the features of the assumed kinetic mechanism are dramatically confirmed. 
Detected polymer molecules have degrees of polymerization of the order of 50, and the activation energy for 
propagation is of the order of 4000 cal mol-’, in agreement with independent studies on bulk polymerization. 
The “noise” in the polymerization reaction is actually sensed. 

I. Introduction mers formed from them.  Using th i s  theory,  we m a d e  
we developed a theory for the nu- quant i ta t ive estimates of the various associated phenom- 

cleation of supersaturated vapors  of monomers, b y  poly- ena for the case Of acetate* The results indicated that 
i t  should be possible to achieve experimental  conditions 
under which a single poly(viny1 acetate)  molecule could 
nucleate the condensation Of supersaturated Vinyl acetate 

University. vapor. Indeed, i t  appeared that conditions could be 
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