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Table I
Kinetic Data in the Polymerization of Four Oxetanes
by BF3-THF Catalyst at —20° in Methylecyclohexane

a b b CHJ *
o Cot o en—<Co - x><;o”

kg 1./(mol sec) 0.31 0.18 0.92 3.4
AH' kcal/mol 7.3 10.7 11.3 12.1
ASt eu —28.0 -18.6 -14.6 -8.5
@ This work. ® Taken from ref 1.
Table I1
Position of vo-p in Benzene
Vo.p, cm™! Avg.p, em™'®

CH;0D 2664 0
CH,0D + OSH 2562 102°
CH;0D + OX 2561 103¢
CH,OD + MeOX 2558 106°
CH,OD + Me,OX 2565 99°

% Avo.p = vo-p(benzene) — vo.p(monomer in benzene). ? This
work. ¢ Taken from ref 1.

character of the activation parameters of the propagation
of OSH is different from the characters of other oxetane
monomers (Table I). The AH? value of OSH is extremely
low (favorable for kp) in the series of four oxetane mono-
mers and the AS? value is also low (unfavorable). The rea-
son probably relates to the particular structure of OSH mo-
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nomer. Thus, the low AH? value may be ascribed to the in-
creased ring-opening reactivity of the propagating oxonium
ion having a higher strain. On the other hand, the explana-
tion as to the more negative value of activation entropy
(unfavorable) is not simple. The rigid structure of the SN2
transition state due to the spiro ring may possibly be as-
sumed, which gives rise to a decreased freedom of mobility,
and hence the unfavorable entropy factor. The desolvation
due to the charge dispersion at the transition state contrib-
utes to the favorable entropy gain. A lower contribution of
desolvation may be explained either by the decreased sol-
vation of the initial species of spiro oxonium ion 2 or by the
decreased extent of desolvation at the transition state. At
present a conclusive explanation is not given for the unfa-
vorable entropy of activation.

The Avo_p value obtained by the ir method has been
taken as a measure of the monomer basicity.”-? Although
the Avg_p values are in a narrow range (Table II), the order
of basicities is not the same as that of k;, values. Thus the
monomer basicity is not the decisive factor in the polymeri-
zability of these monomers.
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ABSTRACT: An investigation of the stereochemical structure of deuteriopolypropylene and polypropylene (PP)
has been made using 'H NMR. Our assignments of the tetrad methylene hydrogen bands in this polymer, deter-
mined from various deuteriopolypropylenes and epimerized PP, agree with previously published assignments for
five of the possible six tetrads. Although we were not able to make a firm mrm assignment, our results favor the
Flory-Fujiwara assignment of this tetrad. This tetrad absorbs in the r methylene region of the spectrum, and the
uncertainty in its precise location does not limit the accuracy of stereoregularity determinations. Determinations
made on the heptane insoluble fraction of several PP and deuteriopolypropylene samples gave a range of 1 to 5% for
the r dyad content. We disagree with the interpretation of the 1H NMR spectra of highly isotactic commercial PP
published by other investigators. Such spectra are not inconsistent with the structures that we and others have

found in highly isotactic deuteriopolypropylene fractions.

Numerous theoretical and experimental investigations of
the stereoregularity of polypropylene (PP) have been made
using 'H NMR?-'% and, more recently, 13C NMR.16-22
These investigations have been directed mainly to deter-
mining the degree of stereoregularity of PP and to ob-
taining more detailed information about the structure of
the polymer chain. In 'H NMR investigations the meth-
ylene portion of the spectrum has been most thoroughly
studied. Numerous bands have been resolved in this re-
gion,10:32.13.15 and much information about stereochemical

structure can be deduced therefrom if the bands can be
correctly assigned.

A complete 'H NMR assignment of the six possible tet-
rads was first given by Flory and Fujiwara.?® Using confor-
mation considerations, they calculated the expected chemi-
cal shifts of the various tetrad bands. Comparison of the
calculated spectrum with experimental spectra showed suf-
ficient similarity to allow them to assign the bands in the
experimental spectrum. Subsequently, Heatley and Zam-
belli (HZ) made an assignment based on experimental ap-
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proaches.!? Their assignment, which is supported by other
investigators,’*!? agreed with that of Flory and Fujiwara
except for the location of the mrm tetrad. The assignments
of the mrm and rrm bands are particularly important in
determining the mechanism for the generation of racemic
(r) placements in isotactic PP.

The thrust of a number of investigations has been to de-
termine the concentration of r placements in isotactic PP
and to determine how these r dyads are distributed among
the large number of meso (m) units in the chain.®-15 Hea-
tley, Salovey, and Bovey!? and Ferguson!* concluded that
stereoregular fractions from commercial PP contained
about 1% r dyads and that interruption of long m se-
quences occurred predominantly as depicted in structure I
below:

CH, (I‘H‘; CI‘H,i CIH

[T ]
CH, CH, CH, éHg

m m r m m m

An alternative structure,

CH. CH, CH. CH.  CH, CH, CH, CH.
lLllIJIII

II

was ruled out because the rrm tetrad was not detected. Re-
cently, '*C NMR spectra were reported to lead to the same
conclusion.?! However, both the accuracy of the 'H NMR
percent r dyad determination and the conclusion that
structure I prevails in isotactic PP have been questioned by
Flory.?

In the work reported here, we used '"H NMR to further
examine the stereochemical structure of PP. A complemen-
tary study using 13C NMR will be reported later. The pur-
poses of our investigation were (1) to make an independent
assignment of the tetrad bands in PP, (2) to determine the
r dyad concentration in the heptane insoluble fraction of
PP, and (3) to see whether I or II, if either, correctly de-
scribes the structure of the heptane insoluble fraction of
this polymer. To minimize the possibility of drawing incor-
rect conclusions, we examined PP, isomerized PP, and sev-
eral deuteriopolypropylenes.

As we show below, our investigation confirms the Flory~
Fujiwara and HZ assignments of the mmm, mmr, rmr, rrr,
and rrm tetrads. We were unable to make a firm mrm as-
signment, but we believe our results favor the Flory-Fuji-
wara assignment of this band. This uncertainty in the mrm
assignment does not affect the accuracy of the percent r
determination. Finally, we contend that spectra which led
others to conclude that isotactic PP has the structure I
show definite signs of the presence of other structures.

Experimental Section

Samples examined in this work and their identification are given
in Table 1. The monomers, trans-propylene-1,2,3,3,3-ds (Pds) and
propylene-2,3,3,3-dy (Pd,), with stated isotopic purities of 98.9
and 298.0 atom % D, respectively, were purchased from Merck
Sharp and Dohme. NMR spectra (100 MHz) obtained on the Pd;
monomer in the neat liquid state at —70° showed that 94.2, 4.0,
and 1.8% of the hydrogen atoms in the molecule were attached to
the number one, two, and three carbon atoms, respectively. Similar
measurements on Pdy gave 95.5, 3.7, and 0.8% hydrogen atoms at
the one, two, and three positions, respectively.

The deuteriopropylenes were polymerized with a titanium ha-
lide—metal alkyl catalyst. Propylene was polymerized under very
similar although not identical conditions. The polymers were ex-
tracted successively with acetone, diethyl ether, and heptane at
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the boiling point of each solvent using a vapor jacketed Soxhlet-
type extractor. Extraction with each solvent took ca. 24 hr. To il-
lustrate the nomenclature of the fractions the term “acetone insol-
uble-ether soluble fraction” refers to the extract obtained by doing
an ether extraction on a sample that was previously extracted with
acetone. Several commercial polymers and fractions obtained
therefrom were also examined. In an effort to obtain a sample in
which the rrm tetrad was concentrated, a commercial PP was suc-
cessively extracted with acetone, ether, pentane, hexane, and hep-
tane. The hexane insoluble-heptane soluble fraction is designated
as C-1. A predominantly syndiotactic PP was synthesized fol-
lowing Boor and Youngman.??

To generate sequences of known structure in polypropylene, a
heptane insoluble PP fraction with low r content, C-2, was epimer-
ized using procedures described by Listner.?* The epimerization
reaction was run at 200° in the polymer melt using 1% dicumyl
peroxide and 4% tris(2,3-dibromopropyl) phosphate. The reaction
product was extracted successively with acetone, ether, and hep-
tane. C-2E is the ether insoluble—heptane soluble fraction from
this preparation. Melting points of the parent polymer and the ep-
imerized fraction were determined with a Perkin-Elmer Model 1B
differential scanning calorimeter (DSC) at a heating rate of 10°C/
min on samples that had been previously cooled from 200°C to ca.
60°C at a cooling rate of 10°C/min.

The NMR spectra were obtained at a concentration equal to 50
mg of polymer per cubic centimeter of solution using o-dichloro-
benzene solvent and hexamethyldisiloxane (HMDS) internal stan-
dard. Chemical shifts are given in ppm with the chemical shift of
HMDS equal to zero. Except where otherwise indicated, the spec-
tra were obtained at 130°C. Spectra of deuteriopolypropylenes
were obtained with Varian 100 and 220 MHz spectrometers. The
deuteriopolymers were generally run with deuterium decoupling to
improve band resolution.??? Spectra of PP were obtained on Var-
ian 220 and 300 MHz instruments. Quantitative measurements of
r dyad concentrations in samples C-3 and C-4 were obtained from
220 MHz computer averaged multiple scans, about ten in number.
Concentrations were calculated from the ratio of the intensity of
the 13C satellite of the mm methyl doublet to the intensity of the r
methylene region.?® The percent r of sample C-5 was calculated
from methine and r methylene intensities.

Infrared spectra of sample PP-A were obtained with a Beckman
IR-12 spectrophotometer using the procedure of Bucci and Simo-
nazzi®® to check for methylene sequence of length 1, 2, 3, and 24.
Estimates of concentrations of such sequences were based on ex-
tinction coefficients provided by these authors. Films ca. 325 u
thick were used for the ir measurements.

Results and Discussion

1. Tetrad Assignments. The tetrad band assignments
are based mainly on the spectra of the deuteriopolypro-
pylenes and partly on the spectrum of epimerized polypro-
pylene.

mmm and rrr Assignment. From symmetry consider-
ations the six possible tetrads yield ten different methylene
hydrogen types. The two methylene hydrogens in mmm,
mmr, rmr, and rrm tetrads are nonequivalent, giving rise to
eight hydrogen types. The other two types of hydrogen de-
rive from the equivalent methylene protons in the two tet-
rads, rrr and mrm. Nine of the possible ten hydrogens were
detected by Zambelli and Segre.1° In an incisive investiga-
tion, they showed that the methylene spectrum consists of
three general regions: a downfield region, which we term
the m-a region, where the anti-methylene protons in m
centered tetrads absorb; an upfield region termed m-s,
where the corresponding syn protons absorb; and a central
region where some, if not all, of the r centered tetrads
occur. The anti and syn mmm hydrogens and the rrr hy-
drogens are easily assigned because they correspond to the
most intense bands in predominantly isotactic and pre-
dominantly syndiotactic PP.1° A possible complication is
that the chemical shift of a band can vary with the degree
of stereoregularity of the polymer.?¢ However, in the deu-
teriopolypropylenes and PP that we examined, chemical
shifts of all methylene hydrogen types were independent of -
stereoregularity to <0.006 ppm over the stereoregularity
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Table I
Designation and Description of Samples
Designation Monomer Source Fraction
PPd4- A CD,;CD=CH, Catalyzed with Ti Acetone ins—ether sol
PPD4-B CD,CD==CH, Halide—metal Ether sol-heptane ins
PPD4-C CD;CD=CH, Alkyl Heptane ins
PPd5- A trans-CD;CD=CDH"* Catalyzed with Ti Acetone ins—ether sol
PPd5-B trans-CD;CD=CDH?* Halide—metal Ether sol-heptane ins
PP-A CH;CH=CH, Alkyl Acetone ins—ether sol
C-1 CH,CH=CH, Commercial Hexane ins—heptane sol
polymer 1
Cc-2 CH,CH==CH, Commercial Heptane ins
polymer 2
C-2E CH,CH=CH, Epimerization product
of C-2 with 13% »
C-3 CH;CH==CH, Commercial Heptane ins
polymer 3
C-4 CH;CH=CH, Commercial Heptane ins
polymer 4
C-5 CH;CH=CH, Commercial Unfractionated
polymer 5
SPP CH;CH=CH, Syndiotactic Unfractionated

2 D on number one C atom is trans to methyl group.

polymer synthe-
sized per ref 23

Somple: PPds-B, Ether Ins.-Heptane Sol. Frection of
903 H
+C0—Co,
]
Fuquoncl: 220 MMz
Tomp.: 130°C.
O Decoupled

- "l:\'l
ZCH Isotopic Impurity mmm-0
Isotopic Impurity

1.80 1.28
z i

1 (
e rrm-2 mme-s
I

Chamical  Shift, ppm

Figure 1. 220 MHz spectrum of PPd;-B, ether insoluble-heptane soluble fraction of poly(trans-propylene-1,2,3,3,3-d5).

range from r ~ 2% to >60%. Consequently, the assignments
of the rrr and the anti and syn mmm protons, which are
designated mmm-a and mmme-s, respectively, are secure.
rrm Assignment. The two nonequivalent methylene hy-
drogens in the rrm tetrad, designated as rrm-1 and rrm-2,
must occur in equal abundance in a long chain polymer.32
This fact, together with the multiplicity of the bands ob-
served in the deuteriopolypropylenes, is the key to the as-
signment of these bands. The deuterium decoupled 220
MHz spectrum of sample PPd;-B, a sample of intermediate
stereoregularity, is shown in Figure 1. All bands are singlets
and the anti protons in m-centered tetrads are absent, ex-
cept for small bands that are present because the monomer
was not isotopically pure. The rrm-1 and rrm-2 bands have
nearly equal intensity, as required, and the chemical shift
difference, A, between the bands is 0.102 ppm. If this as-
signment is correct, then the rrm spectrum of PPd4 sam-
ples should be an accurately predictable AB quadruplet.

The predicted spectra at 220 and 100 MHz obtained using
A = 0.102 ppm and J = 13.5 Hz, the value found for m
dyads,8 are given in Table II.

Experimental spectra of PPds-B at 220 and 100 MHz
were obtained, and the 220 MHz spectrum is shown in Fig-
ure 2. In both the 220 and 100 MHz spectra, the two outer
members of the rrm AB quadruplet are partly overlapped.
However, the two central bands are clearly seen in both
spectra. Also Table II shows that the separation between
the central bands agrees well with the predicted value. This
agreement is indisputable evidence for the validity of the
rrm-1 and rrm-2 assignments.

mrm Assignment. Our mrm assignment is based largely
on the 100 MHz spectrum of PPd;-A shown in Figure 3. Six
relatively intense bands are seen, together with some small
bands that are caused by isotopic impurities. Additionally,
there are indications of fine structure within the six major
bands. No attempt was made to interpret the fine structure
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Table 11
Comparison of Predicted and Experimental Spectra of rrm Tetrad in PPd,
220 MHz 100 MHz
Bands in AB quadruplet Predicted Exptl Predicted Exptl
Separation between low field
pair of bands 13.5 Hz ~14 Hz 13.5 Hz
Separation between central
pair of bands 11.8 13 3.1 3.5 Hz
Separation between high
field pair of bands 13.5 ~14 13.5
Relative intensities 0.33:1.0:1.0:0.33 0.12:1.0:1.0:0.12
‘ Somple: PPda-8, Ether [ns.- Heptane Sol. Fraction of
; coy
~+CD - CHa ¥
© Frequencyi 220 MMz
Tomp.: 150°C.
O Not Decoupled
?
AR, S
CH Taotopic Tmpurity — rmr-a — R
\“50 ":;:'“ |.PO . 0'175

Chemical Shift, ppm

Figure 2. 220 MHz spectrum of PPd,-B, ether insoluble-heptane soluble fraction of poly(propylene-2,3,3,3-d,).

F Sample: PPds-A, Acetone Ins.-Ether Soi. Froction of
§03y
+C0-C+
v X
o]

Frequency: 100 M Hz
Temp.: 130° C.
D Decoupled

rrr mmr-$

................. [ rrm-1 rrm-2 rmr-s mmm-8~
m-a Isotople Impuritles Isotopic
Impurities
1.3 1.2 1.4 1.0 0.9 0.8 J
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|

Chemical
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Figure 3. 100 MHz spectrum of PPds-A, ether soluble fraction of poly(trans-propylene-1,2,3,3,3-ds).

in terms of hexad structures, however. Chemical shifts of
the tetrad bands determined from 100 and 220 MHz spec-
tra of the various fractions from PPds and PPd, are given
in Table III. The relative intensities of the six intense
bands in Figure 3 were estimated by two methods: (1) from
the integral of the spectrum, making no allowance for over-
lap between bands, and (2) by decomposing the spectrum
into six constituent bands, assumed to have a Gaussian
shape, using an analog computer. The third and fourth col-

umns in Table III show that the two methods are in fair
agreement. The analog computer values, beliéved to be
more accurate, were used in our analysis below. The limits
given in the table are average deviations from the mean of
duplicate solutions, and they are indicative of the precision
rather than the accuracy of the analysis.

Table III shows that the intensity in the rrm-1 region is
0.066 + 0.010 greater than that in the rrm-2 region. This
difference might be attributed to an unresolved mrm band
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Table ITT
Experimental and Calculated Intensities for PPds-A

Experimental intensity

Chemical No overlap Analog Caled intensity for
H-Type shift *ppm correction computer soln Markoffian chain® Difference
rrii-1 1.080 0.120
0.18 0.192 £+ 0.005 0.172 +0.020
wvm ~1.08 0.052
Yy 1.026 0.24 0.251 £ 0.004 0.275 -0.024
rvm-2 0.978 0.14 0.126 + 0.005 0.120 +0.006
Y-8 0.928 0.09 0.076 £ 0.011 0.069 +0.007
mny-s 0.886 0.16 0.174 + 0.010 0.207 —0.033
Wnn-s 0.847 0.19 0.182 + 0.003 0.155 +0.027
@ Conditions: 0.05 g polymer/cm? of dichlorobenzene, 130°C. HMDS at 0 ppm. Chemical shifts of mmm-a, mmr-a. and rmr-a in
PPd4 are 1.238, 1.194. and 1.151. respectively. Chemical shifts for completely hydrogenated polymer are ~0.04 ppm downfield from

these values.” ¢(m/m) = 0.60 and ¢(r/r) = 0.70.

absorbing in the rrm-1 region as suggested by Flory and
Fujiwara.® The intensity of the mrm tetrad, designated by
(mrm), so estimated agrees within experimental error with
the value estimated from the intensity sum rule. Thus, sub-
stituting the analog computer values in Table III into the
necessary intensity relation gives2”

(mrm) = 05(mmr) + {(rmr) — 05(rrm)

and taking (rrm) = 2(rrm-2) we obtain (mrm) = 0.037 %

10.021. Also, (mrm) estimated by assuming the polymer to
be a Markoffian chain with dependence on first neighbors
only is also in agreement with the above estimates. The rel-
ative intensities calculated using this model with condi-
tional probabilities g(m/m) = 0.60 and q(r/r) = 0.70 are
given in the fifth column of Table III. Here q(m/m) is the
conditional probability that an m dyad is succeeded by an-
other m dyad and q(r/r) is the conditional probability that
an r dyad is succeeded by another r dyad. The conditional
probabilities were chosen to give a fit to the observed in-
tensities. The last column shows that the calculated and
experimental intensities are in fair agreement. The value of
(mrm) obtained by this procedure is 0.052.

The fact that three different methods yield similar esti-
mates, i.e., 0.066 + 0.010, 0.037 £+ 0.021, and 0.052, for
(mrm) suggests that the mrm band indeed absorbs in the
rrm-1 region. On the other hand, Zambelli, et al., proposed
that unequal intensities in the rrm-1 and rrm-2 regions of
their spectra were caused by the presence of non-head-to-
tail, or irregular, structures.!® However, ir spectra of our
PP-A sample, the fully hydrogenated analog of the PPds-A
sample, showed no 750 cm~! band, a band which is charac-
teristic of the  irregular  structure = CH(CHj)-
CH.CH,CH(CHj3).%% If 1% of the methylene groups in the
polymer had existed in this structure, they would have
been detected under the conditions of our analysis.

Methyl groups in irregular structures absorb at ~0.74
ppm,!5 and there is a weak unidentified band at this posi-
tion in Figure 3 as well as in Figure 2. We do not believe
that irregular structures are the source of this band in our
spectra, however. The Pds and Pds monomers contained
only small amounts of methyl hydrogen isotopic impurity,
0.8 and 1.8%, respectively. From the ir results less than
~19% of the monomer groups in the polymers would be ex-
pected to exist in irregular structures. Accordingly, the
band intensity at 0.74 ppm arising from this source should
be undetectably small.

Although the 750 cm~! band was indeed undetectably
small in the ir spectrum of PP-A, a weak band at 723 cm™!

indicated that 1-2% of methylene groups present existed in
(CHy),»4 sequences. Such long methylene sequences are
probably caused by displacement and subsequent polymer-
ization of ethylene from metal alkyl catalyst by propyl-
ene.?® From model compound spectra, it appears that such
long sequences would absorb in the m-a region.1* This is
supported by the fact that methylene groups in polyethyl-
ene under our experimental conditions absorb in the m-a
region, at 1.22 ppm. Consequently, we believe that
(CHg),>4 sequences are probably not the cause of the une-
qual intensities in the rrm-1 and rrm-2 regions in Figure 2.

Whereas our results favor assigning the mrm tetrad to
the rrm-1 region, the approach we have used to make this
assignment is generally similar to the one used by HZ,!2.15
who arrived at a different conclusion. They concluded that
the mrm absorption coincides with the rrr absorption.
Both of these assignments rely critically on the accuracy of
experimental intensity measurements to determine indi-
rectly the intensity of the mrm band using the intensity
sum rule. The experimental intensity measurements are
subject to errors of unknown magnitude because of incom-
plete band resolution and complications caused by isotopic
impurities. Furthermore, there is some uncertainty in the
concentration of non-head-to-tail propylene units and co-
polymerized ethylene units in the deuteriopolypropylene,
as well as in the location of the NMR bands that would de-
rive from such structures. Consequently, we believe that
neither the HZ assignment nor the one that we favor is
firmly established.

mmr and rmr Assignment. Our assignment of the
mmr-s and mrm-s bands is consistent with the intensity
sum rule, as shown in the previous section. The assignment
is also supported by the fact that the intensities were fitted
to a simple structural model, i.e., the Markoffian chain dis-
cussed above. This procedure did not assign the corre-
sponding anti protons. However, the corresponding anti
protons can be identified with certainty in spectra of PPd,
fractions, particularly of PPd4-A, where the mmr and rmr
spectra appear as AB quadruplets. Further support for the
assignment of the mmr-a and -s bands is also supplied by
epimerization experiments discussed later.

I1. Quantitative Measurements of Stereoregularity.
Although the precise location of the mrm tetrad was not
completely defined, the preceding assignment shows that
all the r centered tetrads absorb in the central region and
all the m centered tetrads absorb in the outer regions of the
methylene spectrum. This conclusion is confirmed by in-
tensity measurements made on PPd4-C, a heptane insolu-
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Sample: PPda-C, Heptane Ins, Fraction of
C0y
+CD - CHp 33
Frequency : 100 M Hz
Temp.: 130°C.
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Figure 4. 100 MHz spectrum of PPd4-C, heptane insoluble fraction of poly(propylene-2,3,3,3-ds).

ble fraction whose 100 MHz spectrum is shown in Figure 4.
The monomer from which the polymer was made contained
0.8% methyl hydrogen isotopic impurity. Upon polymeriza-
tion the methyl hydrogen absorbs in the m-s region. After
the electronic integral of the spectrum had been corrected
for this absorption, the syn to anti methylene hydrogen in-
tensity ratio was found to be 1.006, with a standard devia-
tion, o, of 0.025 in six determinations. The fact that this
ratio is so close to unity means that there is no r band
(<~1% intensity) buried in one or the other of the two m
regions of the spectrum. The absence of other spurious un-
resolved bands in these regions for this sample is thus also
demonstrated. We can therefore make quantitative mea-
surements of the degree of stereoregularity with confidence
in their validity.

Measurements made under various conditions show the
PPd,-C sample has 5.0% r dyads. The spectrum in Figure 4
was obtained at 100 MHz with deuterium decoupling, and
the region over which the electronic integral was taken to
estimate the r content is shown. This region does not in-
clude the two outer members of the rrm AB quadruplet.
The uncorrected percent r value so obtained was 5.0%, with
o = 0.3%. Because the ratio of the intensities of the AB
quadruplet bands at 100 MHz is 0.12:1.0:1.0:0.12, this pre-
cedure underestimates the r dyads by at most 0.12 X 5.0%,
i.e., 0.6%, for this sample. A corrected percent r, obtained
by adding half this value, is 5.3%. The maximum possible
bias introduced by this correction procedure is 0.3%. Mea-
surements with no deuterium decoupling gave a corrected
value of 4.8% r, with ¢ = 1.02%. At 220 MHz there is very
little overlap between r and m bands and 5.0% r was ob-
tained, with ¢ = 0.41%. Thus, the three estimates obtained
under various conditions, 5.3, 4.8, and 5.0% r, are in good
agreement with each other.

The concentration of r dyads in polymers which do not
contain deuterium cannot be accurately estimated at 100
MHz because of extensive overlap between r and m meth-
ylene absorption bands. However, overlap is considerably
reduced at 220 MHz and almost eliminated at 300 MHz.
Measurements were made at 220 MHz on several heptane
insoluble fractions from commercial PP, as well as on an
unfractionated polymer, C-5. The results, together with
several literature values, are given in Table IV. Qur C-5
sample was also examined by !*C NMR, and the value ob-

Table IV
Percent r Dvads in Polypropvlene and
Deuteriopolvpropvlene from 1H NMR Measurements

Sample description Ref %

Commercial PP, benzene
insol fraction 14 1

Commercial PP, heptane
insol fraction

C-3 heptane insol fraction

C-4 heptane insol fraction

PPd,-C, heptane insol
fraction

C-5 unfractionated

a13C NMR value.

13, 21 1.3
This work 1.8
This work 1.8

This work 5.0
This work 6.6,°6.8

tained from an analyses of the methyl pentad bands is also
given in the table.3® The 'H and !3C NMR values were in
excellent agreement, 6.6 and 6.8% respectively.

Inspection of Table IV shows that the r dyad concentra-
tion in the heptane insoluble fractions ranges from 1 to 5%.
Whether the breadth of the range arises from the use of
different catalysts, the details of the separation procedures,
or other causes is not known. The r content of the deuterio-
polypropylene lies at the extreme upper end of the range. If
the melting point of the deuteriopolypropylene were great-
er than that of PP having the same structure, this observa-
tion could be readily explained. This seems improbable,
however, because the melting point of perdeuteriopoly-
ethylene is known to be smaller than that of polyethyl-
ene.?!

II1. Identification of rrm Spectrum in Polypropyl-
ene. Triad Assignments. The preceding assignments
based on deuteriopolypropylenes are very helpful in inter-
preting the more complex spectra of PP. The spectra of rrr,
mrm, and rrm tetrads are of particular interest in trying to
see whether structures I or I apply to predominantly iso-
tactic PP. The rrr tetrad is found in predominantly syndio-
tactic PP, and the CHs spectrum has the appearance of a
triplet although it is a “deceptively simple” spectrum with
unequal vicinal coupling constants.!> The mrm tetrad
should also appear as a triplet!3 similar to the rrr triplet.
The rrm multiplet would be expected to be more complex
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Figure 5. 300 MHz spectrum of C-1, a hexane insoluble-heptane soluble fraction from PP.

because of the nonequivalent methylene hydrogens in this
tetrad.

The rrm tetrad was concentrated and identified in sam-
ple C-1, whose 300 MHz spectrum is shown in Figure 5. A
first-order interpretation of the rrm spectrum is given by
the dashed lines. A triplet at the rrr chemical shift position
is superimposed on the rrm spectrum. The chemical shift
difference between the rrm-1 and rrm-2 hydrogens is simi-
lar to that in the deuteriopolypropylenes and the coupling
constants characterizing the spectrum are 13.5, 8.9, and 4.3
Hz. The 13.5 Hz value is equal to the geminal methylene
coupling constant in m dyads.? The vicinal coupling con-
stants, 8.9 and 4.3 Hz, are equal within experimental error
to the 8.3 and 4.8 Hz values found for the rrr tetrad.!!
These observations strongly support our identification.
Near equality of the vicinal coupling constants in the rrm
and rrr tetrads is to be expected from conformation consid-
erations.3?

The rrm spectrum was also generated by epimerizing
highly isotactic PP. This procedure generates free radicals
that abstract tertiary hydrogen atoms from PP molecules.
We believe that the planar polymer radical thus formed
can, in turn, abstract another hydrogen atom from other
molecules in the system. When it does so the reaction site
can revert to its original configuration, or it can convert to
the opposite configuration. In the former case the chain
configuration is unchanged whereas in the latter case two
contiguous r placements flanked by long m sequences are
generated, as exist in structure II. If this reaction occurs at
random along the chain and the reaction is carried to small
conversion, no other structures should be generated.

The sample which was epimerized was a heptane insolu-
ble fraction of PP with ~2% r and a DSC melting peak at
162°C. The spectrum of the sample before epimerization
showed only very weak bands in the r methylene portion of
the spectrum. However, Figure 6 shows that the spectrum
of the isomerized sample, which had 13% r and a broad
DSC melting peak at 126°C, has relatively intense bands in

this region. The spectrum in the r methylene region of Fig-
ure 6 corresponds very closely to the rrm spectrum in Fig-
ure 5.

The epimerization reaction should also generate mmr
tetrads but no rmr tetrads. The spectrum in Figure 6 is in
accord with this expectation. The mmr-s bands are badly
overlapped, but some mmr-a bands relatively free of over-
lap can be seen. This supports the MMR assignment pre-
viously derived from the deuteriopolymers.

The epimerization. reaction would be expected to gener-
ate both rr and mr triads. Our interpretation of the methyl
region is given in Figure 6, where the mr and rr triads
chemical shifts are shown 0.022 and 0.047 ppm upfield
from the mm triad, respectively. This interpretation is sup-
ported by the fact that the rr doublet was 0.045 ppm up-
field from the mm doublet in mixtures of predominantly
isotactic and predominantly syndiotactic PP. Our methyl
band assignments are also in agreement with Woodbrey’s
conclusion that the mr triad lies midway between the mm
and rr triads.® However, our assignment disagrees with the
methyl pentad assignment given by Ferguson.!* In a pen-
tad interpretation, we place the mmrm and the mrrm pen-
tads generated in the epimerization reaction at 0.022 and
0.047 ppm upfield from the mmmm pentad. Ferguson’s as-
signment was based on a comparison of methyl intensity
measurements with intensities calculated for various as-
sumed models for the structure of the polymer chain. It is
difficult to make accurate measurements of the relative in-
tensities of methyl bands in PP because of severe overlap,
and we believe our assignment is more firmly established.
For example, he tentatively assigned the mrrm pentad to a
position 0.083 ppm upfield from the mmmm pentad. How-
ever, our epimerized sample, which undoubtedly contains
mrrm pentads, shows no band at this position.

IV. Structure of Stereoregular Polypropylenes and
Deuteriopolypropylenes. The spectrum of the heptane
insoluble fraction, PPd4-C, given in Figure 4, shows three
small peaks in the r region. The central peak position coin-
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Figure 6. 300 MHz spectrum of C-2E, an epimerization product of PP.

cides with the rrr chemical shift. However, in view of the
uncertainty in the mrm assignment, this band could possi-
bly be the mrm tetrad. The two flanking peaks are the cen-
tral peaks in the rrm AB quadruplet. Thus, neither struc-
tures I nor II adequately describe this polymer, which was
made with a titanium halide and metal alkyl catalyst. As
shown by Zambelli et al. predominantly isotactic fractions
of poly(cis-propylene-1,2,3,3,3-d5) made with VCls-
ANC3Hj5)oCl catalyst also show the rrm band as well as a
band at the rrr position.1®

The structure of stereoregular polymers that do not have
deuterium substituents is more difficult to establish be-
cause of the greater complexity of the spectra. Our own
spectra of such PP fractions do not have sufficient resolu-
tion and signal-to-noise ratio to establish the structures
contained therein. However, 220 MHz spectra of highly
stereoregular fractions of PP have been reported and inter-
preted by others.13.14 As described below, we disagree with
the interpretation that has been given to these spectra. Our
conclusion that these spectra have been inaccurately inter-
preted is based on (1) the demonstration that the rrm tet-
rad is difficult to detect in 220 MHz spectra, and (2) our
methyl band assignments derived from epimerized PP.

Heatley, Salovey, and Bovey concluded that structure I
was the dominant structure in the heptane-insoluble frac-
tion of a commercial PP that they examined.13 This conclu-
sion was based on the 220 MHz spectrum which is repro-
duced in part in Figure 7, curve A. Their interpretation is
shown in the figure. This conclusion rests mainly on the ap-
parent triplet labeled mrm. The rrm tetrad was eliminated
from consideration because it does not have a triplet spec-
trum, and it was assumed that the rrr structure was im-
probable in a chain composed very largely of m dyads. A
small doublet 0.05 ppm upfield from the intense mm triad
was attributed to the mr triad. Ferguson, whose spectrum
of a benzene insoluble fraction of a commercial PP is very
similar to that given in Figure 7, curve A, arrived at the
same conclusion using similar arguments.!4

The 220 MHz spectrum of C-1 over the r methylene re-
gion is also given in Figure7, curve B. Our spectrum has
been shifted laterally to make the anti and syn mmm peaks
in the two curves coincide. As noted above, the 300 MHz
spectrum of this sample given in Figure 5 shows a sizable
rrm absorption in addition to a triplet at the rrr chemical

methyl'sc
sideband

1.3 1.2 X
Chemical Shift, ppm
Figure 7. 220 MHz spectra of PP fractions. Curve A: heptane in-
soluble fraction at 10% w/v concentration at 140°C, taken from ref
13. Curve B: sample C-1, hexane insoluble-heptane soluble frac-
tion at 5% w/v concentration at 130°C.

shift position. Curves A and B in Figure 7 show that the
band shapes in the r methylene region are similar. This
strong similarity suggests that the rrm tetrad may be
present but may have been overlooked in the curve A sam-
ple. This contention is supported by an examination of the
methyl region. We believe that the small doublet observed
by these investigators 0.05 ppm upfield from the mm dou-
blet is not the mr triad. Our methyl assignment based on
epimerization experiments places the mr triad significantly
downfield from this position. Rather, we believe that the
small doublet they observed 0.05 ppm upfield from the mm
triad is the rr triad, which occurs 0.047 ppm upfield from
the mm triad in our assignment. Presence of the rr triad
requires the presence of rrm or rrr tetrads in the sample.
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Thus, the tetrad bands observed in the spectra of these
stereoregular PP samples are not necessarily different from
those that have been identified in stereoregular deuteriopo-
lypropylenes.

The 13C NMR spectrum of the heptane-insoluble frac-
tion obtained from PP made with a TiCla—Al(CoHj5)2l cata-
lyst has also been reported, and a complete 13C methyl pen-
tad assignment was proposed.?! This assignment led to the
conclusion that this sample conforms to structure I. By
contrast, our independent 3C methyl pentad assignment,
based in part on epimerized polypropylenes,3 leads to the
conclusion that this sample conforms closely to structure
II. The !3C NMR methyl pentad band assignment which
led others to conclude that the structure of the heptane-
insoluble fraction of PP made with a TiCl3—-Al(CoH5).I cat-
alyst conforms to structure I has been withdrawn and a dif-
ferent band assignment33 demonstrated which agrees with
our conclusions from !3C studies of epimerized polymer.30

V. Conclusions. Our use of deuteriopolymers and epi-
merization experiments has been a fruitful approach to the
assignment of 'H NMR bands in polypropylene. We have
thus confirmed the mmm, mmr, rmr, rrm, and rrr tetrad
assignments proposed by Flory and Fujiwara® and Heatley
and Zambelli. Although our results favor the Flory-Fujiwa-
ra mrm assignment, the exact location of the mrm tetrad
has not been firmly established by ourselves nor by other
spectroscopists. However, this tetrad absorbs in the r
methylene region of the spectrum, and the uncertainty in
its precise location does not limit the accuracy of stereoreg-
ularity determinations. Such determinations made on the
heptane insoluble fraction of several PP and deuteriopo-
lypropylene polymers gave an r dyad content ranging from
1 to 5%.

Stereoregular fractions of deuteriopolypropylene have a
complex structure, containing rrm as well as rrr and/or
mrm tetrads. Published spectra of the heptane-insoluble
fraction of commercial PP are not necessarily inconsistent
with the tetrads that we and Zambelli et al. have found in
deuteriopolypropylenes.
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