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ABSTRACT: Mean-square dipole moments of poly( 1,3-dioxolane) chains of repeat unit [ CH,O(CH,),O-] 
were determined as a function of temperature by means of dielectric constant measurements in the ther- 
modynamically good solvent benzene. The experimental results were found to be in good agreement with 
theoretical results based on a rotational isomeric state model in which the required conformational energies 
of the chains were obtained from previous configurational analyses of polyoxymethylene and polyoxyethylene. 
The model assumes perfect alternation of oxymethylene units and oxyethylene units along the chain, rather 
than a more irregular distribution which could conceivably occur in the type of ring-opening polymerization 
used to prepare the polymer. The good agreement found between theory and experiment, therefore, is consistent 
with this regularly alternating structure. Although poly(l,3-dioxolane) can thus be considered an alternating 
copolymer of oxymethylene and oxyethylene units, its dipole moments and other configuration-dependent 
properties cannot in general be obtained by simply averaging the values of the same properties for the 
oxymethylene and oxyethylene homopolymers. The present analysis also indicates that poly(l,3-dioxolane), 
and a number of other polyformals, should have a relatively high degree of conformational randomness. 

The polyethers are a class of macromolecules having 
C-0-C bonds in the chain backbone and are thus of a 
relatively polar nature. One of the most important and 
interesting types of polyether are the simple polyoxides, 
which have the repeat unit [(CH,),O-]. A number of such 
polyoxide chains have been intensively investigated with 
regard to their configuration-dependent properties in the 
randomly coiled state, both from the experimental and 
theoretical points of view.'-1° Another important class of 
polyethers, very similar in chemical structure to the po- 
lyoxides, are the polyformals [CH,O(CH,),O-l. As in the 
case of the polyoxides, the properties of these polymers 
vary markedly with the number of methylene groups in 
the repeat unit. The first member of the series, for ex- 
ample, is polyoxymethylene (POM, y = l), which has been 
investigated to some  extent'^^ in studies of the polyoxide 
series, of which it is also a member. Unfortunately, there 
is relatively little experimental inf~rmation'~~J'- '~ on chain 
configurations in this polymer, because of its high melting 
point (200 O C ) 1 4  and its insolubility in most solvents. The 
second and fourth members of the polyformal series, 
however, have relatively low melting points, 5515 and 24 
O C , I 6  respectively, and are readily soluble in a number of 
common organic solvents. These two polyformals are 
poly(l,3-dioxolane) (PXL) [CH,O(CH,),O-] and poly- 
(1,3-dioxepane) (PXP) [CH,O(CH,),O-]. Both polymers 
should be extremely useful for establishing and inter- 
preting structure-property relationships for chain mole- 
cules in general. 

The present investigation focuses on the dipole mo- 
ments, and their temperature dependence, for the PXL 
chains. Of particular interest will be the molecular in- 
terpretation of these results in terms of rotational isomeric 
state theory,l and comparisons among results for various 
polyethers of related structure. The interpretation of the 
results of the present study should help elucidate the 
mechanism of the polymerization reaction used to prepare 
PXL. The polymerization involves the cationic ring 
opening of the monomer 

0 J H 2 2 0  
I I b  

Bond scissions which occur exclusively a t  a bonds or 
exclusively a t  b bonds would yield the same polymer 
[CHzO(CHz)zO-]. If scissions occur at both types of bonds, 
however, the irregular sequences -CH20CH20- and 
-CH2CH20CH2CH20- would be introduced into the 
chains. The evidence a t  handI5J7 indicates that little or 
no random bond scission of this type takes place; for 
example, no -CH,CH20CH2CH20- sequences are found 
upon decomposition of the p01ymer.l~ Furthermore, PXL 
is highly crystalline, which also suggests the absence of 
significant amounts of such irregularities,15 since CH2 
groups and 0 atoms are almost certainly too different in 
size and charge to participate in isomorphous replace- 
ments. In any case, it is obviously important to determine 
whether or not a model of the chain which assumes perfect 
structural regularity (alternation of CH20- and CH2CH20- 
groups) will give theoretical results in good agreement with 
experiment. In addition, if PXL is indeed an alternating 
copolymer of oxymethylene and oxyethylene units, it would 
be of interest to establish the relationship between its 
dipole moments and those of its parent polyoxymethylene 
and polyoxyethylene homopolymers. Finally, it will be 
useful to compare the PXL chain with other polyether 
chains in regard to conformational randomness, as roughly 
gauged from the nature of the rotational preferences3 
within the repeat unit of the molecule. 
Experimental Section 

Materials. The monomer, 1,3-dioxolane (Fluka), was dried 
over calcium chloride and then distilled under vacuum while in 
contact with sodium metal. Tests with biphenyl demonstrated 
the absence of sodium impurities in the monomer. It was stored 
under vacuum in contact with calcium hydride. The solvent for 
the polymerization was methylene chloride (Merck); it was distilled 
from calcium hydride, and then stored in contact with it under 
vacuum. The polymerization catalyst was (C2H5)30SbC&,, which 
had been synthetized by the hleerwein method." It was washed 

CHz-CH, 

0024-9297/78/2211-0956$01.00/0 0 1978 American Chemical Society 



Vol. 11, No. 5, September-October 1978 

Table I 
Summary of Experimental Data and Results 

s a m d e  10-3M, " C  ~ , ) / d w  n,')/dwa (pz) , /nmz  
T ,  d(E - -d(nZ-  
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A 1 2  20 1.01 
30 1 . 0 3  
40 1 .06  
50 1.08 
60 1.11 

B 1 6  20 1 .04  
30 1.08 
40 1.11 
50 1.13 

C 
6 0  1.16 

42 20 1.13 
30 1.17 
40 1.18 
50 1.22 
60 1.24 

0.094 
0.082 
0.073 
0.062 
0.052 
0.094 
0.082 
0.073 
0.062 
0.052 
0.094 
0.082 
0.073 
0.062 
0.052 

0.160 
0.169 
0.181 
0.191 
0.204 
0.164 
0.177 
0.189 
0.200 
0.213 
0.177 
0.191 
0.200 
0.215 
0.227 

a The values were obtained on  sample B and were 
assumed also t o  apply t o  samples A and C. 

several times with ether and then dried and stored under vacuum. 
Reagent-grade chlorobenzene was used, as received, in the 
measurements of polymer solution viscosities (which were used 
to  estimate molecular weights). The solvents used to calibrate 
the dielectric constant apparatus were benzene (Merck, 99.5 7'0 
pure), toluene (Merck, 99.5% pure), and cyclohexane (Fisher, 99% 
pure); precise values of their dielectric constants are available in 
the l i t e r a t ~ r e . ' ~ ~ ~ ~  The benzene was used as solvent for the PXL 
solutions. At 20 and 60 "C, its dielectric constant t1 is 2.2836 and 
2.2036, respectively, and its density p1 (as determined by pyc- 
nometry) is 0.8756 and 0.8503 g ~ m - ~ ,  respectively. Its index of 
refraction n, a t  546 mfi is essentially 1.500 over the temperature 
range of interest. 

Preparat ion of t h e  Polymer Samples. The polymerizations 
were carried out in evacuated sealed ampules, a t  either 0 or -15 
oC.21 The reaction was terminated with acetic anhydride and the 
polymer isolated by precipitation with methanol a t  low tem- 
perature. The polymer was then dissolved in benzene, the solution 
filtered, and the polymer reprecipitated. I t  was finally dried under 
vacuum a t  room temperature and freeze-dried twice to eliminate 
any remaining low molecular weight material. The polymer 
obtained from the first polymerization, carried out a t  0 "C, was 
fractionated by dissolving it in chlorobenzene and then cooling 
the solution to precipitate the PXL fractions. The two fractions 
obtained in this way were designated samples A and B. Polymer 
obtained from a second polymerization, conducted a t  -15 "C, was 
studied unfractionated, and was designated sample C. 

Viscometry.  Determination of the dipole moment ratios 
sought in the present investigation does not require the polymer 
molecular weights (see below). They were, however, estimated 
from measurements of the intrinsic viscosity [ a ]  of each of the 
samples in chlorobenzene a t  25 "C. The previously established 
relationship2* used for this purpose was 

= 2.0 x 1 0 - 3 ~ ~ 0 5  (1) 

where M ,  is the weight-average molecular weight. 
Dielectric Constants and  Refractive Indices. The dielectric 

constant measurements on the PXL solutions were carried out 
using a capacitance bridge (General Radio type 1620A)5$8 a t  a 
frequency of 10 kHZ (at which the dielectric constant t is to a 
good approximation the static value). A three-terminal cell was 
u ~ e d , ~ ~ ~  and the apparatus was calibrated a t  each temperature of 
interest using benzene, toluene, and cyclohexane. Values of the 
index of refraction n of the solutions were obtained a t  546 mp 
using a Brice-Phoenix differential refractometer. 

Results 
T h e  viscosity-average molecular weights obtained for the 

three samples  a r e  given i n  the second co lumn of T a b l e  I. 
The dielectric constant measurements  were conducted at 
30, 40, 50, and 60 "C. Since  i t  was diff icul t  t o  o b t a i n  
reproducib le  resu l t s  at 20 "C, addi t iona l  data were gen-  

I 1  1 
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Figure 1. The dielectric constant increment shown as a function 
of temperature for poly(l,3-dioxolane) sample B in benzene. The 
values wl-4 of the weight fraction of polymer in the solutions were 
13.3, 9.47, 6.41, and 3.11 X respectively. 

I I 
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lo3 
Figure  2. Typical data showing the concentration dependence 
of the increments in dielectric constant and squared index of 
refraction for PXL sample B a t  20 and 60 "C. 

eral ly  t a k e n  in  t h e  vicinity of 23 "C, and l imi ted  ex- 
t rapolat ions were used to o b t a i n  the desired values at 20 
"C.  Typica l  resul ts  a r e  shown  in  Figure 1. Dielectric 
c o n s t a n t  differences and squared index  of re f rac t ion  
differences were p lo t ted  against  t h e  weight  f rac t ion  w of 
polymer i n  the solut ion,  i n  o r d e r  to o b t a i n  values of the 
derivatives d( t  - tl)/dw and d(n2 - n,2)/dw. Typical results 
are shown  in  Figure 2, and the comple te  set of values  of 
the t w o  der ivat ives  are given i n  co lumns  four  and five of 
T a b l e  I. Values  of the mean-square  dipole  m o m e n t  ( p 2 )  
were then  calculated from the equation of Guggenheim and 
S m i t h 2 3  

b2) = 4TNAp1(61  + 2)' [-- dw 

i n  which k is t h e  Bo l t zmann  cons tan t ,  T is the absolu te  
t e m p e r a t u r e ,  and NA is Avogadro's n u m b e r .  Because of 
the absence  of excluded vo lume  effects on the dipole  
m o m e n t s  of cha ins  as symmetr ic  as PXL,24,25 the values  
of ( b 2 )  thus obtained may  be written as the "unperturbed" 
values ( p*)0.1324-26 These results are customarily expressed 
as the d ipole  m o m e n t  r a t i o  ( p 2 ) o / n m 2 ,  where  n is the 
n u m b e r  of skeletal  bonds  (and  is equal t o  5M/Mo,  where  
Mo = 74.08 g mol-' is the molecular  weight of the repeat 

] (2) 
d(t - tl)  d(n2 - nI2)  

dw 
27kTM 
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Figure 3. The temperature dependence of the natural logarithm 
of the dipole moment ratio for the three PXL samples. 

1 

Figure 4. The PXL chain shown in the all-trans conformation, 
with brackets used to set off the repeat unit. 

unit). The average m2 of the skeletal bond moments was 
calculated from m2 = '/&4mco2 + mcc2), using mco = 1.07 
D and mcc = 0.00 D.4827 The values of the dipole moment 
ratio thus obtained are listed in the final column of Table 
I. The slight increase in the ratio with increase in mo- 
lecular weight may simply be due to experimental errors. 
In any case, the results indicate that the dipole moment 
ratio of PXL is unusually28 small, being 0.17 in the vicinity 
of 25 "C. Values of the temperature coefficient d In 
( F2)o/dT were obtained by plotting the natural logarithm 
of the dipole moment ratio against temperature. As shown 
in Figure 3, the three samples exhibited very nearly the 
same slope, which corresponds to d In (F2)o/dT = 6.0 X 

deg-'. This is an unusually large value for the tem- 
perature coefficient of any configuration-dependent 
property.' 

Comparison of Theory and Experiment 
The rotational isomeric state model adopted for the 

PXL chain assumed perfect alternation between CH20- 
and CH2CH20- units along the chain (see above), with 
rotational states located a t  0" (trans, t),  120" (gauche 
positive, g+), and -120O (gauche negative, g-). The required 
energies of the intramolecular interactions occurring in 
PXL may be obtained from previous analyses of various 
polyoxides, primarily polyoxymethylene and polyoxy- 
e t h ~ l e n e , ~  as was pointed out by Andrews and S e m l ~ e n . ~ ~  
A brief summary of this information follows. Gauche 
states about skeletal bonds of type a and e in Figure 4 
bring CH2 groups and 0 atoms separated by three bonds 
into proximity; these states have an energy approximately 
1.4 kcal mol-l lower than the alternative trans states. 
Bonds of type b and d have gauche states approximately 
0.9 kcal mol-' higher in energy than the corresponding 
trans states, while bonds of type c have gauche states 
approximately 0.4 kcal mol-' lower than the trans. The 
conformations gig' give rise to "pentane-type" interfer- 
ences between groups and atoms separated by four bonds. 
In the case of bond pairs of the type ea, the interacting 
species are two CH2 groups and their steric overlaps cause 
the complete exclusion of these conformations. For the 
other bond pairs in the repeat unit, the participating 
species are a CH2 group and an 0 atom. Their interactions 
give rise to a repulsive energy of approximately 0.4 kcal 
mol-'; these gig' conformations are thus somewhat sup- 
pressed, but by no means excluded. 

The standard matrix multiplication methods' of rota- 
tional isomeric state theory were used to calculate values 
of the dipole moment ratio, a t  25 "C, for PXL chains 

t 
0 -1 -2 

Figure 5. Results of rotational isomeric state calculations showing 
the dependence of the dipole moment ratio of PXL on the energy 
difference between gauche and trans states in which the interacting 
species are CH2 groups and 0 atoms. 

1 I I 1 I 
0 200 400 

n 

Figure 6. The dipole moment ratio of PXL at 25 O C  shown as 
a function of the number of skeletal bonds in the chain. 

containing n = 482 skeletal bonds. Since the very strong 
preference for gauche states about bonds of type a and e 
is not at  all understood in molecular te rms , '~~  the calcu- 
lations were carried out as a function of this rotational state 
energy difference [E(gi) - E(t)]CHpO. The results are 
shown in Figure 5. The dipole moment ratio is seen to 
decrease markedly with increase in the preference for such 
gauche states. This is due to the fact that  g*g* states in 
the bond pairs involved place pairs of bond dipoles in very 
nearly antiparallel orientations.28 (The dependence of the 
dipole moment ratio on the gauche-trans energy difference 
for bonds of the type b and d is about one-seventh that 
shown in Figure 5. Its dependence on the other rotational 
state energy differences was even smaller and essentially 
of almost negligible importance.) Coincidence between 
theoretical and experimental values of the dipole moment 
ratio is seen to be achieved at  a value of [E(g*) - E ( t ) l C H r O  
of approximately -1.2 kcal mol-', in good agreement with 
the value -1.4 kcal mol-' obtained in the analyses of po- 
lyoxide chains.ls4 The theoretical value of d In (F2)o/dT 
was calculated to be 6.1 X deg-l, in excellent agreement 
with the experimental value, 6.0 X deg-'. 

In simplest molecular terms, the PXL chain has a very 
small dipole moment ratio largely because of its preference 
for gauche states of low dipole moment. Correspondingly, 
its dipole moment increases markedly with increase in 
temperature, primarily because of an increase in the 
number of alternative rotational states, of higher energy 
and larger dipole moment. 

Figure 6 shows the calculated dependence of the dipole 
moment ratio, a t  25 "C, on the number of skeletal bonds. 
As is generally found to be the c a ~ e , ' , ~ , ~ , ~ O  the dipole 
moment ratio reaches an asymptotic limit at  relatively low 
chain length, well below the minimum value ( n  800) 
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Table I1 
Dipole Moment :Results on Polyoxymethylene, 

Polyoxyethylene, and Their Alternating Copolymer 
Poly( 1,3-dioxolane) 
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perturbed  dimension^.^^ There are some preliminary 
estimates32 of the dimensions of PXL which are in support 
of this conclusion. A number of the other polyformals 
[CH20(CH2),0-], specifically those having y = 4-7, should 
also be relatively compact, judging from the fact that they 
also have values of this conformational preference pa- 
rameter of f t  = 0.5 f 0.1. 

Acknowledgment. It is a pleasure to acknowledge the 
financial support provided by the Comision Asesora de 
Investigaci6n Cientifica y TBcnica to E.R., and by the 
National Science Foundation (Grant DMR 77-18356, 
Polymers Program, Division of Materials Research) to 
J.E.M. Thanks are also due Dr. C. Marco, who synthesized 
the high molecular weight sample and provided much 
useful advice on the polymerizations in general. 

References and Notes 

POM POE PXL 
repeat uni t  CH,O- (CH,),O- CH,O(CH,),O- 
( p 2 ) , / n m 2  0. :Ja 0.52b 0.17 
l o 3  d In (p2),/dT 6.OC 1.5b 6.0 

a References 13 a n d  28. References 1 a n d  5. Meas- 
ured o n  the oxymethylene dimer (ref 4 and 31); the  poly- 
mer apparently also h2m a positive value of  the temperature 
coefficient of ( p z ) ,  (ref‘ 13), but its magnitude is n o t  reli- 
ably known. 

employed in the present investigation. 

Discussion 
As demonstrated in the preceding section, rotational 

isomeric state calculaitions give a very good account of the 
PXL dipole moments and their temperature dependence. 
Since the calculations were based on perfectly alternating 
sequences of CH20- and CH2CH20- units along the chain, 
the good agreement between theory and experiment is 
consistent with this regular structure for PXL. 

The theoretical analysis also indicates that the PXL 
conformation of minimum intramolecular energy has the 
rotational states [g*,it,g*,t,g*] for bonds a-e in Figure 4. 
A very similar conformational sequence is adopted by the 
PXL chain in the most stable crystalline modification of 
the p ~ l y m e r . ’ ~  Specifically, the crystalline state confor- 
mation has the rotational angles [-106,-7,117,86,-101°], 
in which the rotational states for bonds a-c and e are only 
moderately distorted from their symmetric locations a t  0 
or f120°. The large discrepancy in the case of the bonds 
of type d is surprising, and may be due to intermolecular 
interactions within the crystalline lattice. 

Since PXL can be considered a perfectly alternating 
copolymer of CH20- and CH2CH20- units, it is inform- 
ative to compare its configuration-dependent properties 
to those of its “parent” homopolymers, polyoxymethylene 
and polyoxyethylene. The comparisons for the dipole 
moment r e s ~ l t s ’ ~ ~ ~ ~ ~ ’ ~ ~ ~ ~ ~ ~ ’  are given in Table 11. For this 
particular property, PXL is seen to be much more similar 
to polyoxymethylene than it is to polyoxyethylene. This 
is presumably due to the very strong preference for gauche 
states in the oxymethylene-type sequences. In any case, 
the comparison once again demonstrates that it is not 
possible in general to predict the statistical properties of 
a copolymeric chain by simply averaging the values of the 
same property for the parent homopolymers. 

Although the strong preference for gauche states is of 
paramount importance with regard to the dipole moments 
of PXL, other features may be of comparable importance 
in the case of other clonfiguration-dependent properties. 
For example, the PXL chain is conformationally rather 
random in that two skeletal bonds of the repeat unit prefer 
trans states while the other three prefer gauche states. 
Although the magnitudes of the rotational state energy 
differences and the ordering of the conformational pref- 
erences within the repeat unit are obviously of importance, 
this type of analysis is sometimes useful in a qualitative 
s e n ~ e . ~  In the case of PXL, for example, the fraction ft of 
skeletal bonds in the repeat unit showing a preference for 
trans states is 2 / 5 .  Thle closeness of this value to one-half 
suggests that PXL, like poly(trimethy1ene ~ x i d e ) , ~  should 
be a compact chain molecule, with relatively small un- 
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