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Synopsis

A general treatment is developed for the '*C-NMR analysis of polymers which contain several
components. Reaction probability models and computer optimization techniques are used to
resolve the NMR spectral data into separate components. The use of generalized multistate
statistical models is introduced and is found to be very suitable for such systems. The computa-
tions are simplified by means of computer programs. The need for, and the relevance of, this
approach are illustrated by the tacticity problems in polybutylene and polypropylene where
two-state and three-state models are used, and copolymer triad sequence analysis for several
olefin and acrylic copolymers where two-state models are needed. Three copolymer examples are
given: propylene/butylene, ethylene/propylene, and acrylamide/acrylate.

INTRODUCTION

Many commercially important polymers are actually mixtures of two or
more polymer components that differ from one another in composition (for
copolymers) or in microstructure (for homopolymers). Such mixtures may be
the deliberate result of polymer blending, polymer synthesis (e.g., as a result
of sequential additions of comonomers), or the presence of different types of
initiators or catalytic sites that produce different polymer chains. The char-
acterization of such systems tends to be somewhat difficult. Fractionation,
column separation, and chromatographic techniques are frequently used.!~®

The 3C nuclear magnetic resonance (*C-NMR) spectral data of the whole
polymer in such systems would include contributions from all its components.
A proper treatment of the NMR data is not a trivial task. In this work a
systematic examination is made of spectral data of mixtures of homopolymers
and mixtures of copolymers. A general approach is described that uses
computer methods and reaction probability models to treat such data. Exam-
ples are shown that illustrate the use of this methodology.

THEORETICAL CONSIDERATIONS

In studies of copolymerization kinetics and polymer microstructure, the use
of reaction probability models can provide a convenient framework whereby
the experimental data can be organized and interpreted, and can also give
insight on reaction mechanisms.®” These statistical models fall into two
categories: those where the chain ends of the propagating polymer chain
influence the addition of next monomer units (so-called chain-end control),

*Hercules Research Center Contribution Number 1953.
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and those where the catalyst /initiator determines the addition (catalytic-site
control). The most common chain-end-controlled models are Bernoullian (B)
and first- and second-order Markovian (M1 and M2) models.®” The simplest
catalytic-site-controlled model is the enantiomorphic site (E) model.® Hybrid
models incorporating both chain-end and catalytic-site features have also been
devised.” The relationships between the various models recently have been
elucidated.!?

Secondary Chain-end Control

Primary Control Mechanism None Terminal Penultimate

Chain end B M1 M2

Catalytic site E E-M1 E-M2
(hybrid) (hybrid)

It may be noted that the models described above apply only to polymers
containing one polymer component. In the catalytic-site model, this assumes
that the polymer being analyzed arises from one catalytic site only.

For polymers with mixtures of different components, the one-state simple
models cannot be used directly. Multistate models are needed. The simplest
treatment is to take the linear combinations of different states, viz.,

I, = 3wl (1)

where I, corresponds to the total theoretical intensity for a given spectral
region, and w; and I, are the corresponding mole fraction and theoretical
intensity for the i-th component in the mixture. As an example, the mathe-
matical expressions for the theoretical intensities in the case of the isotactic
triad sequence (mm) for a two-component mixture will be written as:

I

(mm)t

= wII(mm),l + w2I(mm),2 (2)

Components 1 and 2 need not conform to the same statistical model. In
fact, different combinations (e.g., B/B, B/E, E/E, and M1/M]1) are also
possible. The use of Eq. (1) is, therefore, completely general.

For convenience, the tacticity triads in various two-state mixed models are
given in Table I. In that table standard nomenclature has been used for the
reaction probabilities. Extensions to three-state models are straightforward.

It may be noted that some of the mixed statistical models have been
previously proposed for specific polymeric systems. For example, the particu-
lar combination, E/B, has been proposed earlier by Chujo and Doi,'"*? for
the analysis of polypropylene. The combination, B/B, has been proposed by
Coleman and Fox,'* and has been applied to a number of polymers, notably
poly(methyl methacrylate).!4-16

METHODOLOGY

The analytical approach used to handle the *C-NMR data of polymer
mixtures is illustrated in Figure 1. For each assignable resonance in the *C
spectrum, the theoretical intensities based on the separate models of the
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Theoretical Theoretical 13¢ NMR
Separate Expressions Expressions Spectrum
Models for I, for I,
Mixture It = wqIj+wply Observed
Model Intensities

Iteration and
Optimization

Optimal
Reaction
Probabilities

Fig. 1. Logic flow-chart of the !3C-NMR analysis of polymer mixtures; I, = total theoretical
intensity for a given spectral region; w;, I, = mole fraction and theoretical intensity for the i-th
component in the mixture.

polymer components are derived. They are weighted by the relative propor-
tions of the components (w;) and then summed together. The parameters are
the reaction probabilities (P,) and the mole fractions (w;). An initial set of
guess values of {P,} and {w,} is needed. The theoretical intensities are
calculated from the theoretical expressions and then compared to the ob-
served intensities. If a discrepancy is found, the parameters (P, or w;) are
changed. This procedure is repeated iteratively until the best-fit values of P,
and w; are obtained. The criterion used for the goodness of fit is the
root-mean-square deviation (R) between the observed and the calculated
intensities. A good fit is obtained when the deviations between the observed
and the calculated intensities are approximately equal to the precision of the
measurement of the intensities.

A family of computer programs has been written for this procedure called
MIXCO. The algorithm used for the iteration and optimization processes is
the simplex routine and was adapted from a model-fitting routine, FITCO,
reported earlier.!” Interested readers may write to the author for a listing of
MIXCO.

HOMOPOLYMER TACTICITY

The method described above can be used to analyze the NMR tacticity
data of polypropylene and polybutylene. Both are commercially important
polymers made with Ziegler-Natta catalysts. Such catalysts frequently pro-
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duce more that one catalytic site, and the resulting polymer is a blend of
several homopolymers differing only in propagation statistics.!!%18.19

The polybutylene case is first examined. The tacticity of this polymer has
been studied only occasionally,?’~?? although the *C assignments are well
known. For the branch methylene carbon, pentad sequences are found; the
assignments?°~?? are shown in Table II. For this polymer, the E/B model will
be attempted. The expressions for the theoretical intensities in the case of the
8 resolvable methylene resonances for both the E and the B models are also
shown in Table II.

Two sets of spectral data of polybutylene have been previously published
by Doi et al.;?? and one set by Asakura et al.?! From the observed intensities,
optimal values of w,, P, w,, P, are obtained through the simplex optimiza-
tion procedure (via program MIXCO). The results are shown in the lower half
of Table II. Also given are the fitted intensities. The close agreement between
the two sets of results means that the two-state model can be used to describe
the polymer structure approximately. Consequently, there should be (at least)
two catalytic sites active in the polymer synthesis.

Polypropylene is a popular polymer that has been repeatedly studied for
its microstructure. Different statistical models have been used including
Bernoullian,'23?* first- and second-order Markovian,':?>2% enantiomorphic-
site,'»%6 and hybrid EM-1 models.® Recent data tend to favor the E/B
mixture, called the bicatalytic site model by Inoue et al.,'' and Doi.!?

In reviewing the literature data, it appears that improvements on the
simple E/B mixture model can be obtained. An alternative E/E mixture
model was first attempted in this study, but gave no particular advantage. A
more general model and one which gives better fit to many experimental data
was eventually found to be the three-state E/E /B mixture model.

TABLE III
Mathematical Expressions for the Theoretical Intensities of the Methyl Pentads
in Polypropylene in the E| /E, /B Three-State Mixture Model®

No. Pentad hi (E)P fo,i (o) f5,: (B)
1 mmmm wy(1 - 58, + 582) wy(l — 58, + 582) w, P}
2 mmmr w (2B, ~ 6B}) wy(2By — 685) 2wy Ph(1 - B,)
3 rmmr w, BE w, B2 w, P2(1 - P,)?
4 mmrr w (2B, — 6B7) wy(2B, — 683) 2w PA(1 - B,)*
5 mmrm 4w, B2 4w, p2 2w, P,(1 - P,)?
rmrr +2w, P2 (1 — P,)
6 rmrm 2wlﬁf 2w2ﬂ22 2w3P,ﬁ(l - Pm)2
7 rrrr w B} wy B3 wy(l = P)*
8 rrrm 2w, B2 2w, B2 2u,P(1 — B,)°
9 mrrm w(B; — 3B7) wy( By — 383) wy Pa(l — B,)*

“The E,/E,/B expressions are obtained by summing the corresponding f; ; terms in columns
3, 4, and 5.
"B, = Py(1 — Py).
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TABLE IV
E/E /B Model in Polypropylene: Observed and Calculated (in Parentheses)
Intensities for Soluble and Insoluble Fractions

Doi? LY97.5° VHY97.5° HY97.5° HY96? HY90"

Solubles
mmmm 39.34 36.71 39.63 48.4 44,22 43.52
(39.54) (37.55) (39.27) (48.31) (44.16) (43.79)
mmmr 9.31 8.66 9.42 9.03 11.19 10.85
(8.53) (8.82) (8.89) (8.42) (10.77) (10.40)
mmmr 3.00 4.10 491 3.55 3.58 0
(1.83) (2.19) (2.22) (1.62) (1.74) (1.59)
mmrr 12.81 10.21 10.23 9.26 9.84 13.15
(9.67) (10.78) (10.81) (9.88) (11.86) (11.5)
Xmrx 7.40 11.86 11.05 8.51 8.51 9.20
(10.69) (11.54) (11.22) (8.66) (8.74) (8.66)
rmrm 3.70 3.64 2.45 2.58 3.13 3.21
(3.66) (4.39) (4.45) (3.23) (3.48) (3.18)
reer 12.71 10.03 9.01 8.14 8.06 9.01
(13.03) 10.22 (9.04) (8.02) (6.92) (8.54)
rrrm 6.40 8.03 7.03 4.74 5.54 5.51
(8.17) (9.11) (8.69) (6.89) (6.35) (6.57)
mrrm 5.30 6.72 6.23 5.72 591 5.51
(4.83) (5.39) (5.40) (4.94) (5.93) (5.75)
Insoluble
mmmm 82.7 92,98 92.91 92.19 89.34 89.37
(82.6) (92.78) (93.21) (92.14) (89.23) (89.63)
mmmr 6.0 1.54 1.64 1.97 3.97 2.91
(5.23) (2.07) (1.47) 2.45 (3.27) (2.83)
rmmr 1.2 0.60 0.54 0 0.55 0.20
(0.37) (0.11) 0.17) (0.11) (0.15) (0.16)
mmrr 4.4 1.49 1.64 3.33 3.32 3.12
(5.26) 2.17) (1.64) (2.52) 3.37) (2.96)
xmrx 1.30 0.60 0.82 0.62 0.93 0.90
(1.57) (0.56) (0.89) (0.53) (0.76) (0.92)
rmrm 0.80 1.13 0.22 0 0 0.10
(0.74) 0.21) (0.35) (0.21) (0.29) (0.32)
rTrr 1.10 0.60 0.88 0.69 0.69 2.05
(0.69) (0.53) (0.74) (0.40) (0.66) 0.97)
rrrm 0.90 0.35 0.65 0.25 0.25 0.24
(0.87) (0.46) (0.70) (0.38) (0.58) (0.72)
mrrm 1.50 0.70 0.71 0.94 0.94 i.10
(2.63) (1.08) (0.82) (1.25) (1.69) (1.48)
E/E/B Model
E, component, P, 0.981 0.989 0.995 0.991 0.984 0.988
E, component, P, 0.806 0.887 0.895 0.909 0.867 0.876
B component, P, 0.201 0.294 0.311 0.285 0.277 0.244
Sol. frac. w{ 0.274 0.091 0.085 0.128 0.134 0.104
wy 0.432 0.519 0.535 0.580 0.644 0.658
Insol. frac. w;’ 0.863 0.974 0.941 0.925 0.952 0.926
wy’ 0.129 0.005 0.028 0.061 0.026 0.047

?PData from Ref. 11.
®Data from Ref. 27.
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The best test of any model is to analyze samples that have been fractionated.
Usually, polypropylene is dissolved in hexane or heptane and the (room
temperature) soluble and insoluble fractions obtained. These two fractions can
then be analyzed at once by the mixture model. The theoretical expressions
for methyl pentads corresponding to the three-state E,/E,/B model are
shown in Table III. The expressions for the E,/E, model can be obtained by
deleting the fifth column. Likewise, the E /B model can be derived by deleting
the fourth column. The spectral-fitting procedure used was the same as before.
For each run, 18 spectral intensities are entered (9 from each fraction). The
equations used are:

Fraction 1:

I =wif, i+ wify;+ (1-w - wz’)fs,i
Fraction 2:
Ii=wi'fy  + wify, + (1 —w — w’)fs

where 7 = 1,...,9 for the nine pentads, and the theoretical expressions f, ,,
fs,;» and f; ; take on the same values for both fractions 1 and 2. In the fitting
procedure, f; ; are held within narrow ranges (P, = 0.90 + 0.05, P,, = 0.80 +
0.10, P, = 0 5 + 0.2). The results on polypropylene fractions reported by
Martuscelh et al.?” and by Inoue et al.!! are summarized in Table IV. In all
cases considered, the three-state model provides satisfactory agreement. Thus,
at least for these samples, polypropylene can be regarded as arising from three
catalytic sites, two isospecific, and one aspecific. Recent data'®?%-3° do indeed
indicate the presence of more than one isospecific site in such catalysts.

TABLE V
Analysis of Propylene (P)-Butylene (B) Copolymer Triads® Observed vs. Calculated
Intensities for the B/B Mixed Model

¢, C, Cs

Iobsd Icalc Iobsd I<:alc Iobsd Icalc
P 91.5 91.16 84.6 79.37 51.4 47.81
B 85 8.79 15.4 20.61 48.6 52.17
PPP 76.9 77.20 53.2 53.15 20.4 20.50
PPB 12.7 12.96 23.1 22.53 18.4 19.72
BPB 1.8 1.00 5.9 3.69 85 7.59
PBP 5.9 6.48 9.5 11.26 8.8 9.86
PBB 2.2 2.00 6.3 7.38 16.1 15.19
BBB 0.5 0.31 2.1 1.97 27.8 27.12
B/B Model®:
w, 0.897 0.775 0.655
B, 0.935 0.858 0.668
wy 0.103 0.225 0.345
P, 0.697 . 0.573 0.098
RP 0.408 0.959 0.938

P, ; = Bernoullian probability for propylene at state i. For butylene, I, ;=1 - F, ;.
bR Mean deviation between observed and calculated intensities.
°Data from Ref. 31.
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COPOLYMER SEQUENCE DETERMINATION

The same approach can be used for copolymer mixtures. An example is the
propylene-butylene copolymer. The observed compositions and triad distribu-
tions of three copolymers reported in the literature®' are given in Table V.
The distributions can be simulated to a two-state B/B mixture. The theoreti-
cal expressions for the triad comonomer sequence distribution are shown in
Table VI. Computerized fitting follows the same procedure, and the result is
summarized in Table V. It appears that the copolymerization obeys the
two-state model very well. The copolymers reported in the literature must
have been made with a catalytic system containing at least two active catalyst
sites.

A similar analysis can be carried out for ethylene-propylene copolymers.
The triad distributions for selected copolymers reported in the literature®-*
are given in Table VII. The same theoretical expressions as in Table V are
used in this two-state fitting procedure. The results are given in the lower half
of Table VII. For all these copolymers, despite the wide differences in sample
origins, the two-state B/B mixture model works very well. Particularly
instructive are the last five samples taken from the paper by Abis et al.>* In
that work, they separated the polymer into four fractions. It appears that not
only does the two-state B/B mixture model fit the data well, but even the
reaction probabilities are approximately the same for all the fractions. This is
to be expected if indeed the model is valid.

Fraction 1: P, , = 0.65

Fraction 2: P, , = 0.20
It may be noted that the importance of sample heterogeneity and the
relevance of multiple catalytic sites for ethylene-propylene copolymers has
been previously indicated by Cozewith and Ver Strate,® Abis et al.,3* and
Ross.%

The last example is taken from free radical copolymerization of acrylamide
and sodium acrylate. Candau et al.*” carried the copolymerization to high
conversion, and since the two comonomers had different reactivities, the
sequence distribution of the final product was the sum total of polymer

TABLE VI
Theoretical Expressions for Comonomer Sequence Triads for B/B and M1/M1 Mixtures®

Triad B/B Mixture Model M1,/M1 Mixture Model

AAA w, Py, + w, P, wIPa2a,1Pba,l +wy P o Py

AAB 2w, P4 P,y + 2w, P4 Py, 2w Py 1 Pag, 1 Poa + 20w P 2 Pag 2 P o
BAB w, P, Pt + w,P,,P% w, be,lea’] + w, be,zpba,z

ABA w, P4 Py, + wy P5 Py, w Py \PE + wo Py s P2y s

BBA 2w P, P + 2w, P,, P}, 2w Py 1 Pog, 1 Pos i + 2Wo Pap 2 Py o Poso
BBB w Py + wy P}y Wi Pop, 1 Py, 1 + W Pap 2 Pl »

*P,;, P,; = Bernoullian probabilities of A and B respectively; similarly, F,, ;/Pya i/ FPas i/ Pos,
are the conventional 1st order Markovian probabilities for A (a) and B (b).
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TABLE VIII
Observed® and Calculated Triad Comonomer Sequences of Acrylamide (M)-
Acrylate (A) Copolymer for the M1/M1 Model

AAA AAM MAM AMA MMA MMM
Observed 0.030 0.112 0.204 0.093 0.386 0.175
Calculated 0.030 0.112 0.210 0.110 0.314 0.225
M1/M1 Model®:
w, = 0.585 w, = 0.415
B, =0.109 P,,o=0433
P, =0411 P,,,=0413

2Data from Ref. 37.
bPaa,,- and P, ; are M1 probabilities for acrylate (a) and acrylamide (m).

components obeying incrementally changing statistics, and in general did not
conform to a simple reaction probability model. For such systems, the M1 /M1
mixture model can sometimes be used to approximate the polymer statistics.
The theoretical expressions for the triads in the M1/M1 model are given in
Table VI. The observed and calculated triad values are shown in Table VIII.
The agreement, though not perfect, is acceptable. In a heuristic sense, the M1
reaction probabilities for state 1 describe the polymers made at the onset of
polymerization, whereas the M1 reaction probabilities for state 2 simulates
the polymerization near the end. The total polymer then can be considered to
be a mixture of two statistical copolymers (state 1 + state 2).

CONCLUSION

In the use of NMR for polymer characterization, the common (“analytical”)
approach consists of the following steps:

Acquisition — Spectral —> Spectral —— Information
of spectrum interpretation analysis

This article addresses the third step: spectral analysis. For multicomponent
systems, the use of reaction probability models and computerized optimiza-
tion technique provides a convenient framework for analysis. The methodol-
ogy described in this work can: (1) permit differentiation to be made as to
whether the given sample comprises one component or a mixture of several
components; (2) allow the NMR spectrum of a polymer mixture to be
analyzed in an unbiased fashion; (3) give information on mole fractions and
probability parameters that can be significant variables in understanding
catalyst structures or polymerization mechanisms.

Note Added in Proof. While this paper was in press, one paper *® appeared that confirmed the
importance of two-state model in polybutylene, and two papers >0 on the relevence of two-state
model in ethylene-propylene copolymers.
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