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The use of the Tg of an alternating copolymer as TgAB 
in random copolymers is a useful concept and we have 
used it in several other Polymer systems. The value used 
in this work of 122” for TgAB O r  the Tg of an 
dyad worked very well in predicting the Tg’s of random 
copolymers. This value, along with other data, was also 

used to predict the Tg’s of many a M S  terpolymers. This 
work will be published in the near future. 
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ABSTRACT: The sequence distribution of ethylene-vinyl acetate copolymers has been studied using 13C nmr spec- 
troscopy. Signal attributions were obtained both by following the rules of Grant and Paul as well as by comparison of 
spectra of samples of varying composition. Quantitative analysis at low vinyl acetate content are reported. Zeroth- 
order Markoffian distribution of the monomer units in the copolymer chain was verified. In addition, a 13C spectrum of 
solid polymer was obtained. 

A large number of papers have been published on the 
applications of nmr to the study of structural problems of 
homo- and copo1ymers.l One of the most important appli- 
cations from the theoretical as well as from the technolog- 
ical point of view is the determination of the amount of 
the relative sequences in copolymers. However, due to the 
overlapping and consequent distortion of several resonan- 
ces, no unambiguous determination is possible in some 
cases. This is the case for ethylene-vinyl acetate copoly- 
mers. 

The high-resolution proton magnetic resonance (pmr) 
spectra of these copolymers, ranging from final composi- 
tion mole fraction ME = 0 to 0.7, have been previously re- 
ported.2 By comparison of the experimental and calculat- 
ed spectra, a zeroth-order Markoffian monomer distribu- 
tion in the chain was deduced.2 The same conclusions 
have been reached by different authors.3-5 However, be- 
cause of the overlapping of the resonance peaks due to dif- 
ferent monomer distributions these conclusions cannot be 
considered unequivocal. Moreover, no results have been 
reported a t  lower vinyl acetate content because of the in- 
creasing difficulties in observing the different resonance 
peaks, since the strong ethylene -CH2- signal covers all 
the other weak peaks. 

Because 1% magnetic resonance (cmr) has several ad- 
vantages over pmr (spin-spin coupling easily removed by 
heteronuclear decoupling resonance lines widely spaced, 
less broadening by dipolar interactions due to the smaller 
nuclear magnetic moment of the 13C nucleus), we have 
examined the 13C spectra of ethylene-vinyl acetate copol- 
ymers, with the aim of improving previously reported in- 
formation and obtaining data relative to the copolymers 
with lower vinyl acetate content. Furthermore we tried 
also to obtain 13C spectra on solid polymers. 

Experimental Section 
Materials. Ethylene-vinyl acetate copolymers were obtained 
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by radical copolymerization6 and the products were used without 
further purification. Solution viscosities indicated that molecular 
weights of all copolymers were high. The purity of the compounds 
as well as their composition were determined by elemental analy- 
sis and by both 13C and IH nmr spectra. The results obtained 
with the two different methods agreed within *l%. 

All the solvents were spectroscopic grade Merck products and 
were used without further purification. 

All nmr spectra have been run on a Varian XL-100 high-resqlu- 
tion Fourier transform nmr spectrometer operating at 25.2 and 
100 MHz for and 1H, respectively. The spectrometer was 
equipped with a Varian 620 i computer system. The Fourier 
transform spectra were obtained under the following conditions: 
acquisition time 0.8 sec; spectral width 5000 Hz; pulse width 60 
Fsec; data were stored in 8K channels; the pulse interval was 0.8 
sec; approximately 3000-5000 transients were collected for each 
spectrum. 

The sample was contained in a 12-mm tube. Chemical shifts 
were measured from MerSi internal reference and are reported in 
parts per million from 13CS2, assumed to be at -194.2 ppm from 
MedSi. 

Results and  Discussion 
In Figures 1-4 are reported 13C spectra of ethylene- 

vinyl acetate copolymers having different monomer ratios, 
in solution as well as in the solid state. The different reso- 
nances are easily assigned: CH3 a t  173 ppm, CH2 between 
173 and 155 ppm, and CH between 128 and 120 ppm. The 
carbonyl resonances (not shown in the figures) are be- 
tween 22 and 25 ppm. In general the variation of the rela- 
tive monomer ratio (with the exception of very weak sig- 
nals, which are probably spurious) affects only the inten- 
sities of the peaks, not their multiplicity. 

Because of different correlation times, the relative in- 
tensities of the resonances of the backbone I3C nuclei and 
of those attributed to side chains (carbonyl and acetyl 
methyl) may not be reliable for quantitative analysis in 
the experimental conditions we chose. No effort was made 
to choose a different sequence of pulses because actually 
we did not need these data, inasmuch as we chose to carry 
out the analysis on spectral peaks whose relative intensi- 
ties can be used without any correction a t  all. Relative in- 

(6) (a) W. E. Hanford, U. s. No. 2,396,785 (1942); (b) E. Cernia, Nuoua 
Chim., 4, l(l971). 
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Figure 1. 13C nmr spectrum of ethylene-vinyl acetate copolymer 
0.18 M fraction of vinyl acetate in benzene solution a t  25.2 MHz. 
The chemical shift values are in parts per million from 13CSz. 

Figure 3. 13C nmr spectrum of ethylene-vinyl acetate copolymer 
0.09 M fraction of vinyl acetate in benzene solution at 25.2 MHz. 
The chemical shift values are in parts per million from 13CSz. 
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Figure 2. 13C nmr spectrum of ethylene-vinyl acetate copolymer 
0.13 M fraction of vinyl acetate in benzene solution a t  25.2 MHz. 
The chemical shift values are in parts per million from 13CSz. 

tensities can be taken into account for quantitative analy- 
sis by considering chemically equivalent I3C nuclei, i. e., 
various signals belonging to different CH2 signals of ethyl- 
ene and vinyl acetate can be compared without making 
any appreciable error. Moreover, from the 13C spectrum of 
the vinyl acetate polymer (Figure 5) we can observe that 
the intensities of the backbone carbon resonances are 

163.6 
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Figure 4. 13C nmr spectrum of ethylene-vinyl acetate copolymer 
0.18 M fraction of vinyl acetate in solid state. The chemical shifts 
are in parts per million from 13CSz. 

nearly the same, so ' that  no large error is introduced in 
comparing the intensities of methine and methylene 13C 
nuclei. 

We tried to make an assignment of the CH2 and CH 
residues, without taking into account their stereoisomer- 
ism, both by following the rules of Grant and Paul' as 
well as by comparison of spectra of samples of varying 
composition. The additive contribution of the acetyl group 
was deduced from literature data.8 If A = vinyl acetate 
and B = ethylene, the possible sequences and calculated 
13C chemical shifts values are as reported in Table I. In 

(7) D. M. Grant and E. G. Paul, J. Amer. Chem. SOC. 86,2984 (1964). 
(8) H. J. Reich, M. Jautelat, M. T. Messe, F. J. Wigert, and J. D. Rob- 

erts, J. Amer. Chem. SOC., 91, 7445 (1969). 
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Figure 5. 13C nmr spectrum of poly(viny1 acetate) in benzene so- 
lution a t  25.2 MHz. The chemical shift values are in parts per 
million from W S 2 .  

every spectrum in benzene we can observe, between 173 
and 155 ppm, five different peaks respectively at  155.2, 
159.2, 163.6, 168.3, and 173 ppm (plus a shoulder a t  -165 
ppm). Using the calculated peak positions in Table I, as- 
signments of the different resonances have been made as 
shown in Table 11. Since the vinyl acetate content was less 
than 20 mol% in all our samples, the absence of an appre- 
ciable content of ABA is not surprising. This result is con- 
firmed by the small value of the intensity of the AAA + 
BAA signal (155.2 ppm). The methine part of the spec- 
trum confirms these assignments, as evidenced by the 
lack of any peak a t  128 ppm (AAA triad) and by the very 
small the peak at  124 ppm (AAB + BAA triad). 

With the assumption that  an ABB unit and a BBA unit 
have the same probability,g we can make a quantitative 
analysis of the spectrum without using the intensity of the 
shoulder a t  -65 ppm, the intensity determination of 
which is a t  present inaccurate. This assumption is correct 
if the distribution of the monomers is a zeroth-order Mar- 
koffian, as it seems to be from previous studies.2 The re- 
sults obtained are reported in Table 111. It is worthwhile 
to observe that the ratio of the AAB and BAB triads is 
also verified in the CH region of the spectra. Moreover, it 
is possible to make a quite accurate analysis of the vinyl 
acetate content merely on the basis of the 13C spectrum, 
even at  low vinyl acetate content. 

Examination of the CH part of the spectrum reveals 
that the 120.3-ppm peak is actually not a singlet; we ex- 
plain this multiplicity as due to partially resolved pen- 
tads. 

In addition, upon decreasing the vinyl acetate content, 
a small peak a t  166.9 ppm appears. Two effects may even- 
tually explain its presence: folding10 of the polymer and/ 
or cross-linking. In any event, we do not a t  present at- 

(9) It is worthwhile to observe that these units present different chemical 
shifts (see Table I). 

(10) T. K. Wu, Macromolecules, 3,610 (1970). 

Table I 
13C Shifts According to Gran t  and Pau l  (in ppm from CS2) 

Triad 
Se- Pentad 

quences CH CH2 Sequences CH CH2 

AAA 128.0 156.3 AAAAA 
AAAAB 
BAAAB 

BAA 124.1 156.0 ABAAA 
BBAAA 
ABAAB 
BBAAB 

AAB 123.9 160.4 AAABA 
AAABB 
BAABA 
BAABB 

BAB 120.2 160.2 BBABB 
ABABB 
ABABA 

128.2 
128.0 
127.8 
124.3 
124.1 
124.1 
123.9 
124.1 
123.9 
123.9 
123.7 
120.0 
120.2 
120.4 

156.7 
156.0 
155.9 
156.7 
155.9 
156.0 
155.2 
160.8 
160.1 
160.1 
159.9 
159.7 
159.9 
160.6 

ABA 172.1 160.4 BABAB 
AABAB 
AABAA 

BBA 168.4 159.8 BBBAB 
ABBAB 
BBBAA 
ABBAA 

ABB 168.2 165.0 BABBB 
AABBB 
BABBA 
AABBA 

BBB 164.3 164.3 BBBBB 
ABBBB 
ABBBA 

Table I1 

172.1 
172.3 
172.5 
168.2 
168.4 
168.4 
168.6 
168.2 
168.4 
168.4 
168.6 
164.3 
164.5 
164.7 

160.4 
160.5 
161.2 
159.7 
159.8 
159.8 
159.9 
165.0 
165.1 
165.1 
165.8 
164.3 
164.4 
165.1 

~ ~~~ ~ 

-CH(OCOCH~)CH~CH(OCOCH~)CHZCH- 155.2 
(OCOCH~)CH~-CH~-CHZCH(OCOCH~)CH~- 
CH(OCOCH3)CH2- 

-CH(OCOCH~)CHZCH(OCOCH~)CH~CH~CH~- 159.2 
-CHZCHZCH(OCOCH~)CHZCH~CHZ- 
-CH(OCOCH~)CH~CH~CHZCH(OCOCH~)CH~- 
-CHzCH2CHzCHzCH( OCOCHs)CH2- 
- C H ~ C H ~ C H Z C H Z C H Z C H ~ -  163.6 
-CH(OCOCH~)CH~CH~CHZCH~CHZ- 165.0 
-CH(OCOCH~)CH~CH~CHZCH~CH~- 168.2 
- C H ~ C H ~ C H Z C H ~ C H (  OCOCH3)CHz- 
- C H ( O C O C H ~ ) C H ~ C H ~ C H Z C H (  OCOCH3)CH2- 172.2 
Acetyl 173.0 

tempt any explanation of small peaks whose presence is not 
directly attributable to any sequence of the copolymer. 

It is necessary to point out that the zeroth-order Mar- 
koffian distribution presently assumed is implicit when 
we assume an equal content of ABB and BBA; to check 
its validity we are presently beginning the study of poly- 
mers a t  higher vinyl acetate content as well as the study 
of solvent effects on the 13C spectrum in order to see if it  
is possible to obtain the pentad distribution. We observe 
that the resonance a t  155.2 ppm, attributed to the BBA 
triads, has its maximum centered exactly where we expect 
to find the BBAAB sequence according to Grant's calcula- 
tion. This unit, the vinyl acetate-ethylene ratio being low, 
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should be the most probable of the pentads deriving from 
BAA triads. Similar observations can be made for every 
peak in the spectrum; again, the observed frequences cor- 
respond to the calculated pentad sequences with higher 
ethylene content. Owing to the low number of transients 
presently used we think that an analysis a t  even lower 
vinyl acetate content is possible; experiments on polymers 
containing a very small amount of each monomer are in 
progress. 

Another interesting result is given by the spectrum of 
the copolymer with 0.18-mol fraction vinyl acetate ob- 
tained using a solid sample (Figure 4) .  Fine structure is 

present similar to that obtained with the same sample in 
benzene solution. The carbonyl signal (not shown in Fig- 
ure 4) appears to be shifted in respect to the correspond- 
ing signal in solution, respectively a t  11.2 and 24.8 ppm, 
showing the shielding effect of the aromatic solvent. Other 
chemical shifts appear unaffected. Further experiments on 
solid samples are in progress. Although this result must 
be considered in greater detail, the possibility of obtaining 
data for such a polymer in the solid state is evident. 
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ABSTRACT: cis- and trans-propylene-P-d oxide were prepared and nmr spectra of their polymers were analyzed. 
The polymerization of propylene-p-d oxide proceeded through exclusive inversion or retention of configuration at 
the carbon atom attacked by propagating species. Conformation of these polymers in solution was discussed, 
based on the coupling constants between main-chain protons of polymers obtained from both monomers. 

Numerous studies have been carried out on the ring- 
opening reaction of epoxides, and p-opening reaction is 
generally accepted to occur preferentially for propylene 
oxide.l In the polymerization reaction of propylene oxide 
by PrONa catalyst, p opening was assumed to be the 
main reaction based on the experimental result that  the 
end group of polymer is secondary alcohol.2 If p opening is 
accompanied by (Y opening, the resulting polymer chain 
should contain head-to-head and tail-to-tail linkages in 
addition to head-to-tail linkages. Actual existence of 
head-to-head and tail-to-tail linkages in poly(propy1ene 
oxide) was first discovered by Price and Spector3 in the 
structure of dimers obtained by ozonolysis of the polymer, 
and later supported by our nmr analysis of poly(propy1- 
ene-a-d oxide) .4 

Since propylene-p-d oxide has two asymmetric carbon 
atoms, four isomers, racemic cis and racemic trans, 
should exist. If the polymerization proceeds exclusively by 

opening and either by retention or by inversion of con- 
figuration a t  the attacked carbon atom, i .e. ,  @ carbon, a 
polymer composed of monomeric units having exclusively 
an erythro or threo configuration is expected to be formed. 
Nmr analysis of the polymer obtained from cis- and trans- 
propylene-p-d oxide was investigated, therefore, to obtain 
information on the type of ring opening and supporting 
evidence concerning the nmr analysis of poly(propy1ene- 
a -d  oxide). 

Experimental Section 
Preparation of cis- and trans-Propylene-p-d Oxide. These 

compounds were prepared, in overall yield of about 50%, from cis- 
and trans-propylene, respectively, which were prepared by a 
known procedure from 1,2-dibromopropane. Separation of cis and 
trans isomers was carried out by preparative glpc of l-bromopro- 

(1) R. E. Parker, and N. S. Isaacs, Chem R e v ,  59,737 (1959). 
(2) J. D. Ingham, D. D. Lawson, S. L. Manatt, N S. Rapp, and d. P. 
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Hardy, J Macromol Scc , 1,75 (1966). 

pylene. A series of reactions leading to cis- and trans-propylene- 
P-d oxide proceeded stereospecifically. 

(1)  1,2-Dibromopropane. 1,2-Dibromopropane was prepared 
by bromination of propene in carbon tetrachloride. The product 
was distilled under reduced pressure, bp 70-72" (75 mm). 

(2) cis- and trane-l-Bromopr~pene.~ cis- and trans-1-Bromo- 
propene were prepared by dehydrobromination of 1,2-dibromopro- 
pane (606 g, 3.0 mol) with sodium phenoxide (3 mol) in isoamyl 
alcohol (1.2 1.) at 80" with stirring. The fraction boiling at 52-63" 
(272 g) consisted of 2-bromo-1-propene, czs- and trans-l-bromo-l- 
propene in about equimolar ratio. The above mixture was frac- 
tionally distilled with a spining band rectifying column of 40 the- 
oretical plates. The fraction boiling at 48-49", 2-bromopropene, 
was removed. The residual cis- and trans-1-bromo-1-propene 
could not be fractionated by distillation. 

Separation of these materials6 was carried out by preparative 
glpc technique (Varian Aerograph 700). The glpc column (20 f t )  
was packed with 25% dipropylene glycol dibenzoate on 30-60 
mesh fire brick. The separated products were stored at -78" to 
prevent isomerization. The purity of each product was over 98% 
by glpc; ir spectra were the same as that reported by Harwell and 
Hatch.? 

(3) cis- and tram-Propene-l-d.* A dispersion of lithium (2.3 g, 
0.23 mol) in dry ether (50 mol) was placed in a three-necked flask 
equipped with a thermometer, a dropping funnel, and a reflux 
condenser. The top of the reflux condenser was equipped with a 
gas outlet tube connected to a trap cooled to -78". The ether so- 
lution (50 ml) of l-bromo-l-propene (14.3 g), dried over calcium 
chloride, was introduced through a dropping funnel into diethyl 
ether containing the lithium dispersion cooled to -10" with stir- 
ring by a magnetic stirrer. After addition of the ether solution of 
1-bromo-1-propene, the solution was maintained at -10" for 4 hr. 
Half the volume of ether (50 ml) was removed under reduced 
pressure, apd the dropping funnel was exchanged to one contain- 
ing DzO (6 ml). D20 was added to the residual solution at -10" 
over 0.5 hr. Propene-1-d produced was caught with a trap cooled 
at -78", through a reflux condenser cooled by ice-water and an 
outlet tube. Then, in order to remove propene-I-d dissolved in the 
resulting ether solution, the hydrolyzed solution was maintained 
at  40" for 1 hr. The products were not characterized in this step. 

(4) threo- and erythro-1-Chloropropane-2-01-1-d. Preparation 

(5) F. Hatch and K. E. Harwell, J. Amer. Chem. SOC., 75,6004 (1953). 
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