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appreciably more reactive with ethyllithiurn-& in tolu- 
ene-& than either 1,3-pentadiene or 2-methyl-1,3-penta- 
diene, the reaction a t  23" being complete within 24 hr, 
compared to two or more days for the latter. However, no 
chain-end absorptions could be detected in the nmr spec- 
trum because of an unfavorable initiation to propagation 
ratio. The microstructure of the polymer produced was 80 
f 5% 1,4 and 20 k 5% 1,2. Using isopropyllithium-d.i as 
an initiator in benzene-& the reaction was complete in 
less than two hours and the solution had a deep red color, 
indicating a delocalized carbon-lithium bond. However, 
no absorptions from y hydrogens could be seen in the nmr 
spectrum (there would be no protons in a 1,4 chain 
end). 

Furthermore, this spectrum contained a broad reso- 
nance peak from the in-chain units centered around 2.8 
ppm. This peak could easily mask a small y-hydrogen res- 
onance peak. Upon pseudotermination of this species the 
ratio of the areas of the two methyl group resonance peaks 
a t  1.6 and 1.1 ppm decreased from approximately 2.3 to 
1.5. This shows that part of the resonance peak a t  1.6 
ppm was due to the a-methyl group of the 1,4 chain end. 
This result is analogous with that found for the 1,3-penta- 
diene (see Figure 3) and confirms the presence of the 
delocalized 1,4 chain end. 

It is not surprising that the chain-end is exclusively 1,4 
in the case of this monomer, since the inductive effect of 
the methyl group on the 3 carbon would make attack a t  
the 1 carbon more favorable than in the 1,3-pentadiene 
case. The delocalized bond, with a high charge density on 
the y carbon, explains the relatively high amount (-20%) 
of 1,2 microstructure formed in this polymerization in hy- 
drocarbon media. Also the high amount of 1 , 2  microstruc- 
ture indicates that  methyl groups on the 3 carbon, unlike 
methyl groups on the 6 carbon, do notaprevent monomer 
attack a t  the y carbon. The high reactivity of the secon- 

dary carbon-lithium bond also explains tHe high reactivity 
of this monomer compared to the other 1,3-pentadienes. 

Another monomer studied was 4-methyl-1,3-pentadiene. 
The reaction of a 0.5 M solution of ethyllithiurn-& in tol- 
uene-& with an equimolar amount of monomer was very 
slow, with only 40-4570 conversion after 11 days a t  23". 
Using see-butyllithium as an initiator in benzene-&, the 
reaction was complete in 24 hr. However, in both cases no 
active absorptions from the chain end unit could be ob- 
served in the nmr spectrum because of an unfavorable ini- 
tiation to propagation ratio. The solution of the sec-butyl- 
lithium initiated species had a deep red color, again indi- 
cating a delocalized carbon-lithium bond. It is very likely 
that steric and inductive effects of the two methyl groups 
on the 4 carbon cause exclusive attack on the 1 carbon. 
Such attack would produce a 1,4 chain end that would 
possess a tertiary carbon-lithium bond. The instability of 
such a bond again should lead to a delocalized species, 
even in hydrocarbons. Also such a species should be very 
reactive and would account for the high propagation to 
initiation ratio found for this monomer. 

The microstructure of the poly(4-methyl-1,3-penta- 
diene) polymers formed was about 83% 1,4 and 17% 1,2. 
These results agree with those of Cuzin et a1.13 who fur- 
ther determined by ir that  the 1,4 structure was all trans. 

These results thus show that delocalized carbon-lithium 
bonds can exist in hydrocarbon media, and thus support 
the previously proposed theory that the 1,2 and 3,4 poly- 
mer microstructures formed in polybutadiene and polyiso- 
prene, respectively, is due to a small, undetectable 
amount of delocalized chain ends in equilibrium with the 
covalent species detected in the nmr spectrum. 
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ABSTRACT: Nmr spectra of poly(propy1ene-a-d oxide) prepared using several types of catalyst were taken and 
analyzed. Nmr spectra of methylene protons were resolved as dyads arising from the difference in steric environment 
in the contiguous two monomeric units. Nmr spectra in deuteriochloroform solution showed two pairs of quartets, 
one of which on downfieid was assigned to the methylene protons of head-to-tail linkages, the other on upfield to tail- 
to-tail linkages. On the other hand, nmr spectra of methylene protons in benzene solution showed splitting into iso- 
tactic and syndiotactic dyads of absorption assigned to head-to-tail methylene protons. According to  these assign- 
ments, microstructure of poly(propy1ene-a-d oxide) prepared with several types of cataiyst could be determined. 

Information concerning the microstructure of the poly- 
mer is an essential prerequisite for the elucidation of the 
polymerization mechanism and for the characterization 
of the polymer samples. The use of nmr spectra in the de- 
termination of the tacticity of vinyl polymers has been 

In a preliminary report,l we described the nmr analysis of 
poly(propy1ene-0-d oxide) briefly and more recently the 
nmr spectra of poly(propy1ene-a-d sulfide) were analyzed 
in terms of dyads of methylene protons.* 

three backbone atoms, has not been made so extensiLely. (2)  K J I \ i n a n d h I  ha \ ra t i l , J  Poi\m SCI P a r t B  8,51(19;oi 
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Table I 
Polymerization Results of Poly(propylene-a-d-oxide)a 

Catalyst 

[ V I  
Polymer- -- 

ization Polymer Crystalline Crystalline Crystalline Amorphous 
Temp ("C) Solvent Yield ('70) Fraction* (%) Fraction Fraction Fraction 

KOH 80 None 100 0 0.87 
Et2 AlOAlEtz 30 Toluene 91 6 68 1.62 0.88 
EtzZn-HZOc (in situ) 30 Benzene 85 27 69 3.87 2.10 
EtzZn-HzOc (freeze-dried) 30 Benzene 96 38 73 5.72 3.34 

a Polymerization was carried out in benzene or toluene solution (except for KOH catalyst) for 120 hr. The concentration of propylene- 
a-d oxide was 1.14 X mol/l. The amount of catalyst was 0.7 mol % of monomer. * Fractionation was done in acetone solution by the 
method mentioned in the Experimental Section. Percentage value of the crystalline fraction is based on the total polymer. The reaction 
of diethylzinc and water (molar ratio, 1:0.7) was done in benzene at  30" for 1 hr and then at  60" for 3 hr. 

pf CvcH-cH3 ' a  

Figure 1. Bond scission of propylene oxide. 

Very recently the I3C nmr study of poly(propy1ene 
oxide) made by us afforded the dyad for methylene car- 
bons and triad for methine carbons,3 so the dyad spec- 
trum for methylene protons of poly(propy1ene-a-d oxide) 
could be observed. This paper describes the method and 
some applications of the microstructure analysis of poly- 
(propylene-a-d oxide). 

Experimental Section 

Materials. In general, purification of materials was carried out 
under a dry argon atmosphere. All solvents were purified by con- 
ventional methods, dried over calcium hydride, and then distilled 
just before use. Diethylzinc and triethylaluminum were purified 
by distillation under reduced pressure. 

Preparation of Propylene-a-d Oxide. a. 1-Chloro-2-deuter- 
iopropane-2-01, A solution of 5.6 g (0.145 mol) of lithium alumi- 
num deuteride (Merck Co., deuterium content 99%) in 400 ml of 
dry ether was placed in a three-necked flask equipped with a 
separatory funnel, a mechanical stirrer, and a reflux condenser. 
The solution was cooled to -78" in Dry-Ice-methanol bath, and a 
cold solution of 56 g (0.61 mol) of anhydrous monochloroacetone4 in 
100 ml of dry ether was added, with vigorous stirring, from the 
separatory funnel at  a fast rate. Stirring was continued at  -78" 
for 0.5 hr after the addition was complete. The reaction mixture 
was poured into 200 ml of 10% aqueous sulfuric acid at  O",  and 
the aqueous layer was extracted three times with 50-ml portions 
of ether. The combined ether solution was washed with water, 
dried over sodium sulfate, and evaporated. The residual liquid 
was distilled, and the fraction boiling at  126-127.5" was collected: 
yield, 40 g (71% based on lithium aluminum deuteride). The pu- 
rity of the product was 98% by glpc analysis. 

b. Propylene-a-d Oxide. Epoxidation of l-chloro-l-deuter- 
iopropan-2-01 with potassium hydroxide at  90" gave propylene-0-d 
oxide in 90% yield, bp 34.5". The product was dried over calcium 
hydride and distilled. The purity of the product determined by 
glpc analysis was higher than 9970, and the deuterium content 
estimated by mass spectroscopic analysis was 99%. The nmr 
spectrum has a singlet a t  T 8.68 and a quartet at  T 7.34 in the 
peak intensity ratio of 3:2, arising from methyl and methylene 
protons, respectively. 
D-( +)-Propylene Oxide. This compound was prepared by the 

method reported by L e ~ e n e : ~  [ a I z 0 ~  +15.6" (neat) .  
Polymerization Procedure. Propylene-a-d oxide was charged 

by distillation over calcium hydride into the polymerization am- 
poule containing the catalyst solution. The ampoule was sealed 
and allowed to stand at  30" for 24 hr, except for KOH catalyst (at  
80" for 120 hr).  Polymerization was terminated by adding a mix- 
ture of benzene and a small amount of methanol. the quantity of 
the latter is slightly over that required to precipitate the catalyst. 
Catalyst residue was removed by centrifugation, and the raw 

(3) N. Oguni, K. Lee, and H. Tani, Macromolecules, 5 ,  816 (1972). 
(4) This compound was prepared by chlorination of acetone according to  

the procedure reported by Frisch (Ber . ,  26,597 (1893)) 
( 5 )  P. A. Levene and A.  Walti, J. Bioi Chem., 68,415 (1926). 

polymer was obtained from the supernatant clear solution by 
freeze-drying. The crystalline polymer was separated as a precipi- 
tate when the solution prepared by dissolving 0.5 g of the raw 
polymer in 100 ml of acetone at  60" was allowed to stand at  0" for 
2 days, and was isolated by centrifugation at  0". Acetone-soluble 
polymer was isolated by evaporating the mother liquor. Intrinsic 
viscosity, [q], was measured at  25 f 0.1" in benzene solution. The 
results of polymerization are shown in Table I. 

Preparatidn of Catalyst. a. Diethylzinc-Water Catalyst Sys- 
tem. A tube connected to a vacuum line was flushed several 
times with dry argon. A solution of diethylzinc (0.53 X 10-1 g, 
4.35 X lo-* mol) in 2.0 ml of benzene was charged in the tube by 
using a syringe, and 5.5 ~1 of water was added with stirring by a 
microsyringe. Stirring was continued at  room temperature for 0.5 
hr and then at  60" for 3 hr. In this reaction, ea. 2 mol of ethane 
gas was evolved per mol of water. The resulting yellow slurry was 
used as a catalyst (in situ catalyst). The slurry was freeze-dried 
under vacuum to remove unreacted diethylzinc.6 The residue ob- 
tained was also used as a catalyst (freeze-dried catalyst). 

b. Bis(diethyla1uminum)oxide Catalyst. This catalyst, 
EtzAlOAlEtz, was prepared by the equimolar reaction of Et2A10- 
Li and EtzAlCl according to the procedure developed in this labo- 
ratory.' 

c. KOH Catalyst. Freshly fused potassium hydroxide hydrox- 
ide was ground under a dry argon atmosphere. 

Measurement of Nmr Spectrum. Nmr spectra of the polymers 
were taken with JKM-4H 100 spectrometer at  100 MHz in 3-570 
deuteriochloroform solution a t  55" and deuteriobenzene solution 
at  70". Tetramethylsilane was used as the internal standard. Rel- 
ative intensities (peak areas) of three kinds of quartets were de- 
termined using a curve resolver, Du Pont 310. These values corre- 
spond to  the relative contents of three different kinds of dyads in 
the polymer. 

Results and Discussion 

Analysis of Nmr Spectrum of Poly(propy1ene-a-d 
oxide). Since propylene oxide has an asymmetric carbon 
atom, two kinds of ring openings, cy and /3 openings, are 
possible depending on the nature of attacking reagent (see 
Figure 1). If both types of ring openings take place in the 
propagation reaction, head-to-tail, head-to-head, and tail- 
to-tail linkages result in the polymer chain. In addition to 
this structural problem, a configurational problem also 
arises in the course of the propagation reaction. Therefore, 
the possibility of the presence of four different linkages 
should be kept in mind in considering the main-chain 
structure of a poly(propy1ene oxide) sample (Figure 2). 

Nmr spectroscopy is expected to be a most powerful 
tool for analyzing exactly the microstructure of poly(pro- 
pylene oxide), but unfortunately the spectrum is too com- 
plex to be analyzed exactly. Ramey et al. interpreted the 
difference observed between the spectra obtained by de- 
coupling from the methyl protons of the crystalline and 
the amorphous fractions due to the difference in the tacti- 

(6) This technique was described in K.  Aryluk. M.S. Theses, Manchester 

(7) H. Tani, T.  Araki, N.  Oguni, and N. Ueyama, J Amer. Chem. Soc., 
University (1966). 

89,173 (1967). 
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H A  

isotactic unit (DD and LL) 

(head-to-tail) 

H H  CH, H 

syndiotactic unit (DL and LD) 

(head-to-tail) 

€I CH, H(CH3) H 

-0-c-c-0-c-c-0- I I  I I 
I I I 1  

CHdH) H €4 H 
head-to-head unit 

CH, H H H(CH3) 

-0-c-c-0-c-c-0- I I  I I  
I I  I 1  

H CHLW H H  
tail-to-tail unit 

Figure 2. Four kinds of linkages in poly( propylene oxide). 

city.8 The nmr spectrum of poly(propy1ene oxide) deco- 
upled from methylene protons is in any event too complex 
to determine the tacticity, because of the overlap of the 
absorptions arising from three backbone protons in the 
monomeric unit. The spectrum, therefore, should be sim- 
plified by substituting the methine hydrogen atom by a 
deuterium atom, since the magnitude of H-D coupling 
constant is too small to introduce any detectable splitting 
in the absorption bands. The nmr spectrum of poly(pro- 
pylene-a-d oxide) was simplified expectedly by deutera- 
tion of the methine proton a t  lower field, as shown in Fig- 
ure 3. The absorption a t  higher field arises from methyl 
protons and that a t  lower field from methylene protons. 

The spectrum of poly(propy1ene-a-d oxide) was ana- 
lyzed by referring to  the following experimental results 
already known. The first is that  the crystalline polymer 
has an isotactic configuration.g The second is that  the 
amorphous polymer obtained with KOH catalyst is a ran- 
dom atactic polymer containing no tail-to-tail or head-to- 
head linkages.lJ0 The third is that  the content of tail-to- 
tail or head-to-head linkages varies rather widely depend- 
ing on the nature of catalyst used for the polymeriza- 
tion . lo  

The practical process we adopted for the assignment of 
three kinds of structures observed in the nmr spectrum of 
poly(propy1ene-a-d oxide) is explained most conveniently 
by referring to typical examples. Four different polymer 
samples used as examples are amorphous and crystalline 
polymers obtained with ZnEtz-HzO (1:0.7) freeze-dried 
catalyst system, the amorphous polymer with KOH cata- 
lyst, and the amorphous polymer with AlEt20AlEt2 cata- 
lyst. 

(8) K. C. Ramey and N. 'D. Field, J. Polym. Sci., Part B,  2,461 (1964). 
(9) M .  Cesari, G.  Perego, and W. Marconi, Makromol. Chem., 94, 194 

(10) C. C. Price, R. Speciro, and  A. L. Tumolo, J .  Polym. Sci., Part A-2,  5,  
(1966). 

407 (1967). 

7------7-- 

6 7 8 9 10 
pprn(r) 

Figure 3. Nmr spectra of poly(propy1ene oxide) '(Ai 
deuterated derivative (B) in CDC13 solution at  100 MHz 

and its N -  

6.4 6 5  6 6  67 68  ppm(t )  

Figure 4. Methylene proton resonance spectra of poly(propy1ene- 
a-d oxide) in CDCls solution: (A) crystalline polymer prepared 
with the freeze-dried ZnEtz-HzO catalyst; (B) amorphous poly- 
mer prepared with EtzAlOAlEtz catalyst. 

The spectrum taken in deuteriochloroform solution of 
the isotactic polymer prepared with ZnEtz-HzO catalyst 
system is shown in Figure 4A. The spectrum of the meth- 
ylene protons has a symmetrical sharp quartet, whose pa- 
rameters are U A  = 6.50 ppm, U B  = 6.63 ppm, and JAB = 10 
Hz. The atactic polymer obtained with KOH catalyst 
gives a spectrum almost identical with that of the isotact- 
ic polymer. Therefore, this absorption can be assigned to 
that originated from head-to-tail linkages, because it is 
known that the amorphous polymer prepared with KOH 
catalyst has an atactic structure containing no tail-to-tail 
linkages.10 I t  can be concluded, therefore, that  the ab- 
sorptions originated from isotactic and syndiothctic dyads 
overlap in the spectrum measured in deuteriochloroform 
solution. 

The spectrum taken in deuteriochloroform solution of 
the atactic polymer prepared with EtzAlOAlEt2 catalyst 
has an  additional quartet a t  a slightly higher field, whose 
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Table I1 
Microstructure of Poly(propy1ene-a-d oxide) Obtained with Various Types of Catalysta 

Macromolecules 

Catalyst 

By Nmr Spectra By Ozonolysis 
Method 

Nature of Sample I(70) s (%I Unit (a) Unit (YO) 

Tacticity in Head-to-Tail Unit 
Tail-to-Tail Tail-to-Tail 

KOH 
ZnEtz-HZ0 (in situ) 

ZnEtz-HZ0 (freeze-dried) 

EtzAlOAlEt2 

Amorphous 
Crystalline 
Amorphous 
Crystalline 
Amorphous 
Crystalline 
Amorphous 

a Experimental errors in peak area determination are f l  to -2%. 

6.3 64 65 66 67 6.8 ppm(;t) 

Figure 5. Methylene proton resonance spectra of poly(propy1ene- 
a-d oxide) in CsDs solution: (A) amorphous polymer prepared 
with KOH catalyst; (B) amorphous polymer prepared with the 
freeze-dried ZnEtz-HzO catalyst; (C) amorphous polymer pre- 
pared with EtZAlOAlEtz catalyst. 

parameters are vA = 6.55 ppm, vB = 6.67 ppm, and JAR = 
10 Hz (see Figure 4B). This new absorption can be as- 
signed to the methylene protons in tail-to-tail linkages, 
because the intensity of the quartet observed in the spec- 
tra of several kinds of catalyst roughly parallel the content 
of tail-to-tail and head-to-head linkages estimated chemi- 
cally by Price e t  aLIO (see Table 11). 

The spectra taken in deuteriobenzene solution afford 
additional information. A quartet assigned to head-to-tail 
linkage in nmr spectra taken in deuteriochloroform solu- 
tion splits into a pair of quartets (see Figure 5A). Intensi- 
ties of these two kinds of absorption are nearly equal to 
each other in the spectrum of the amorphous polymer pre- 
pared with KOH catalyst. The spectrum of the polymer 
containing no tail-to-tail linkages prepared with freeze- 
dried ZnEt2_Hz0 catalyst system also shows similar split- 
ting (see Figure 5B). These results lead us to a reasonable 
conclusion that the quartet a t  Y A  = 6.43 ppm, V B  = 6.61 
ppm, and JAB = 9 Hz is assigned to the methylene pro- 
tons in isotactic dyads and that a t  V A  = 6.41 ppm, V B  = 
6.65 ppm, and J A B  = 9 Hz to those in syndiotactic dyads. 

50 50 5 10 
97 3 5 1 
65 35 17 25 
97 3 Trace 
55 45 3 
97 3 5 
75 25 32 25 

The methylene proton spectrum of the atactic polymer 
prepared with EtzAlOAlEt2 catalyst is apparently very 
complex, because the contents of all three kinds of quar- 
tets are relatively high (see Figure 5C). The nmr data of 
methylene protons in tail-to-tail linkage are found to be v,, 
= 6.52 ppm, Y = 6.72 ppm, and JAB = 10 Hz by the anal- 
ysis of the spectrum with a curve resolver Du Pont 310. 
These results are summarized in Table 111. 

The effect of the nature of the solvent used for nmr 
measurement on the chemical shift between the absorp- 
tion bands assigned to isotactic and syndiotactic dyads 
was examined. Splitting is observed in benzene and pyri- 
dine, but not in cyclohexane, toluene, chlorobenzene, and 
nitrobenzene. 

Some Applications of Microstructure Determination. 
a. Effect of Free Diethylzinc on the Polymerization of 
Propylene Oxide with the ZnEtz-HzO Catalyst. Propyl- 
ene-a-d oxide was polymerized with the in situ and 
freeze-dried ZnEt2-HzO (1 : 0.7) catalyst systems. The 
yield of the acetone-insoluble crystalline fraction in- 
creased by freeze-drying treatment of the in situ catalyst 
system. In addition, the amorphous fractions obtained 
with the above two catalyst systems differ in their micro- 
structure and molecular weight. The amorphous polymer 
obtained with the in. situ catalyst has a lower molecular 
weight and a higher content of tail-to-tail linkages than 
that with the freeze-dried catalyst (see Tables I and 11). 
The difference observed in the structure of the polymers 
may be ascribed to some volatile components contaminat- 
ing the in situ catalyst system which are removed in the 
course of the freeze-drying process. In fact, diethylzinc, 
one of the most plausible contaminants, was identified in 
the distillate obtained during the freeze-drying treatment. 
The assumption that the formation of tail-to-tail linkages 
is due to the presence of diethylzinc in the in situ catalyst 
system was supported positively by adding diethylzinc to 
the freeze-dried catalyst system. Addition of diethylzinc 
decreased the polymer yield and the amount of crystalline 
fraction, and increased the content of tail-to-tail linkages 
(see Table IV) . 

The amorphous fraction of the polymer obtained with 
EtzAlOAlEt2 catalyst contains a relatively large amount 
of tail-to-tail linkages, as already mentioned. The forma- 
tion of this abnormal linkage may be ascribed to the ac- 
tion of triethylaluminum liberated by disproportionation 
of EtZAlOAlEtz to give triethylaluminum and Et(Et- 

Although diethylzinc and triethylaluminum have no 
catalytic activity for the polymerization of propylene 
oxide, these compounds play an important role in the po- 
lymerization to disturb the stereospecificity, as evidenced 
in the above-mentioned examples. Two possibilities can 

A10) .AlEtZ. 
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Table I11 
Nmr Data of AB-Type Methylene Protons on Poly(propy1ene-a-d oxide)a 

Structure 

Solvent Constitutional Configurational 

Coupling Con- 
stant, Jgem H-H 

Chemical Shift, (ppm) (Hz)  

Coupling Con- 
stant, Jgem H-H 

Chemical Shift, (ppm) (Hz)  

C6D6 Head-to-tail Isotactic dyad 6.43 6.61 9Q 
Syndiotactic dyad 6.41 6.65 9Q 

Tail-to-tail 6.54 6.72 10 
CDC13 Head-to-tail 6.50 6.63 10 

Tail-to-tail 6.55" 6.67 10 

a These values were corrected by examining 220-MHz nmr spectra. 

Table IV 
Effect of Addition of Diethylzinc to the Freeze-Dried Residue of ZnEtz-HzO Catalyst 

on the Polymerization of Poly(propy1ene-a-d oxide)" 

Tail-to-Tail Content in 
Zn (ZnEtz)/Zn (ZnEtz-HzO) Yield (70) Insoluble Fraction in Acetone (%) the Total Polymer (%) 

0.0 
0.1 
0.2 
0.4 
0.6 

88 
83 
59 
29 
11 

38 
33 
27 
20 

Trace 

2 
2 
5 

30 
48 

a Polymerization condition: temperature, 30"; time, 24 hr; catalyst, 1.85 mol 70 of monomer; poly(propy1ene-a-d oxide), 1.0 ml; solvent, 
n-heptane, 1.0 ml. 

be discussed for the action of these organometallics: one is 
the interaction of organometallics with the catalyst, and 
the other is that  with the monomer. The fact that  the for- 
mation of tail-to-tail linkage is observed for various types 
of catalysts seems to support the latter possibility. This 
interpretation is supported also by complex formation be- 
tween diethylzinc and propylene oxide reported by 
Thiele,ll ir shift of ethyl group of diethylzinc observed in 
various ethereal solvents by Ishimori and Tsuruta,12 and 
chemical shift observed in nmr spectrum of methyl pro- 
tons of dimethylzinc in ethereal solvents as reported by 
Allen e t  a1.13 The complex formation of triethylaluminum 
with various ethers is well known until now. The mecha- 
nistic aspect of the action of these free organometallics 
will be clarified by further experiment. 

The existence of tail-to-tail linkage in the polymers has 
a marked effect on the melting points of the polymers. 
The crystalline polymers obtained using the ZnEtz-HzO 
(in. situ) and EtzAlOAlEtz catalysts have the same micro- 
structure; the proportions of I ,  S, and tail-to-tail linkages 
are same (see Table 11). This result is reflected in the 
nearly equal melting points of both polymers (see Table 
I) .  However, the crystalline polymer obtained using the 
ZnEtz-HzO freeze-dried catalyst, which contains no tail- 
to-tail linkage and has the same values of I and S, has a 
melting point higher than those of the polymers obtained 
using the ZnEt2-HzO (in situ) and EtzAlOAlEtz catalysts. 
Aggarwal et al. pointed out that the melting point of the 
crystalline poly(propy1ene oxide) could be related to the 
sequence length of isotactic units in the p01ymer.l~ In ad- 
dition, as mentioned above, the existence of tail-to-tail 
linkage may contribute to disturbing the crystallization of 
the polymer to depress the melting point. 

b. Relation between Optical Rotatory Power and 
Content of Tail-to-lail Linkage. Price et al. pointed out 

(11) K.  H. Thiele, 2. Anorg Allg. Chem., 319, 183(1962). 
(12) M. Ishimori and T .  Tsuruta ,  Kogyo Kagaku Zasshi. 70,378 (1967). 
(13) G. Allen, J. M. Bruce, and F. G. Hutchinson, J .  Chem. Soc., 5476 

114) S. L. Aggarwal, L. Marker, W.  L. Kollar. and R. Geroch, Adcan. 
(1965). 

Chem. S e r . ,  52.88 (1966). 
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Figure 6 .  Relation between the specific rotatory power of optical- 
ly active poly(propy1ene oxide) in benzene and tail-to-tail content 
(70) of poly(propy1ene-a-d oxide) by nmr spectra. 

that the decrease in specific rotation of the poly(propy1ene 
oxide) samples prepared from optically active monomer 
with various kinds of catalyst is due to the presence of 
tail-to-tail and head-to-head linkages in the polymers and 
not to partial racemization in the course of polymeriza- 
tion.10 Their conclusion can be tested quantitatively using 
the nmr technique for determining microstructure and the 
catalyst systems composed of the ZnEtz-H2O freeze-dried 
catalyst and varied amounts of diethylzinc were used. 

D,L-Propylene-a-d oxide and D-(  +)-propylene oxide were 
polymerized in identical conditions. A linear relationship 
was observed between specific rotation of the optically ac- 
tive polymer and content of tail-to-tail linkage in the 
poly(propy1ene-a-d oxide) (see Figure 6). From the linear 
relationship, specific rotation of the polymer containing 
no tail-to-tail linkage is expected to be ca. -33.5". This 
result not only confirms unambiguously Price's conclu- 
sion, but also strongly supports the validity of our micro- 
structure analysis method by nmr spectroscopy. 
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