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Numerical Results

Numerical results for three sets of statistical weight
parameters are presented in Table III. These sets are the
ones arbitrarily chosen in Flory’s original work,? and they
use the matrices in eq 2-4 with w = 0; i.e., the order of the
U matrices is reduced to 2 X 2. For given sequence lengths
m, the solution for the smallest chain length x = m was
computed by hand and is exact, solutions for longer chains
were obtained by numerical methods, and values for in-
finite chains were obtained by successive squaring of W,.
Values for m = 2 and 3 are identical with Flory’s results.?

In general, the conformational partition function of a
chain as a whole cannot be factorized into separate con-
tributions from independent substructures.’®* This pre-
cludes adherence to any type of unidirectional statistics,
e.g., of the Markoffian type, although a Bernoullian dyad
distribution could be observed in the limit. Deviation of
dyad distribution from these common statistics is dem-
onstrated in Table III with the values of quantities often
used in testing for given statistics, Testing for Bernoullian
statistics is done with?

and with the persistence ratio, p?
p= 2fmfr/fmr (22)

where both quantities assume values of unity for Ber-
noullian dyad distributions. Compliance with a first-order
Markoff scheme is checked with Q2

Q= frfm/frr2 (23)

that is unity for Bernoullian and first-order Markoffian
statistics. Finally we tabulate values for a quantity

that is unity for Bernoullian and first-order and second-
order Markoffian dyad distributions.?! As is obvious from
the numbers in Table III, none of these statistics is ap-
propriate for the description of dyad distribution in vinyl
chains at stereochemical equilibrium; the numbers ap-
proach unity close enough, however, to make experimental

proof of the deviation from these types of statistics only
possible in exceptional cases.
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ABSTRACT: Isotactic polypropylene was epimerized to stereochemical equilibrium at 270 °C in the melt
under a hydrogen atmosphere, using metallic palladium as catalyst. Equilibrium was reached practically without
side reactions. The equilibrium frequencies of the various diastereomeric structures comprising five monomeric
units (pentads) were measured by 1*C NMR spectroscopy and they were found to agree well with predictions
based on a rotational isomeric state model with five states per main chain bond. Other investigated properties
of the equilibrate are practically identical with those of so-called “atactic” polypropylene. *C spin-lattice
relaxation times (7';) were measured for all resolved lines in the spectrum. Relaxation times for the methyl
pentad signals mmmm and rrrr were compared with the times obtained in isotactic and predominantly
syndiotactic samples and were found to be different in the equilibrate and the stereoregular chains. Schilling
and Tonelli’s as well as Zambelli et al.’s hexad assignments for the methylene carbon bands were both found
to agree reasonably well with the spectrum of the equilibrate.

Introduction

To date, polypropylene is the only vinyl polymer whose
stereostructure can be experimentally determined unam-
biguously in terms of completely assigned pentads? and
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which, at the same time, can be epimerized apparently
without side reactions.®* For model compounds equilib-
rium epimerization has been reported.’ A detailed con-
formational analysis has been carried out for this polymer.®
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Hence, polypropylene seems to be a promising candidate
for an experimental test of epimerization equilibrium
theory as generalized in the preceding paper,” hereafter
called I. In this paper we will describe the epimerization
of isotactic samples to stereochemical equilibrium and use
the equilibrium polymers to test the theoretical predic-
tions. We will then examine the properties of these sam-
ples. Finally, the 1*C NMR spectra of the equilibrium-
epimerized polymers are used to test recent assignments
of hexads in the methylene carbon resonance region by
Tonelli et al. and Ferro et al.#1!

Experimental Part

Isotactic polypropylene was obtained with the Ziegler-
Natta-type supported catalyst TiCl,/MgCl;/ethyl p-methyl-
benzoate/ Al{C,Hj;); in n-heptane at 60 °C. The fraction insoluble
in boiling n-heptane was found to have a viscosity-average mo-
lecular weight M, = 395000, more than 95% isotactic dyads, and
a M, /M, (GPC) ratio of ca. 5 (details of procedures are given
below). A sample of lower molecular weight was obtained from
O. Piccolo and F. Francalanci of Montedison, Italy, that is
characterized by M, = 115000 and (m) > 0.95.

Epimerization was carried out in the melt with metallic
palladium on charcoal or on aluminum oxide (10% w/w). The
type of support was found to have no discernible influence on
the results. Equal weights of catalyst and polymer were ground
together and, under an atmosphere of 13 bar of hydrogen, kept
for the desired time at a temperature of 270 °C in open glass vials
in a steel vessel. The reaction was stopped by cooling the steel
vessel in ice, and polymer and catalyst were separated by ex-
traction with boiling xylene. After precipitation with methanol
the samples were fractionated with boiling solvents in the sequence
acetone, ether, n-heptane.

360-MHz 'H NMR spectra were measured on a Bruker HXS
360 spectrometer at 140 °C in o-dichlorobenzene-d, at concen-
trations of 1.6% (w/v). Hexamethyldisiloxane (HMDS) was used
as internal reference. Thirty-six scans were accumulated with
a pulse interval of 10 s. The FID was stored in 32K storage
locations, using a spectral window of 4000 Hz.

22.63-MHz °C NMR spectra were measured on a Bruker WH
90 spectrometer at 140 °C in o-dichlorocbenzene-d; at concen-
trations of 12% (w/v) with HMDS as internal reference. The
FID was stored in 16K storage locations; the spectral width was
6000 Hz. Protons were decoupled by using the broad-band
noise-decoupling technique. Signal intensities of the broad-
band-decoupled spectra were compared with the intensities ob-
tained with gated broad-band decoupling and the differences were
used to estimate nuclear Overhauser effects (NOE). The pulse
angle was 90° and a pulse interval of 10 s was used. Errors in
the measured NOE values due to incomplete relaxation are es-
timated to be less than 3%.

Spin-lattice relaxation times, T, were measured by using the
inversion-recovery pulse sequence (180°-r-90°-7,-14), 74 being
10s.!2 Experimental data were corrected for imperfect 90° pulse
angle (originating in pulse signal offset) according to Gerhards.!®
Estimated confidence limits for the values of T were ca. 5%.

Intrinsic viscosities were obtained in tetralin at 135 °C in
Bischoff-Desreux viscosimeters, and the relationship [} (mL/g)
= 0.00124M,%% was used.!4 Precision in [7] was 1-2%.

_ Gel permeation chromatography was used to estimate
M, /M,. Measurements were performed in 1,2,4-trichlorobenzene
at 135 °C on a Knauer chromatograph with a set of columns that
allows resolution of polystyrene standards for molecular weights
in the range 4800~10000000. Correction of the relationship log
M-elution volume was made with the well-known “universal
calibration technique”, using the intrinsic viscosity—M relation-
ships for polypropylene in 1,2,4-trichlorobenzene at 135 °C and
for polystyrene under conditions of calibration (THF, 25 °C).
Estimates of M, /M, are probably accurate to +1.

Results and Discussion

Epimerization. Characteristics of the polymers re-
covered from the epimerization mixtures after reaction
times of a few hours were substantially changed from those
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Table 1
Epimerization of Isotactic Polypropylene at 270 °C
in the Melt with Palladium (10% w/w on Charcoal)

reac-
tion _
time, _ M/
days M, (m)® M,
Sample A
0 395000 >0.95 ~5 100% n-heptane

insoluble
100% ether soluble
100% ether soluble
100% ether soluble

52 72000 048 ~4
171 72000 0.48 ~5
328 72000 0.48 ~5

Sample B

0 115000 >0.95 b 100% n-heptane
insoluble

63 70000 048 b 100% ether soluble

¢ From pentad frequencies obtained from *C NMR spec-
tra; precision is ca. £0.01. © Not determined,
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Figure 1. (a) 360-MHz 'H NMR spectrum of the isotactic starting
material and the polymer at stereochemical equilibrium after 171
days’ reaction time. Spectra measured at 140 °C in 0-DCB-d,.
(b) 22.6-MHz 3C NMR spectrum of the same samples (140 °C
in 0-DCB-d,). Only the methyl carbon region is displayed.

of the isotactic starting material. The boiling n-heptane
insoluble fraction quickly disappeared and the corre-
sponding material was found to have been added to the
boiling ether soluble fraction (containing usually the so-
called “atactic” chains). Average molecular weights of the
ether-soluble fraction were markedly smaller than the ones
of the starting materials, but after only 1 day the molecular
weights had assumed values that did not noticeably change
anymore for more than 10 months. The pentad frequency
distribution, however, obtained by *C NMR, still changed
after the molecular weights had stabilized and did not
settle on the apparent equilibrium values until much later.
The “equilibrium” was reached within experimental limits
before 52 days under the chosen conditions; some values
are displayed in Table 1.

One polymer sample was separated from the catalyst
after a reaction time of 52 days and treated with fresh
catalyst for an additional 119 days. The 3C NMR spec-
trum measured then could not be distinguished from the
spectrum of other samples epimerized with the same
catalyst for 52 days or more. It was assumed then that
stereochemical equilibrium had been reached with reaction
times of less than 52 days.

The 'H resonance spectra and the methyl part of the 13C
resonance spectra of isotactic starting material (M, =
395000) and of a sample at stereochemical equilibrium are
displayed in Figure 1. Assighment of the methyl carbon
signals follows Zambelli et al.? The '*C resonance spectra
of epimerized samples were recorded under conditions that
ensure quantitative linear relationships between spectral
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Table II
Dyad Distribution at Stereochemical Equilibrium
in Polypropylene at 270 °C

fq obsd@ caled
fonmmm 0.05 0.054
Fonmmy 0.11 0.116
femme 0.07 0.063
Fonmr 0.11 0.124
fmmmm 0.26 0.251
rmrr
femrm 0.12 0.127
Fonrem 0.06 0.063
Fonerr 0.15 0.132
Fferer 0.07 0.070
fonmm 0.11° 0.112
fenmy 0.25% 0.242
Frnrm 0.12°% 0.123
Fonrr 0.24% 0.257
Femr 0.13¢% 0.130
Feex 0.15° 0.136
foum 0.23 0.233
Fnr 0.49 0.502
fer 0.28 0.265
fm 0.48°% 0.484

¢ From carbon resonance in the methyl region; precision
ca. t0.01. ° Estimated from the experimental values for
the pentads. It was assumed that the overlapping pentads
mmrm and rmrr contributed to the common band in the
same proportion as the calculated values for fp, mmm and

frmrr-

intensity and frequency of occurrence of the observed
pentads. Numerical resolution of the digital representation
of the methyl part of these spectra into nine “Lorentzian”
bands of the form

I= 10(1 + 4[1/ - Vo]zb_z)_l (1)

was performed with Fraser and Suzuki’s algorithm.!® I,
is the peak intensity of the individual band and b is its “full
width at half-height”; the integrated intensity of a band
is, therefore, equal to 0.5wIyb. The signals of the pentads
mmrm and rmrr were treated as a single peak. Results
thus obtained are tabulated in Table I

Degradation reactions like the one that obviously is
reducing the molecular weights of our polymers during the
first hours of the epimerization reaction, apparently to a
limit given by the experimental conditions (see Table I),
were reported in 1955 by Natta, Pino, and Mazzanti;'® they
observed that the viscosity of solutions of isotactic poly-
propylene, at temperatures in the vicinity of the one em-
ployed here, is quickly reduced to a stable value. It has
also been reported that, under reaction conditions similar
to ours, this degradation stops at molecular weight averages
that increase as hydrogen pressure increases.* The
mechanisms of the chain-breaking reactions are subject to
further study, as is the mechanism of the epimerization
reaction that is unknown to date. For the purpose of this
paper it is sufficient that stereochemical equilibrium is
indeed reached with chains of considerable length (%, ~
1700).

Comparison with Theory. Comparison of the exper-
imental results with theory is facilitated by the fact that
the epimerization equilibrium has been achieved in the
molten state, and with a catalyst that is completely in-
soluble in the polymer phase. In this melt so-called ©
conditions must exist.!” The conformational characteristics
of polypropylene under conditions where all long-range
effects are compensated (i.e., © conditions) are such that
a five-state rotational isomeric state scheme can be em-
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ployed.® When the matrices given in ref 6 are substituted
into eq I-5 and I-9,18 eq I-10 and I-18 yield the values of
the equilibrium frequencies f, of stereosequences g that
are tabulated in Table II, calcuiated for x — =, Agreement
of these theoretical predictions with experiment is quite
satisfactory, especially since no adjustable parameters are
present in the model.

The agreement between calculation and experiment also
supports the concept that the conformer populations in
low molecular weight model compounds and in the poly-
mer melt, ceteris paribus, are described by exactly the same
model.

Properties of Equilibrium-Epimerized Poly-
propylene. The equilibrium-epimerized polypropylenes
are probably, of all “atactic” samples known to date, the
ones that are closest to an idealized polymer with equal
numbers of meso and racemic dyads and a Bernoullian
dyad distribution (even though they are clearly not exactly
Bernoullian).” Their properties were investigated in order
to determine if these samples would in any way distinguish
themselves from the traditional “amorphous” poly-
propylenes, for which the dyad distribution statistics is
complex and determined in most cases by the multitude
of not identical kinetic processes involved in the polym-
erization reactions and by the fractionation process used
to separate them from the isotactic polymers.

The macroscopic habitus is that of a perfectly colorless,
clear rubbery substance. The glass transition temperature,
T,, was found to be -10 °C, the value usually found in
conventional amorphous polypropylene. The infrared
spectrum of a film also does not differ from the ones of
the usual amorphous samples (a possible exception is a
weak signal at 886 cm™ that often can be observed in
amorphous samples and that is completely absent in our
equilibrate).

The equilibrium-epimerized polymer is with certainty
statistically homogeneous; this should facilitate interpre-
tation of experimental data for dynamic properties such
as the spin-lattice relaxation time, 7. 2C spin-lattice
relaxation was measured for isotactic samples [(m) > 0.95],
for the equilibrium-epimerized polymers, and for a pref-
erentially syndiotactic sample [(m) < 0.2] that was kindly
provided by A. Zambelli and P. Locatelli. The methyl
carbon band is well resolved into nine signals associated
with individual pentads;? only two pentads overlap. Hence,
NOE and T could be measured for all but two pentads
individually. The methine carbon band shows only little
structure, and values were measured for the band as a
whole. The methylene carbon band is resolved into signals
not only from tetrads but also from hexads,2 1! but these
signals overlap to form only few well-separated domains
(cf. seq.). We arbitrarily separated the region into four
sections, A, B, C, and D, as indicated in Figure 2; values
for NOE and T, were obtained for these sections. Ex-
perimental values are displayed in Table III.

The nuclear Overhauser effect is about the same for all
samples and nuclei and assumes almost its maximal value.
The ratio T,(CH)/T,(CH,) falls in the interval 1.6-1.9,
indicating that the processes relevant to relaxation could
be anisotropic motions of chain segments or that the
distributions of correlation times could be unusually
broad.’®® The values of T are different in the isotactic
and syndiotactic chains (this fact has already been reported
for a few other polymers)?? and are different for the
differing stereochemical sequences in the atactic sample.
It is interesting to note that also the mmmm pentads in
atactic and isotactic chains show different T’s, as do the
rrrr pentads in atactic and syndiotactic chains. These
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Table III
Spin-Lattice Relaxation Times of Carbon Nuclei in
Equilibrium-Epimerized Polypropylene and Comparison
with Isotactic and Syndiotactic Samples?

T,,s (NOE)
struce-
tural stereo- equilibrium syndio-
unit sequence epimerized isotactic tactic
CH, mmmm 2.87 (1.80)% 3.16(1.85)

mmmr  3.07

rmmr 2.52

mmry 2.79

mmrm

rmrr } 2.91

rmrm 2.86

mrrm 3.22

mrrr 2.93

rerr 2,93 2.69 (1.89)
CH, A° 0.85(2.04)°%

B¢ 0.93 0.84 (1.89)

ce 1.00 1.18 (2.00)

D¢ 1.00
CH 1.62(1.93) 2.12(1.92) 1.49(1.90)

@ In o-dichlorobenzene-d, at 140 °C. ? NOE for all sig-
nals was found to be identical within experimental limits.
¢ The overlapping methylene carbon resonances were arbi-
trarily separated into four sections, A, B, C and D, as indi-
cated in Figure 2, B contains rrrrr; C contains mmmmm.

differences clearly exceed the combined experimental er-
rors. There is no straightforward interpretation of the
variations in T; one can, however, deduce that the dy-
namic properties in solution are dependent on configura-
tional sequences that are clearly longer than pentads; i.e.,
relaxation of a given nucleus depends on the configuration
of chain segments more than two monomeric units away
(along the chain).

All six tetrad and many hexad signals in the methylene
carbon region of the 13C NMR spectra have been unam-
biguously assigned through work recently published by two
groups of researchers.>! There is an astonishingly good
agreement between the results obtained by both groups,
but there are also some distinct differences. Since the
equilibrium-epimerized polymer is an atactic poly-
propylene with unusual, but known, dyad distribution, we
will compare its spectrum in what follows with the as-
signments made by both groups.

Figure 2 displays the methylene region of the spectrum
of equilibrium-epimerized polymer. We estimated the
equilibrium hexad frequencies for all hexads at 270 °C and
obtained the following values: mmmmm, 0.026; mmmumur,
0.056; rmmmr, 0.030; mmmrm, 0.056; mmmrr, 0.061;
rmmrm, 0.061; rmmrr, 0.064; mmrmm, 0.029; mmrmr,
0.062; rmrmr, 0.033; mmrrm, 0.060; mmrrr, 0.065; rmrrm,
0.065; rmrrr, 0.068; mrmrm, 0.030; mrmrr, 0.065; rrmrr,
0.034; mrrrm, 0.032; mrrrr, 0.068; rrrrr, 0.036. These values,
together with Zambelli et al.’s!® and Schilling and To-
nelli’s'! relative chemical shift data for hexads at 140 °C
(the calculated values for 140 °C were kindly provided by
Dr. Tonelli) yielded the stick spectra and simulated spectra
(with bands according to eq 1 for each hexad, b = 0.1 ppm)
also included in Figure 2.

This approach is very crude; it assumes that all lines are
of Lorentzian shape and of equal width, i.e., that the octad
broadening of all hexads is identical. Despite this fact,
both simulations reproduce the overall features of the
experimental spectra quite well. The hexad spacing in the
“triplet” associated with mrm (section D in Figure 2) is
better reproduced by Schilling and Tonelli’s data, but the
lines associated with the rmr tetrad (section A in Figure
2) are better placed by Zambelli et al.’s calculations.
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Figure 2. Methylene carbon region of the 22.6-MHz 13C NMR
spectrum of polypropylene at stereochemical equilibrium: (a)
experimental spectrum; (b) prediction with Schilling and Tonelli’s
shift data; (c) prediction with Zambelli et al.’s shift data (see text
for details). Sections A, B, C, and D refer to data in Table III.

Schilling and Tonelli clearly estimated mrmrm to be closer
to mrmurr than it is. Their calculations, however, leave the
fifth line from the low-field end of the spectrum, mrrrr,
rather isolated, in agreement with the experimental
spectrum, while Zambelli et al.’s results suggest that it
should be at higher field, closer to rmmrm. The rest of
section B, containing rrrrr and all lines of mmr, is esti-
mated to have a similar shape by both groups, in essential
agreement with the experiment. The predictions differ
somewhat for section C, most dramatically in the position
of mmmmm, although both estimates yield the location
of the maximum amplitude very accurately. Schilling and
Tonelli place the main band area on the high-field side of
this maximum; Zambelli et al. place it on the low-field side.
The experiment seems to indicate a line spacing between
the two predictions.
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Carbon-13 Nuclear Magnetic Resonance Study of the Hydrolysis
of Bisphenol A Polycarbonate
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ABSTRACT: 3C NMR is an effective tool for the identification and quantitative measurement of the products
formed in the hydrolysis of bisphenol A polycarbonate. The polymer, without additives, was hydrolyzed in
steam at 125 °C. As the hydrolysis proceeded, the formation of products was followed by *C NMR and gel
permeation chromatography. The products formed were primarily bisphenol A, dimer, and higher oligomers.
The polymer chain ends in the starting polycarbonate resin were identified as phenyl carbonate units. End
group concentration was measured at each level of hydrolysis. The rates of formation of bisphenol A and

dimer are compared to theoretically predicted values.

The degradation of polymers is a subject which has wide
economiic, technological, and scientific interest.! Cheng
et al.* have shown 13C NMR to be an investigative tool of
great utility in attempting to understand the oxidative
degradation of polyethylene. The results of that work
demonstrate that by 3C NMR one can unambiguously
identify and measure the products formed as a function
of the extent of oxidation. In this paper we wish to report
the results of a 13C NMR study of the hydrolytic degra-
dation of bisphenol A polycarbonate (poly[bis(4-
hydroxyphenyl-2,2-propanediyl) carbonate]). It is the
purpose of this study to identify products which result
from the hydrolysis of polycarbonate and to record their
concentration as a function of the extent of hydrolysis. 13C
NMR is of particular value in this type of study because
of its ability to identify unambiguously the products
formed as the result of hydrolysis. Band overlap, which
makes exact product identification difficult in infrared
spectroscopy, is normally not a problem in 13C NMR. In
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addition, with proper attention paid to spin-lattice re-
laxation times (7T) and nuclear Overhauser enhancements
(NOE),? 3C NMR provides direct quantitative measure-
ment of the various products formed.

A substantial effort has been made in recent years to
elucidate the thermal and photooxidative degradation of
polycarbonates.® This work has concentrated mainly on
the effects of these degradation processes on the physical
properties of the polymer and on the identification of
volatile products. Few reports are available on the hy-
drolytic degradation of polycarbonate under conditions
where significant thermal and photooxidative degradation
do not occur. A recent study by Pryde and Heliman!® is
the first attempt to quantify rates of formation of bis-
phenol A upon hydrolysis. Gardner and Martin!! have
related the loss in mechanical properties to the degree of
hydrolysis at fairly low temperatures (65-93 °C).

The hydrolysis of bisphenol A polycarbonate is generally
presumed to follow the reaction of organic diaryl carbo-
nates such as diphenyl! carbonate. The reaction proceeds
at an appreciable rate in neutral solution and is both acid
and base catalyzed:!?
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