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13C-NMR Data
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ABSTRACT

A screening procedure has been developed to predict the average
sequence distribution in vinyl copolymers from monomer *C-NMR
data. The *®*C-NMR absorption frequencies of the carbon atoms
of the polymerizable double bond are used to calculate the Alfrey-
Price @ and e values as previously described by Borchardt and
Dalrymple. These, in turn, are used to calculate the monomer
reactivity ratios. Reactivity ratios for 54 copolymerizations were
calculated by this procedure and compared to literature values.
The copolymer sequence distribution may then be determined by
means of a computer program written by Harwood. The sequence
distribution in copolymers of methacrylic acid and dimethyl-
aminoethyl methacrylate, acrylonitrile and methyl methacrylate,
1,1~dichloroethylene and methacrylonitrile, ethyl acrylate and n-
butyl methacrylate, and acrylamide and sodium 2-acrylamido-2-
methylpropane sulfonate were calculated from reactivity ratios

*Present address: Shell Development Company, Westhollow Re-
search Center, P.O. Box 1380, Houston, Texas 77001,
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derived from *®C-NMR data and compared to literature values.
This procedure may be used to calculate the reactivity ratios from
13C-NMR spectra of monomers for which no Q and e values are
known. By this method the average sequence distribution of such
monomers in copolymers may be predicted, significantly reducing
the number of copolymers to be synthesized and tested for use in
various applications.

INTRODUCTION

Research in progress in our laboratories is aimed at relating co-
polymer microstructure to observed performance in various applica-
tions. While the Q and e values and reactivity ratios of many inter-
esting monomers are not known, we required a screening procedure
for the prediction of monomer sequence distribution to reduce the
number of vinyl copolymers to be synthesized and evaluated. A screen-
ing procedure utilizing only the *®*C-NMR absorption frequencies of
the carbon atoms of the polymerizable carbon-carbon double bond,

C a and C p has been developed. The method involves calculation of

the Alfrey-Price Q and e values from the '*C-NMR spectra of the
vinyl comonomers by previously developed equations and a multiple
correlation analysis procedure [1]. The general form of these equa-
tions is given in

Q= e=ac+bf+cla-B)+d(a/B)+t(a- B +gla/B)'?
+h(e® - B)+id® +jF +kaB + 1/a + m/B + nall? 4 op*"?
+p(f + BN /(- ) +s(a-B)* +t(a- B +u(B/a)

+v(a- PP +w(a-p)"°+ intercept (1)

where @ and B represent the **C-NMR absorption frequencies of the
respective olefinic carbon atoms of vinyl monomers. The reactivity
ratios for a pair of monomers may then be calculated by using the
following semiempirical [2] equations [3, 4]:

9
= 5— exp [-el(e1 - )] (2)
2
QZ
ry =—= exp [-eg(e, - /)] (3)

1
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The copolymer microstructure may then be determined by use of a
program developed by Harwood [5]. The input data consist of the
monomer reactivity ratios, the molecular weights of the monomers,
and the total monomer conversion. Copolymer composition and diad,
triad, tetrad, and pentad distributions are calculated as well as the
percent conversion of each monomer,

Before applying this procedure to calculate the reactivity ratios
of monomers for which no @ and e values are known, the accuracy of
this technique must be determined. Reactivity ratios derived from
monomer **C-NMR spectra were first compared to those recently
recalculated by Greenley [6]. Then sequence distributions for a
series of copolymers were calculated by use of Harwood's program
with the reactivity ratios derived from monomer **C-NMR data.

The results so calculated were then compared to reported sequence
distributions obtained from copolymer NMR data. The determination
of copolymer microstructure from the '*C-NMR spectra of the co-
polymer has been recently reviewed by Koenig [7].

EXPERIMENTAL SECTION

Nearly all the chemical shift values of the olefinic carbon atoms
on which the Q and e value calculations have been made were taken
from the literature [1]. The multiple correlation analysis program
was described in Ref. 1. Harwood has described the program used
to calculate copolymer sequence distributions [5]. This program
was modified to a FORTRAN V format for the present research. Cal-
culations were made using an interfaced IBM 370-3333/370-3081 com-
puter system.

RESULTS AND DISCUSSION

Calculation of Reactivity Ratios

The reactivity ratios of a series of comonomers were calculated
by Egs. (2) and (3). The Q and e values were calculated by using
Eq. (1) with the '*C-NMR chemical shifts of the olefinic atoms of
the comonomers. The coefficients of the terms of Eq. (1) used for
each class of monomer are given in Ref. 1. The reactivity ratios so
calculated are listed in Table 1. The literature values given in this
table were recalculated by Greenley [6, 8] using the Kelen-TiidGs
equations [9, 10]. The agreement between the calculated and the
literature values for methyl methacrylate copolymerizations was
fairly good. Reasonably good agreement between the calculated and
the literature values of the reactivity ratios for styrene copolymer-
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izations with methacrylates and some acrylates was observed. The
Ty values for styrene copolymerization with ethyl acrylate, 2-ethyl-

hexyl acrylate, and methyl methacrylate derived from '*C-NMR data
were significantly greater than the literature values. The difference
in the calculated and literature values of the reactivity ratios for a
series of styrene-substituted styrene copolymerizations did not appear
large in view of the variation in the literature values of the reactivity
ratios for styrene-p-bromostyrene copolymerization and for styrene-
a-methylstyrene copolymerization.

The large difference in reactivity between styrene and a series of
alkyl vinyl ethers could account for the differences between literature
values of the reactivity ratios and values derived from monomer **C-
NMR data. However, there was good agreement between calculated
and literature values of the reactivity ratios for a series of vinyl ace~
tate copolymerizations with acrylates and methacrylates despite sub-
stantial differences in the reactivity of the comonomers.

Agreement between calculated and literature values of the reactivity
ratios for copolymerizations of chlorinated ethylenes varied with the
identity of the comonomer. The same was irue for a series of acrylo-
nitrile copolymerizations. Some of the variation between calculated
and literature values of the reactivity ratios for copolymerizations of
a series of hydroxyalkyl methacrylates and hydroxyalkyl acrylates may
have been due to the possible role of the hydroxyalkyl group as a chain
transfer agent or as a branching site in the copolymer chain. This
potential behavior is reflected to at least some degree in the literature
values of the reactivity ratios, based as they are on measurements of
unreacted comonomer concentrations. However, the **C-NMR experi-
ment does not take into account this potential reactivity of the hydroxy-
alkyl groups.

For best results, the conditions under which the **C-NMR spectra
of the comonomers are determined, i.e., solvent, pH, temperature,
concentration, pressure, etc,, should be the same as those of the co-
polymerization reaction. Because the Q and e values were calculated
by use of **C-NMR spectral data taken from the literature [1], it has
not been possible to achieve this in this initial study. However, despite
variations in the test conditions between the *®*C-NMR analyses and the
copolymerizations, fairly good agreement between the reactivity ratios
derived from monomer “*C~NMR spectra and reported ratios [6] was
obtained. The agreement between calculated and literature values of
the reactivity ratios reported in Table 1 was generally considered good,
particularly in view of the careful and tedious experiments required to
obtain reasonably accurate kinetic data and the assumptions and approxi-
mations inherent in the different methods of determining the reactivity
ratios from kinetic data [1, 11-13].

The reactivity ratios for the copolymerization of methacrylic acid
and dimethylaminoethyl methacrylate in different solvents, at different
pH values, and with different initiator systems have been determined
by various workers [14-16] and are reported in Table 2. The ‘*C-NMR
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TABLE 2. Reactivity Ratios of Methacrylic Acid (A) and
Dimethylaminoethyl Methacrylate (B)

Polymerization
Ty rg conditions Reference
1.43 0.66 CH,OH (A), CDCl, (B2 This work
0.52° 1.28%¢ CH,OH/H,0, K,8,0, 14
0.98 0.90° pH = 1.2, K,8,04 14
0.08 0.65° pH = 7.2, K,8,0¢ 14
0.42¢ 1.024 CH,OH/H,0 15
0.45 0.98 CH,OH/H,0 15
0.67 3.0 CH,OH,AIBN n-C H,SH 16

413 C_NMR solvent for each comonomer. No copolymerization
experiment was performed.

bRecalculated by Merle and Merle [1 5] using the Kelen- Tiidos
method.

CMonomer B was diethylaminoethyl methacrylate.

dRecalculated by Merle and Merle [1 5] using Chujo's method [17)

experiments were performed in two different solvents, methanol and
deuterochloroform. Thus, the conditions of the NMR experiment
were significantly different from the copolymerization reaction condi-
tions. The differences in the calculated and literature Q and e values
for methacrylic acid and dimethylaminoethyl methacrylate were
greater than for most of the monomers included in the earlier study
[1]. The differences between the calculated and literature values of
the reactivity ratios are reported in Table 2. These experiments
illustrate the importance of conducting the NMR experiment under the
same conditions as are to be used in the copolymerization. This is
especially true for such monomers as methacrylic acid, whose reac-
tivity is particularly sensitive to solvent and pH [18, 19]. The differ-
ences in the values of the reactivity ratios determined at pH 1.2 and
7.2 (see Table 2) have been attributed to the formation of a complex
between ionized methacrylic acid and protonated dimethylaminoethyl
methacrylate [15].

There are several reported determinations of the monomer reac-
tivity ratios reported in the literature for acrylonitrile-methyl meth-
acrylate copolymerization. These are summarized in Table 3. The
calculated reactivity ratio for acrylonitrile is fairly consistent with
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TABLE 3. Reactivity Ratios of Acrylonitrile (A) and Methyl
Methacrylate (B)

Th rg Polymerization conditions? Reference
0.23 2.33 CDCl3 (NMR solvent) This work
0.25 120  CH,CH. DMF, 60°C, AIBN" 20

0.25 117  CH,C.H., DMF, 60°C, AIBN® 21, 22
0.29  1.53  DMSO, 54°C, AIBN 22

0.22 115  THF, 60°C, AIBNY 23

0.32 111  DMF, 60°C, AIBNY 23

0.31 115  50°C 24

0.10 135  40°C 25

0.15 122  80°C 25

0.16 119  100°C 25

0.15 1,20 No solvent, 60°C, benzoyl peroxide 26

0.15  1.65  H,0, K,S,0,, Na bisulfite, 20°C 27

2AIBN = azobis (isobutyronitrile), DM F = dimethylformamide,
DMSO = dimethylsulfoxide, THF = tetrahydrofuran.
bReactivity ratios were calculated using the Mayo-Lewis pro-
cedure.
cRea.ctivity ratios were calculated using the Fineman-Ross method.
Reactivity ratios were calculated using the Mortimer-Tidwell
procedure.

a number of reported values, particularly those from the more re-
cent literature. However, the methyl methacrylate reactivity ratio
calculated from monomer !°®C-NMR data was considerably greater
than the previously reported values. The deviations of '*C-NMR
spectra-derived Q and e values for methacrylates from the literature
values were generally greater than those for other classes of mono-
mers [1].

Considerable effort has been devoted to relating copolymer prop-
erties with copolymer composition and microstructure for a series
of sodium poly(acrylamide-co-2-acrylamido-2-methylpropane sul-
fonate) copolymers [28-30]. Monomer reactivity ratios were cal-
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TABLE 4. Reactivity Ratios for Copolymerization of Acrylamide (A)
and Sodium 2-Acrylamido-2-methylpropanesulfonate (B)

Method of calculation r, rp
Calculation from '*C-NMR data 0.55 1.48
Fineman-Ross™ 0.98 + 0,09 0.49 +0.02
Kelen-Tiidos® 1.00 £ 0,08 0.52 +0.07
Mayo-Lewis™ 1.02 £0.01 0.50 + 0.01

4Taken from Ref. 30.

culated by using the Fineman-Ross [31], Kelen-Tiidos [9, 10], and
Mayo-Lewis {32] methods (see Table 4). The Q and e values of sodium
2-acrylamido-2-methylpropane sulfonate were calculated from the
13C_NMR chemical shifts of the olefini¢c carbon atoms and the following
equations [1]:

Q=13.66 - 1.74/(a ~ 8) - 1.08 X 10° /B - 0.0256 (o - §*)%/®
+3.26x107% (a - B) (4)
e=-21.66+0.218 - 4.82 (a/8) - 3.89/(a - B)*° (5)

where @ and B represent the ** C-NMR chemical shifts of the alpha-
and beta-olefinic carbon atoms on the polymerizable carbon-carbon
double bond of the monomer, respectively. The reactivity ratios were
then calculated by Eqgs. (2) and (3) and are given in Table 4. The reac-
tivity ratios derived from **C-NMR data appeared to differ significant-
ly from those reported by McCormick and Chen [30]. The difference
may be due at least in part to pH differences in the copolymerization
and NMR experiments.

Poly(Methacrylic Acid-co-Dimethylaminoethyl

Methacrylate) Sequence Distribution

A comparison of sequence distributions of methacrylic acid-di-
methylaminoethyl methacrylate copolymers determined from polymer
'*C-NMR analysis with those derived from monomer **C-NMR analy-
sis is given in Table 5, Only the two copolymers Merle and Merle ob-
tained by free-radical copolymerization [15] are included in the present
study. (The other polyampholytes discussed by Merle and Merle were
obtained by acidic or basic hydrolysis of poly(dimethylaminoethyl
methacrylate).) Since Merle and Merle did not specify monomer con-
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version in their synthetic studies (see Ref, 15 and references there-
in), monomer conversion was assumed to be 99.5% when monomer
reactivity ratios and Harwood's program were used to calculate the
comonomer sequence distribution. The same feed ratios used by the
French workers were specified in Harwood's program. Inspection
of Table 5 indicated fairly good agreement of the calculated diad and
triad distributions with those reported by Merle and Merle. The A-
centered and B-centered triad data reported by Merle and Merle [15]
were each normalized to unity to provide a basis for comparison with
the triad distributions calculated in the present study. A somewhat
greater block tendency may be noied in the diad and iriad distribu-
tions calculated with Harwood's program. However, overall agree-
ment with the literature data was fairly good.

Poly(Acrylonitrile-co-Methyl Methacrylate)
Sequence Distribution

Chujo, Ubara, and Nishioka determined the triad distributions re-
sulting from copolymerization of acrylonitrile (A) and methyl meth-
acrylate (B) at four temperatures [17]. Their data, summarized in
Table 6, were determined at less than 2.5% conversion. Only the
methyl methacrylate-centered triad distributions, based on the NMR
absorption peaks of the methoxyl protons of the copolymers, were
reported. By use of Egs. (2) and (3) and the Q and e values calcu-
lated with Eq. (1) with the coefficients detailed in Ref. 1, the follow~
ing reactivity ratios were calculated: r A= 0.23 and rg = 2.33. These

values were then used with Harwood's program to calculate triad dis-
tributions assuming a monomer conversion of 2% and the same mono-

mer feed ratios as employed by Chujo et al. The results are summar-
ized in Table 6 for the methyl methacrylate-centered triads.

This copolymerization was also studied by Suggate [33], and the
results are summarized in Table 7. Studies were performed with
tetrahydrofuran and dimethylformamide as the 60°C polymerization
solvents. The copolymer composition and methyl methacrylate-
centered triad distributions were determined from copolymer ‘H-
NMR data. Similar trends were observed for the results summarized
in Tables 6 and 7. Calculations from monomer '*C-NMR data pre-
dicted higher levels of methyl methacrylate in the copolymers than
were actually obtained. Similarly, the calculated block tendency

(FBBB value) was significantly greater than that determined from

H-NMR analysis of the acrylonitrile-methyl methacrylate copoly-
mers. This difference would appear to be due in part to the high
calculated reactivity of methyl methacrylate in this copolymerization.
The existence of penultimate effects in acrylonitrile-methyl meth-
acrylate copolymerization has been indicated by infrared and NMR
copolymer studies and gas chromatographic analysis of residual mono-
mer concentrations [20, 21, 23, 34, 35]. The omission of penultimate
effects in the calculation of the sequence distributions may be a signi-
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TABLE 5. Sequence Distribution in Copolymers of Methacrylic Acid (A)
and Dimethylaminoethyl Methacrylate (B)

Diad fractions

Determined fromc

Feed Reported® Literature r , ,r Calculated r,,r d

. A’"B A'"B
ratio
molhA Fpy Fpp Fpy Fpy Fpp Fpg Fpan Fap Fpp
0.40 0.14 0.52 0,34 0.117 0.559 0.323 0.158 0.479 0.362
0.60 0.34 0.57 0.14 0.322 0.549 0.128 0.358 0.481 0.161

A-Centered triad fractions
Determined from®
Feed Reportedb Literature r ,,r Calculated r ,,r d
ratio A’B AB
mol%A Fpan Faap Fpap Fana Faan Fpap Fasa Fasp Foan
0.40 0.06 0.35 059 0.094 0,404 0.502 0.162 0.471 0.367
0.60 0.33 0.45 0.22 0.310 0.460 0.229 0.362 0.472 0.165
B-Centered triad fractions
Determined fromc

Feed Reportedb Literature r ,,r Calculated r,,r d
ratio A"B A’ B
mol%®A Fapa Fppa Fpap Fapa Fppa Fnap Fapa FeBa FBBEB
0.40 0.20 0.48 0.32 0.219 0.489 0.291 0.161 0.473 0.366
0.60 0.38 0.55 0.08 0.470 0.423 0.106 0.361 0.475 0.164

;Taken from Ref. 15.
Taken from Ref. 15 and normalized to unity.
CThese values were calculated using Harwood's program and the indi-
cated reactivity ratios.
dCalculated using Eqgs. (2) and (3) and Q and e values derived from
monomer **C-NMR data [1].
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ficant factor in the variation between the literature and calculated
triad distributions. Use of Harwood's program with monomer con-
version between 1.0 and 2.5% did not substantially alter the calculated
triad distributions detailed in Table 6.

Poly(1,1-Dichloroethylene-co~-Methacrylonitrile)

Sequence Distributions

The sequence distribution in copolymers of 1,1-dichloroethylene
and methacrylonitrile was calculated by Harwood's program, and the
results for triad distributions are summarized in Table 8, As might
be expected, the agreement between the triad distributions calculated
from the reactivity ratios experimentally determined by Suggate [33]
(by the Kelen-Tiidbs method [9, 10]) and the reactivity ratios deter-
mined from monomer *C-NMR data was quite good. Suggate deter-
mined the amount of 1,1-dichloroethylene present in the copolymer by
polymer 'H-NMR analysis [33]. This value and the values calculated
with the Harwood program and both the literature reactivity ratios
and the reactivity ratios derived from monomer '*C-NMR spectral
data were generally within experimental error for these copolymers.
The differences in these values were somewhat greater for copoly-
mers containing more than 50% 1,1-dichloroethylene.

Sodium Poly(Acrylamide-co-2-Acrylamido-2-
Methylpropanesulfonate) Sequence Distribution

The computer program developed by Harwood [5] was then used to
calculate the monomer sequence distribution in a series of sodium
poly(acrylamide-co-2-acrylamido-2-methylpropanesulfonate)s. Acryl-
amide content of the copolymers varied from 34.3 to 90.5 mol%. Input
data were the reactivity ratios derived from monomer **C-NMR data,
molecular weights of the comonomers, feed ratios, and the degree of
conversion, Calculated diad distributions are summarized in Table 10
and are compared to reported diad distributions [28-30] and diad dis-
tributions determined from reactivity ratios calculated by the Mayo-
Lewis procedure [30, 34]. The diad distributions reported by McCor-
mick and Chen [28-30] were determined by the methods of Natta [38]
and Igarashi [39]. Comparison of the diad distributions calculated by
these three procedures indicated fairly close agreement. This may
have been due in part to the fairly high degree of conversion in the
actual copolymerization experiments. These same conversion values
were used in the computer calculations. The main difference in the
diad distributions calculated with Harwood's program appeared to be
a somewhat greater tendency toward blockiness (A-A and B-B diad
111211: content) obtained with the reactivity ratios derived from monomer

C-NMR data.
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The '* C-NMR absorption frequencies of the olefinic carbon atoms
of 2-acrylamido-2-methylpropanesulfonic acid did not vary greatly
with solution pH. When the pH was increased from 0.5 to greater
than 10, little change in the chemical shifts of the olefinic carbon
atoms of this monomer was noted. However, in analogy with re-
ported reactivity ratio determinations for copolymerizations of acryl-
amide with acrylic acid and methacrylic acid [18, 19], one would pre-
dict the composition and sequence distribution of poly(acrylamide-
co-2-acrylamido-2-methylpropane sulfonic acid) to be dependent on
polymerization reaction pH. For copolymerizations involving ionizing
monomers, the accuracy of estimation of reactivity ratios and se-
quence distribution may vary with solution pH.

CONCLUSIONS

Generally the reactivity ratios calculated from comonomer '*C-
NMR chemical shifts of the olefinic carbon atoms of vinyl monomers
were in reasonably good agreement with literature values. By using
Harwood's program [5] for sequence distribution calculations, the
copolymer microstructure may be calculated from these reactivity
ratios and thus indirectly from the '*C-NMR absorption frequencies
of the olefinic carbon atoms of the vinyl monomers. These calculated
sequence distributions are in fairly good agreement with those deter-
mined from copolymer !°®C-NMR analysis or calculated using other
methods.

Modeling the copolymerization reaction conditions in the NMR ex-
periment is helpful but not necessarily a panacea. The procedure is
primarily intended for straightforward free-radical copolymerizations
that can be described by a simple kinetic scheme. Ionic copolymeriza-
tions, reversible copolymerizations, heterogeneous copolymerizations,
monomer-growing polymer chain compiex formation, polymerization of
a comonomer charge-transfer complex, chain transfer, branching, and
steric effects on monomer and growing polymer chain reactivity would
not be reflected in the comonomer **C~-NMR spectra and thus cannot
be taken into consideration.

The calculated reactivity ratios and sequence distributions for aque-
ous copolymerization of methacrylic acid and dimethylaminoethyl meth-
acrylate and of acrylamide and sodium 2-acrylamido-2-methylpropane-
sulfonate illustrate that reasonable estimates of the reactivity ratios
and sequence distributions may be made even when physical effects (pH
and resulting monomer ionization and hydration) associated with solvent
variations were present.

While this method of estimating the reactivity ratios and sequence
distributions does not yield precise results and certainly is not a sub-
stitute for experimental determination of these quantities, it may be
used to predict reactivity ratios of monomers for which no Q and e
values are known., The procedure is a very useful screening tool to
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design copolymers of a particular monomer having a desired sequence
distribution. Since determination of monomer reactivity ratios nor-
mally requires tedious experimental measurement of copolymer com-
position for different monomer feed ratios, the time savings by using
the method described here to estimate reactivity ratios and sequence
distributions is substantial.
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