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Calculation of Reactivity Ratios and Sequence 
Distributions in Copolymers from Monomers 
W-NMR Data 

JOHN K. BORCHARDT* 

Research Center 
Halliburton Services 
Duncan, Oklahoma 73 536-0444 

A B S T R A C T  

A screening procedure has been developed to predict the average 
sequence distribution in vinyl copolymers from monomer l3 C-NMR 
data. The "C-NMR absorption frequencies of the carbon atoms 
of the polymerizable double bond a r e  used to calculate the Alfrey- 
Pr ice  Q 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,l-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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1712 BORCHARDT 

derived from lS C-NMR data and compared to literature values. 
This procedure may be used to calculate the reactivity ratios from 
13C-Nh4R 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. 

I N T R O D U C T I O N  

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, and C , 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 [l] .  The general form of these equa- 
tions is given in 

P 

where Q and P 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, 41 : 

Q1 

Q2 
r = -  exp [-el(el - e2)] 1 
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CALCULATION OF REACTIVITY RATIOS 1713 

The copolymer microstructure may then be determined by use of a 
program developed by Harwood [ 51. 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 a r e  calculated as well as the 
percent conversion of each monomer. 

Before applying this procedure to calculate the reactivity ratios 
of monomers for which no Q 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 [ 71. 

E X P E R I M E N T A L  S E C T I O N  

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 [l]. The multiple correlation analysis program 
was described in Ref. 1. Harwood has described the program used 
to calculate copolymer sequence distributions [ 51. 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. 

R E S U L T S  AND DISCUSSION 

C a l c u l a t i o n  of R e a c t i v i t y  R a t i o s  

The reactivity ratios of a series of comonomers were calculated 
by Eqs. ( 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, 81 using the Kelen-Tiidb's 
equations [9, 101. 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 
rl 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. 

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 ser ies  of vinyl ace- 
tate copolymerizations with acrylates and methacrylates despite sub- 
stantial differences in the reactivity of the comonomers. 

ratios for copolymerizations of chlorinated ethylenes varied with the 
identity of the comonomer. The same was true for a series of acrylo- 
nitrile copolymerizations. Some of the variation between calculated 
and literature values of the reactivity ratios for copolymerizations of 
a ser ies  of hydroxyalkyl methacrylates and hydroxyalkyl acrylates may 
have been due to the possible role of the hydroxyalkyl group as a chain 
transfer agent o r  as a branching site in the copolymer chain. This 
potential behavior is reflected to a t  least  some degree in the literature 
values of the reactivity ratios, based as they are on measurements of 
unreacted comonomer concentrations. However, the l3 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 [l], 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, fair1 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 [l, 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 [14-161 and are reported in Table 2. The "C-NMR 

The large difference in reactivity between styrene and a series of 

Agreement between calculated and literature values of the reactivity 
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1718 BORCHARDT 

TABLE 2. Reactivity Ratios of Methacrylic Acid ( A )  and 
Dimethylaminoethyl Methacrylate (B)  

Polymerization 
conditions Reference r 

1.43 0.66 CH30H (A), CDC13 (B)" This work 

0. 52b 1. 28b'c CH30H/H20, K2S208 14 

0.98 0. goc pH = 1.2, K2S208 14 

0.08 0.65' pH = 7.2, K2S208 14 

0. 42d 1. 02d C H ~ O H / H ~ O  15 

0.45 0.98 C H ~ O H / H ~ O  15 

0.67 3.0 CH30H,AIBN n-C4HgSH 16 

B r A 

C-NMR solvent for  each comonomer. No copolymerization 

bRecalculated by Merle and Merle [15] using the Kelen-Tud& 

CMonomer B was diethylaminoethyl methacrylate. 
dRecalculated by Merle and Merle [15] using Chujo' s method [17] 

experiment was performed. 

method. 

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 ear l ier  study 
[ 13. The differences between the calculated and literature values of 
the reactivity ratios a r e  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, 191. 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 [ 151. 

There a r e  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 fo r  acrylonitrile is fairly consistent with 
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TABLE 3. Reactivity Ratios of Acrylonitrile (A) and Methyl 
Methacrylate (B) 

Polymerization conditionsa Reference 

0.23 2.33 CDC13 (NMR solvent) This work 

rA rB 

0.25 1.20 CH3C6H5, DMF, 60"C, AIBNb 20 

0.25 1.17 CH3C6H5, DMF, 60"C, AIBNC 21, 22 

0.29 1.53 DMSO, 54"C, AIBN 22 

0.22 1.15 THF, 60°C, AIBNd 23 

0.32 1.11 DMF, 60°C, AIBNd 23 

0.31 1.15 50°C 24 

0.10 1.35 40°C 25 

0.15 1.22 80°C 25 

0.16 1.19 100°C 25 

0.15 1.20 No solvent, 60°C, benzoyl peroxide 26 

0.15 1.65 H20, K S 0 , Na bisulfite, 20°C 27 2 2  8 

a AIBN = azobis (isobutyronitrile), DM F = dimethylformamide, 

bReactivity ratios were calculated using the Mayo-Lewis pro- 

'Reactivity ratios were calculated using the Fineman-Ross method. 
dReactivity ratios were calculated using the Mortimer-Tidwell 

DMSO = dimethylsulfoxide, THF = tetrahydrofuran. 

cedure. 

procedure. 

a number of reported values, particularly those from the more re- 
cent literature. However, the methyl methacrylate reactivity ratio 
calculated from monomer l3 C-NMR data was considerably greater 
than the previously reported values. The deviations of l 3  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  [l]. 

erties with copolymer composition and microstructure for a series 
of sodium poly (acrylamide-co-2-acrylamido-2-methylpropane sul- 
fonate) copolymers [28-301. Monomer reactivity ratios were cal- 

Considerable effort has been devoted to relating copolymer prop- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1720 BORCHARDT 

TABLE 4. Reactivity Ratios for Copolymerization of Acrylamide ( A )  
and Sodium 2-Acrylamido-2-methylpropanesulfonate (B) 

Method of calculation 'A 'B 

Calculation from 13C-NMR data 0.55 1.48 

0.49 f 0.02 Fineman- Ros s 
Kelen- Tiid;sa 1.00 & 0.08 0.52 &0.07 

0.50 f 0.01 Mayo-Lewis 

0.98 * 0.09 a 

1.02 f 0.01 a 

a Taken from Ref. 30. 

culated by using the Fineman-Ross [31], Kelen-Tud& [9, 101, and 
Mayo-Lewis [32] methods ( see  Table 4). The Q and e values of sodium 
2 -acrylamido - 2-methylpropane sulfonate were calculated from the 

C-NMR chemical shifts of the olefinic carbon atoms and the following 
equations [ 11 : 
IS 

Q = 13.66 - 1.74/( (Y - 0) - 1.08 x lo3 //3 - 0.0256 ( 2  - p" 
+ 3.26 x 1 0 - ~  ((Y - 6 )  (4) 

(5)  e = -21.66 + 0.210 - 4.82 ( ( Y / P )  - 3.89/(a - 0)'" 
where (Y and P represent the I3C-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 Eqs. ( 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. 

P o l y ( M e t h a c r y 1 i c  A c i d - c o - D i m e t h y l a m i n o e t h y l  
M e t h a c r y l a t e )  S e q u e n c e  D i s t r i b u t i o n  

A comparison of sequence distributions of methacrylic acid-di- 
methylaminoethyl methacrylate copolymers determined from polymer 

C-NMR analysis with those derived from monomer 13C-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 o r  basic hydrolysis of poly (dimethylaminoethyl 
methacrylate).) Since Merle and Merle did not specify monomer con- 

13 
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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 noted in the diad and triad distribu- 
tions calculated with Harwood' s program. However, overall agree- 
ment with the literature data was fairly good. 

P o l  y ( A c  r y l o n i  t r i  l e  - c o -M e t h  y l  M e t h a c  r y l a t e  ) 
S e q u e n c e  D i s t r i b u t i o n  

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 Eqs. ( 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: rA = 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 a s  employed by Chujo et  al. The results a re  summar- 
ized in Table 6 for the methyl methacrylate-centered triads, 

results a re  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, 351. The omission of penultimate 
effects in the calculation of the sequence distributions may be a signi- 

This copolymerization was also studied by Suggate [33], and the 
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TABLE 5. Sequence Distribution in Copolymers of Methacrylic Acid ( A )  
and Dimethylaminoethyl Methacrylate (B)  

Diad fractions 

Determined fromC 
d Feed Reported" Literature r r Calculated rA,rB 

ratio A' B 

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 fromC 
d Feed Reported Literature rA,rB Calculated rA,rB 

ratio 
b 

mo1o/oA FAAA F ~ ~ B  FBAB F~~~ FAAB F ~ ~ B  FAAA F ~ ~ B  F B ~ ~  

0.40 0.06 0.35 0.59 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-Cente red triad fractions 
C Determined from 

Feed Rep0 rted Literature rA,rB Calculated rA9 rBd 
ratio 

b 

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. 
bTaken from Ref. 15 and normalized to unity. 
'These values were calculated using Harwood's program and the indi- 

dcalculated using Eqs. (2) and (3) and Q and e values derived from 
cated reactivity ratios. 

monomer "C-NMR data [ 11. 
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ficant factor in the variation between the literature and calculated 
triad distributions. Use of Hamood' s program with monomer con- 
version between 1.0 and 2.5% did not substantially a l ter  the calculated 
triad distributions detailed in Table 6. 

P o l y  ( 1,l-Dichloroethylene-co-Methacrylonitrile) 
S e q u e n c e  D i s t r i b u t i o n s  

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. A s  might 
be expected, the agreement between the triad distributions calculated 
from the reactivity ratios experimentally determined by Suggate [33] 
(by the Kelen-Tiidb's method [9, 101) and the reactivity ratios deter- 
mined from monomer "C-NMR data was quite good. Suggate deter- 
mined the amount of 1,l-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 e r r o r  for these copolymers. 
The differences in these values were somewhat greater for copoly- 
mers  containing more than 50% 1,l-dichloroethylene. 

S o d i u m  P o l y (  A c r y l a m i d e - c o - 2 - A c r y l a m i d o - 2 -  
Me t h y l p  r o p a n e s u l f o n a t e  ) S e q u e n c e  D i s t r i b u t i o n  

The computer program developed by Harwood [ 51 was then used to 
calculate the monomer sequence distribution in a series of sodium 
poly ( ac rylamide - co- 2 -ac rylamido- 2 - methylpropanesulfonate )s. Ac ryl- 
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 a re  summarized in Table 10 
and a re  compared to reported diad distributions [28-301 and diad dis- 
tributions determined from reactivity ratios calculated by the Mayo- 
Lewis procedure [30, 341. The diad distributions reported by McCor- 
mick and Chen [28-301 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 
unit 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, 191, 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. 

C O N C L U S I O N S  

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 [ 51 for sequence distribution calculations, the 
copolymer microstructure may be calculated from these reactivity 
ratios and thus indirectly from the 
of the olefinic carbon atoms of the vinyl monomers. These calculated 
sequence distributions zi5e in fairly good agreement with those deter- 
mined from copolymer 
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 f ree-radical copolymerizations 
that can be described by a simple kinetic scheme. Ionic copolymeriza- 
tions, reversible copolymerizations, heterogeneous copolymerizations, 
monomer- growing polymer chain complex formation, polymerization of 
a comonomer charge-transfer complex, chain transfer, branching, and 
s ter ic  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 

C-NMR absorption frequencies 

C-NMR analysis o r  calculated using other 
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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. 

A C K N O W L E D G M E N T S  

The author is indebted to Dr  S. P. Rao fo r  helpful discussions dur- 
ing the course of this work. The author would also like to thank Halli- 
burton Services for permission to publish this manuscript. 

R E F E R E N C E S  

[l] 

121 

[3] 

J. K. Borchardt and E, D. Dalrymple, J. Polym. Sci., Polym. 
Chem. Ed., 20, 1745 ( 1982) and references therein. 
M. P. Stevens, Polymer Chemistry-An Introduction, Addison- 
Wesley, Reading, Massachusetts, 1975, p. 125. 
T. Alfrey Jr. and L. J, Young, "The Q-e Scheme," in Copolym- 
erization (G. Ham, ed, ), Wiley-Interscience, New York, 1964, 
Chap. 11. 

41 T. Alfrey Jr. and C. C. Price,  J. Polym. Sci., 2, 101 (1947). t 51 H. J. Harwood, J. Polym. Sci., Part C ' 2 5 ,  37 c1968). 
[6] R. Z. Greenley, J. Macromol. Sci.-Chem., A14, 445 (1980). 
[7] J. L, Koenig, Chemical Microstructure of Polymer Chains, 

Wiley-Interscience, New York, 1980, pp. 98- 105, 266-270. 
[8] R. Z. Greenley, J. Macromol. Sci.-Chem., z, 427 (1980). 
[9] T. Kelen and F. Tiid&, Ibid., A9, 1 ( 1975). 

[ lo]  F. Tudbts, T. Kelen, T. Foldes-Berezsnick, and B, Turcsanyi, 
Ibid., A10, 1513 (1976). 

111 r M . X s h i ,  Ibid., A7, 1231 (1973). 
121 R. C. M c F a r l E ,  P.M. Reilly, and K. F. O'Driscoll, J. Polym. 

Sci., Polym. Chem. Ed., 13, 251 (1980). 
[13] J. R. Hoyland, J. Polym.Sci., P a r t  A-1, 8, 1863 (1970). 
[14] T. Alfrey Jr., C. G. Overberger, and S. 

SOC 75, 4221 (1953). 
[15] C M e X e  and Y. Merle, Macromolecules, 15, 360 (1982). 
[16] G. Ehrlich and P. Doty, J. Am. Chem. SocF76, 3674 (1954). 
[17] R. Chujo, H. Ubara, and A. Nishioka, Polym.J., 3, 670 (1972). 
[18] S. P. Rao, S. Ponratnam, and S. L. Kapur, J. Polym. Sci., Polym. 

Lett. Ed., 14, 513 (1976). 
[19] S. Ponratnrm and S. L. Kapur, Makromol. Chem., - 178, 1029 

(1977). 
[20] P Guyot and J. Guillot, J. Macromol. Sci.-Chem., 3 889 

(1968). 

- -  

t 
Pinner, J. Am. Chem. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CALCULATION OF REACTIVITY RATIOS 1733 

[21] J. Guillot, A. Guyot, and P. Q. Tho, Ibid., A2, 1303 (1968). 
[22] T. A. Gerken and W. M. Ritchey, J. zl. Folym. Sci., Appl. 

Polym. Symp., 34, 17 (1978). 
[23] J. Cattiaux, T. Zzuki ,  and H. J. Harwood, - Ibid., 34, 1 (1978). 
[24] R. Schmolke, H. Herma, and V. Grobe, Faserforsch. Textil- 

tech., 16, 589 (1965). 
[25] F M .  s s h i  and S. L. Kapur, J. Sci. Ind. Res. (India), - 16B, 379 

(1957). 
[26] F. M. Lewis, F. R. Mayo, and W. F. Hulse, J. Am. Chem. SOC., 

67, 1701 (1945). 
[27] EYuguchi and M. Wanatabe, Kobunishi Kagaku, 15, 129 (1958). 
[28] C. L. McCormick et al., Polym. Prepr., %( 1) , 
[29] C. L. McCormick et al., "Improved Polymers for Enhanced Oil 

Recovery-Synthesis and Rheology," Third Annual Report, DOE/ 

(1981). 

BETC 5603-15 (1981). 
C. L. McCormick and C. S. Chen, J. Polym. Sci., Polym. Chem. 
- Ed., 20, 817 (1982). 
M. Fxeman and S. D. Ross, J. Polym. Sci., 5, 259 (1950). 
F. R. Mayo and F. M. Lewis, J. Am. Chem. SOC., 66, 1594 (1944). 
J. R. Suggate, Makromol. Chem., 9, 1219 (1978r 
J. Guillot, in NMR, Basic Principles and Progress,  Vol. 4 (P. 
Diehl, E. Fluck, and R. Kosfeld, eds. ), Springer-Verlag, Berlin, 

J. Guillot, Ann. Chim., 3, 441 (1968). 
K J. Ivin, S. Pitchumani, C. Rami Reddy, and S. Rajadurai, - Eur. 
Polym. J., g, 341 (1981). 
S. Pitchumani, C. Rami Reddy, and S. Rajadurai, J. Polym. Sci., 
Polym. Chem. Ed., 2, 277 (1982). 
G. Natta et al., Chim. Ind. (Milan), 42, 125 (1960). 
S. Igarashi, J. Polym. Sci., Part B , T  - 359 (1963). 

1971, pp. 119-128. 

- -  

Received August 7, 1984 
Revision received September 18, 1984 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


