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ABSTRACT: An attempt was made to elucidate the general mathematical expression of the polymer sequence distribution 
for copolymers with two stereoregular monomer units by considering their chirality (D or L form) distribution based on 
Markov statistics. The equations derived (DL equations) were compared with those based on conventional meso and racemo 
conformation (mr equations) [K. Kamide and K. Hisatani, Polym. J., 24, 1377 (1992)]. For this purpose the literature data 
of NMR on sequence distribution of three kinds of poly(acrylonitrile-co-methacrylonitrile) i.e., poly( AN-eo-MAN), prepared 
by radical polymerization using redox catalysis and anionic method using dialkylmagnesium as initiator at high and low 
temperature, were analyzed. DL equations were found to explain well the monomer unit sequence distribution with cotacticity 
of two poly( AN-eo-MAN), polymerized by radical method and by anionic methods at temperatures, rather than mr equations. 
The reaction probability of these copolymers estimated by [Bernoulli]- [1st Markov lm statistics where monomer unit sequence 
and its cotacticity obey Bernoulli and 1st order Markov processes, respectively, has revealed that racemo addition of MAN 
monomer does not occur in the above anionic polymerization essentially. For all of three samples, the stereoregular sequences 
obey 1st order Markov statistics, but monomer unit ones obey 2nd order Markov statistics for low temperature anionic method 
and Bernoulli for the other two method. 

KEY WORDS Copolymer Sequence Distribution I DL Type Conformational Sequence I Poly(acrylo-
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Sequence distribution combined with stereoregularity 
of homo- and copolymeric chains, which is determined 
by polymerization mechanism, is a very important factor 
in governing the dissolved state of the polymers in so
lution, the solution properties, the structure and prop
erties of the polymer solid. The most powerful experi
mental tool to determine the sequence distribution is 
nuclear magnetic resonance (NMR). But NMR often 
gives information on the diad-base sequence distribution 
of many polymers, that is meso or racemo (m or r) con
formation for homo- and copolymers. The mr expres
sion might be adequate to describe the sequence distri
bution combined with stereoregularity if the direction 
of the sequence of molecular chain for the homo- or 
copolymer in question can be completely neglected. Lots 
of studies on sequence distribution of homo- and co
polymers based on the mr expression have been report
ed from the early works made by Frisch et al. 1 and 
Bovey.2 The m or r diad sequence, however, essential
ly arises from the result of reaction of monomers with 
their chirality, D or Lin the polymerization process. For 
example, an r diad includes a DL or LD sequence, and 
if the direction of the sequence cannot be ignored DL 
and LD diads should be distinguished. Consequently, 
NMR data on the sequence distribution had better to be 
analyzed using a statistical model described by D and 
L sequence parameters as far as possible. On this 
background, the theoretical calculations on D and L 
sequences (DL sequences) of homopolymers (such as 
poly(methyl methacrylate)) were intensively carried out 
based on Bernoulli and 1st order Markov statistics main
ly in 1960s. 3 - 9 But, the application of the calculation 
methods to the existing homopolymers was substantially 
impossible due to the low resolving power of NMR at 
that time. Subsequent progress on NMR measurement 
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has made it possible to apply the statistical model for 
homopolymers, based on the DL sequence as proposed 
by Shuerch, 3 Fueno, 5 and Chujo et al. 8 •9 

DL sequence expression might be expanded to describe 
the sequence distribution combined with stereoregularity 
for copolymers, in which at least one of monomer units 
has stereoregularity. For this class of copolymers, we 
have already made several attempts to calculate the 
monomer unit sequence and cotacticity on the basis of 
the mr expression. 10•11 We have dealt with the cases 
where the monomer unit sequence distribution (MSD) 
and its cotacticity (CTD) statistically correlated with 
each other or not. Kamide and Hisatani 10 and Hisatani et 
a/. 11 statistically calculated the mr sequence of copolymer 
on the basis of strict Markov statistics. Kamide and 
Hisatani analyzed NMR data of poly(acrylonitrile(AN)
co-methacrylonitrile(MAN)), prepared by three different 
polymerization methods, reporting that mr sequence 
fractions of poly (AN-eo-MAN), polymerized using 
anionic initiator at high temperature considerably de
viated from the calculated results. This deviation of 
the mr sequence fractions from the experimental data is 
possibly due to the use of a statistical model based on 
the mr sequence. In other words, the deviation might be 
brought about by the co-ordination polymerization 
mechanism employing dialkylmagnesium at tempera
tures above lOOoc reported by Ono et al., 12 - 15 in which 
mechanism polymeric chain direction cannot be ignor
ed. In this study, an attempt was made to derive basic 
equations describing the monomer unit sequence with 
its cotacticity of copolymers, consisting of two kinds 
of monomers on the basis of DL sequence statistics as 
an extension of previous works 10 •11 and to apply the 
equations to experimental data of 13C NMR of poly
(AN-co-MAN) obtained by radical and anionic polym-
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erization methods reported in the literature. 10 

THEORETICAL BACKGROUND 

Statistical Models of Copolymer Sequence with DL 
Stereoregularity 
Now we consider the case where monomer unit 

sequence of copolymer with two kinds of monomers (A 
and B) obeys Bernoulli, the I st, and the 2nd order 
Markov statistics and each of the two monomers pos
sesses possibility to yield stereoregular homopolymers 
(e.g., AAA · · · AA and BBB · · · BB), as assumed in the 
previous paper. 8 Then the chirality distribution (CHD) 
of the copolymer should be also described by the three 
kinds of Markov statistics. There are two cases for such 
copolymer when the statistics on MSD and its CHD are 
independent and correlative to each other. Hereafter, 
the statistical model is, for example, represented as 
[I st Markov]- [Bernoullilnd(cor)• when the MSD and its 
CHD obey independently (correlatively) the lst order 
Markov and Bernoulli statistics, respectively. Statistical 
models based on mr and DL sequence will be referred 
to as mr and DL models, respectively. 

Independent Statistical Model 
The molar fraction of each sequence is expressed by 

the product of those of monomer unit and its chirality 
sequential part, because both sequences are independent 
of each other, obeying Bernoulli, the I st or the 2nd order 
Markov statistics. As an example of calculation results 
of the independent statistical models, we show the molar 
fractions of triad mr sequences calculated on the basis 
of [1st Markov]- [Bernoullilnd· The triad mr sequences 
are expressed by six kinds of probability variables, 
amongst which the following relations are held: 

p(A/A) + p(B/A) = 1 

p(A/B) + p(B/B) = I 

PL +P0 = 1 

(I a) 

(!b) 

(I c) 

Here, for example, P<BIA> is the probability for B to add 
to an A end and PL is one for L form monomer to add 
to arbitrary monomer unit end. In this model, three 
probability variables are independent from each other. 
In other words, if the values of three probability variables 
are determined, this statistical model is completely 
described. 

If we show monomer unit A in the D form as A 0 and 
1 b 2M(l) h" h . d" rep ace P<AIB> + P<B!A> y D w 1c m 1cates a two-

monomer system (2M) with 1st order Markov proc
ess (!), then some triad mr sequence fractions out of 
totally 20 kinds, are able to be written as follows: 

(AmAmA) =(P6+ PDP?A/A)p(A/B)/D 2M(l) (2a) 

(AmA'B) = 2PoPLP(A/A)p(B/A)p(A/B)/ D2M(l) (2b) 

(AmBr A)= 2P0 PLP(B/A)P?A/B)/ DZM(l) (2c) 

(A'BmB) = 2PoPLP(B/B)p(R/A)p(A/B/ DZM(l) (2d) 

(BmB'B) = D 2M(l) (2e) 

(B'B'B) = P0 PLP(B/B)2P(B/A/ D ZM(l) (2f) 

where superscripts m and r mean comeso and coracemo 
conformation, respectively. 
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Correlative Statistical Model 
[Bernoulli]- [BernoulliJcor 
The probability parameters which describe the mr 

sequence on this model relate with each other through 
the following equation: 

pAD+ pAL+ p BD + p BL = 1 (3) 

where PAD is the probability for A with D form to add 
to the propagating end, irrespective of the chemical 
species or the chirality of the end, where PAD+ PAL= P A 
and P BD + P BL = P 8 are satisfied in the case. The molar 
fractions of all triad mr sequences are calculated as 
follows: 

(AmAmA)=P10 +P1L=PA(PJ..o-PAoPAL +PJ..L) (4a) 

(Am A' A) =2P ADP AL(P Ao+ PAL) =2P Ap ADP AL (4b) 

(NNA)=PAoPAL(PAo+ PAL)=PAPAoPAL (4c) 

(AmAmB)=2(PJ..oPBo+PJ..LPBL) (5a) 

(AmA'B)=2(PioPBL +PJ..LPso) (5b) 

(A' AmB)= 2P ADP AL(PRo+ PBL) =2PBP ADP AL (5c) 

(A' A'B) = 2P ADP AL(PBD + PBL) = 2PBP ADP AL (5d) 

(6a) 

(BmA'B)= 2(P AD+ P AL)PBoPRL =2P APBDPBL (6b) 

(B' A'B) = P ALPJo + P AoPJL (6c) 

(AmBmA)=PJ..oPBo+PJ..LPBL (7a) 

(AmB' A)= 2P ADP AL(PBo+ PRL) = 2PBP ADP AL (7b) 

(A'B' A)= PJ..oPBL + PJ..LPBo (7c) 

(AmBmB)=2(PA0 PJ0 +PALPJL) (Sa) 

(AmB'B) = 2(P AD+ P AL)PRoPBL = 2P APBDPBL (8b) 

(A'BmB) = 2(P ALPJo + P AoPJd (8c) 

(A'B'B) = 2(P AD+ p AdPBDPBL = 2P APBDPBL (8d) 

{BmBmB) = + NL = PB(PJo- PBoPBL + PJL) (9a) 

{BmB'B) = 2PBoPBL{PBo+ PBL) = 2PBPBDPBL (9b) 

(B'B'B) = P 80PBL(PBo + PBL) = PBP80PBL (9c) 

[Bernoulli]- [1st Markov Jcor 
This model is expressed by eight probability variables 

and relationships among them are as follows: 

p(AD/D)+ p(AL/D) + p(BD/D) + p(BL/D) = 1 (lOa) 

p(AD/L)+ p(AL/L) + p(BD/L)+ p(BL/L)= 1 (JOb) 

Here, P<AD!D>• for example, means the probability for A 
with D form adding to the arbitrary propagating end 
with the D form of either A or B unit. As is easily shown, 
six variables are independent. Two equations, P(AL/DJ + 
p(RL/D) = p(L/D) and p(AD/L) + p(BD/L) = p(D/L) alSO hoJd in 
the model. The sums of probabilities (P<AL!D>• P<BL/Dl• 
P(AD/L)• P(BD/LJ) and (P(L/DJ• P(D/LJ) are written as D 0 L(ll, 
which is a characteristic parameter of this statistical 
model: 

P P -P p -DDL(lJ p(AL/D) + p(BL/D) + (AD/L) + (BD/L)- (L/D) + (D/L)-
( 11) 

P(D/LJ• P<LfD> and the eight parameters in eq I Oa, b satisfy 
the following equations, (12a, b) and (13a-d): 

(12a) 
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(12b) 

where and and are defined as 
the following relations: 

D = P<AD/DJP(D/LJ + P<AD/LJP(L/DJ ( 13a) 

D = p(AL/D)p(D/L) + p(AL/L)p(L/D) ( 13b) 

D = P<no;oJP<otLJ + P<BD/LJP<L/DJ ( 13c) 

= p(BL/D)p(D/L) + p(BL/L)p(L/D) (13d) 

The three typical triad mr sequences are written using 
probability parameters as follows: 

(A mAmA)= (P<i_D/DJ• Pii_L/LJ)/DDL(lJ 

(Am A' A)= (P(AD/D) + 
+ 

(N N A)= + nDL(l) 

= p(AL/D)p(AD/L)(P(A/L)p(L/0) 
+ p(A/D)p(D/L))/DDL(l) 

(14a) 

(14b) 

(14c) 

The other seventeen triad fractions are indicated in 
Appendix A. 

[1st Markov] - [Bernoulli lor 
This model also consists of eight probability variables, 

and the relationships among them are indicated by the 
following equations: 

p(AD/A)+P(AL/A)+P(BD/A)+P(BL/A)= 1 (15a) 

p(AD/B) + p(AL/B) + p(BD/B) + p(BL/B) = 1 ( 15b) 

Consequently, six variables are independent of each 
other. D 2M(lJ is defined as a sum of four probability 
variables: 

DZM(l) = p(AD/B) + p(AL/B) + p(BD/A) + p(BL/A) 

=P(B/AJ+P(A/B) (16) 

The typical triad mr sequences are written using prob
ability parameters as follows: 

(17a) 

(A mN A)= { p(AD/A)p(AL/Ap + nir) + P(iLtAP 
+ P(iD/D)n ir} n ZM(l) (l7b) 

<N N A)= p(AL/A)p(AD/A)<n + n ir); n ZM(l) 

= P<A!BJP<AL/A>p<AD/AJ/ nzM(lJ (l7c) 

Here, nir. and are defined as fol
lows: 

= p(AD/A)p(A/8) + p(AD/B)p(B/A) 

n 1.r = p(AL/A)p(A/B) + p(AL/B)p(B/A) 

= p(BD/A)p(A/B) + p(BD/B)p(B/A) 

= p(BL/A)p(A/B) + p(BL/B)p(B/A) 

The other seventeen triad molar fractions 
indicated in Appendix B. 

(l8a) 

(l8b) 

(l8c) 

(18d) 

are to be 

Method to Determine the Most Probable Model 
The method to select the most suitable statistics is the 

same as that already described in ref 10 and 11, using 
eq 19. 
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Table I( a). Comparison of values of parameter<>;,,. between 
DL- and mr-type statistics on sample AMN3 

Statistics <5;,10 X 1000 

Sample 
Correlative/ Cotacticity/ code independent umt h" I" DL-Type mr-Type 

sequence 
c Ira 1ty 

Bernoulli Bernoulli 3.46 2.75 
Bernoulli 1st Markov 2.75 2.70 
Bernoulli 2nd Markov 2.70 2.70 
1st Markov Bernoulli 1.83 1.70 

Independent 1st Markov 1st Markov 1.69 1.69 
1st Markov 2nd Markov 1.69 1.69 

RMN3 2nd Markov Bernoulli 1.12 0.98" 
2nd Markov 1st Markov 0.97 0.97 
2nd Markov 2nd Markov 0.97 0.97 

Bernoulli Bernoulli 2.74 2.27 

Correlative Bernoulli 1st Markov 0.83 1.04 
I st Markov Bernoulli 1.31 1.32 

u-Parameter model 2.01 

• Underline, the most suitable statistics. 

N 
(19) 

where X; and Y; are the experimental and calculated 
molar fractions for a specific heptad sequence, respec
tively, and N is the total number of heptad sequences 
which can be distinguishable from others in an NMR 
spectrum even if there are any overlapping peaks. This 
b' -method is completed by itself, but it is better in general 
to reconfirm or check the suitability of the statistical 
model through the use of other independent method 
especially when the number of model parameters is large. 

RESULTS AND DISCUSSION 

Poly ( acrylonitrile-co-methacrylonitrile) 
The values of b;,in (the minimum value of b' in eq 19) 

of the poly (AN-eo-MAN), prepared by the radical 
polymerization method (sample code RMN3 in ref 10) 
and synthesized using dialkylmagnesium as initiator at 
-77°C (AMN2) and 120°C (AMN3) 10 were numerically 
calculated using triad sequence fractions, experimentally 
determined for each polymer (see Tables la-c). In the 
tables, b;,in obtained by the mr model is also listed for 
comparison. If we analyze the experimental data of the 
sample RMN3 based on the independent mr model 
(Table Ia), o;,in monotonically decreases substantially 
depending on the order of Markov statistics on MSD. 
On the other hand, b ;,in calculated on the basis of the 
independent DL model depends on the order of Markov 
statistics on cotacticity as well as monomer unit sequence. 
The most suitable model which gives the lowest b;,in 
value (0.83) is [Bernoulli]- [1st Markov lor based on the 
DL model for this polymer. This suggests that the 
chirality of the active end controls the reactive behavior 
of the monomer in the radical polymerization. 

For the sample AMN2, [2nd Markov]-[lst or 2nd 
MarkovJind gives the lowest o;,in value (2.3 1), irrespec
tive of the type of sequence, as shown in Table lb. Re-
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Table I(b). Comparison of values of parameter o;,in between 
DL- and mr-type statistics on sample AMN2 

Statistics o;,in X 1000 

Sample Correlative/ Monomere C f .t / code independent unit y DL-Type mr-Type 
ch1rahty 

sequence 

Bernoulli Bernoulli 6.90 8.14 
Bernoulli 1st Markov 6.86 6.86 
Bernoulli 2nd Markov 6.86 6.86 
1st Markov Bernoulli 6.87 5.45 

Independent 1st Markov 1st Markov 3.33 3.33 
1st Markov 2nd Markov 3.33 3.33 

AMN2 2nd Markov Bernoulli 6.21 4.89 
2nd Markov 1st Markov 2.31 2.8la 
2nd Markov 2nd Markov 2.31 2.31 

Bernoulli Bernoulli 6.81 7.87 

Correlative Bernoulli 1st Markov 7.31 6.58 
1st Markov Bernoulli 2.71 5.19 

tr-Parameter model 4.30 

a Underline, the most suitable statistics. 

Table I( c). Comparison of values of parameter o;,in between 
DL- and mr-type statistics on sample AMN3 

Statistics o;,in X 1000 

Sample 
Correlative/ Cotacticity/ code independent umt h" I" DL-Type mr-Type c 1ra 1ty sequence 

Bernoulli Bernoulli 10.04 14.21 
Bernoulli 1st Markov 9.14 9.14 
Bernoulli 2nd Markov 9.14 9.14 
1st Markov Bernoulli 9.08 13.49 

Independent 1st Markov 1st Markov 8.15 8.15 
1st Markov 2nd Markov 8.15 8.15 

AMN3 2nd Markov Bernoulli 8.88 13.43 
2nd Markov 1st Markov 7.80 7.80 
2nd Markov 2nd Markov 7.80 7.80 

Bernoulli Bernoulli 6.84 12.23 

Correlative Bernoulli 1st Markov 3.37 4.88a 
1st Markov Bernoulli 4.88 11.22 

tr-Parameter model 6.65 

a Underline, the most suitable statistics. 

Table II. Values of statistical parameters of the most suitable statistics forDL-and mr-type 
on each poly(acrylonitrie-co-methacylonitrile) sample 

Sample 
DL-Type 

code 
The most suitable statistics 

p(AD/D) 

p(AL/D) 

p(MD/D) 

RMN3 
[Bernoulli]- p(ML/D) 

[1st Markov J •• , p(AD/L) 

p(AL/L) 

p(MD/L) 

p(ML/L) 

Parameter 

0.1839 0.2703 
0.547, 0.0522 
0.0000 0.399, 
0.2690 0.2785 
0.0537 0.539, 
0.2693 0.194, 
0.277 5 0.2698 
0.3995 0.0000 

mr-Type 

The most suitable statistics 

[2nd Markov] -
[BernoulliJind 

Parameter 

p(A/AA) 

p(A/AM) 

p(A/MA) 

p(A/MM) 

pm 

0.3476 
0.4865 
0.4204 
0.4545 
0.537 4 

p(A/AA) 0.8534 p(A/AA) 0.854, 
p(A/AM) 0.9728 p(A/AM) 0.9639 

AMN2 
[2nd Markov] - p(A/MA) 0.667 5 [2nd Markov] -

[1st Markov];nd 
p(A/MA) 0.668, 

[1st Markov Jind p(A/MM) 0.454, p(A/MM) 0.4548 
p(L/D) 0.3342 p(rfm) 0.3995 
p(D/L) 0.6880 p(mfr) 0.489, 

p(AD/D) 0.6787 
p(AL/D) 0.2803 
p(MD/D) 0.041 0 

AMN3 
[Bernoulli] - p(ML/D) 0.0000 

[1st Markov] •• , p(AD/L) 0.6163 
p(AL/L) 0.0000 

p(MD/L) 0.0274 
p(ML/L) 0.3563 

garding the sample AMN3, the most suitable statistics 
to represent the monomer and cotacticity sequence is 
[Bernoulli]- [1st Markov lor (J;,.in = 3.37 X 10- 3), based 
on the DL model (Table Ic). J;,.in value for AMN3 is 
fairly large, compared with those of other two copoly
mers under the most probable statistical combination. 
This might arise from the fact that the side reaction takes 
place relatively largely for anionic copolymerization, as 
the same as homopolymerization of AN proved previ
ously, 16 leading to somewhat error for NMR analysis. 

In Table II, the probability parameters which give the 
least c5;,.;n based on the mr and DL models for each 
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0.0000 

0.6378 
0.3622 
0.0000 

0.271, 
0.6816 
0.0000 

0.0473 

[Bernoulli]
[1st markov J •• , 

p(mAfm) 0.6704 
p(rA/m) 0.222, 
p(mMfm) 0.0017 
p(rM{m) 0.1058 
p(mAfr) 0.3382 
p(rA/r) 0.5150 

p(mM/r) 0.1468 
p(rM/r) 0.0000 

polymer are listed. In the case of the sample RMN3, the 
probability parameters of [2nd Markov]- [Bernoul
li];nd• based on the mr model are representatively listed. 
The DL model for the samples RMN3 and AMN3 gives 
two series of the probability parameters (P and Q) as a 
solution of eq 19 for one value of c5;,.;n (fourth and fifbth 
column of the table). As exemplified by the case when 
the value of P(AL/DJ for the sample RMN3 in the fourth 
column (0.547) is very close to the value of P<AD/LJ in the 
fifth column (0.53 9 ), the value of a parameter P for the 
monomer AN or MAN belonging to one group is almost 
equal to that of the parameter Q in the other group, 
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where each of P and Q corresponds to a parameter 
substitution of D and L for L and D, respectively. This 
seems closely relevant to the fact that the two groups of 
parameters attribute to the same phenomenon substan
tially, considering that D and L forms of the both mono
mer are in reflecting image relation. 

The probability parameters of both monomers (AN 
and MAN), obtained by the mr model for the sample 
RMN3 are almost moderate values (0.35-0.49). But 
those obtained by the DL model show significant de
pendence on addition manners of the monomers. For 
example, the probability of occurrence of meso addition 
of MAN (P(ML/LJ and P(MD/DJ) takes two extreme values, 
about 0.4 and zero, while the probability of racemo 
addition (P(ML/DJ and P(MD/LJ) is about 0.27. This value is 
very near to 0.25, which does not seem to have any 
characteristic significance. 

The probability parameters P<L!DJ and P(D/LJ of the DL 
model are related to the complicated parameters with 
monomer unit, such as P(AL/Dl' through the following 
equations: 

p(L/D) = p(AL/D) + p(ML/D) (20a) 

p(D/L) = p(AD(L) + p(MD/L) (20b) 

By substitution of the values of the parameters in the 
fourth and fifth columns for the sample RMN3 into the 
right-hand-side of both equations we obtain P(L/DJ = 
0.81 6 , P(D/LJ=0.33 1 and P(L/DJ=0.33 1 , P<D/LJ=0.808 . The 
probability of meso arrangement P m of the DL model is 
able to be estimated using the following equation: 

p m = J- 2P(L/D)p(D/L)/(P(L/D) + p(D/L)) (2J) 

The value of P m is 0.529 and 0.53 1 corresponding to each 
pair of the values of P(L/DJ and P(D/LJ· These P m values 
almost agree with the value of P m of the mr model (0.53 7 ). 

This means that both of the probabilities P<D!DJ and P(L/LJ 
calculated on the basis of the mr model are not about 
0.53, but one of the probabilities P<D!DJ and P<L/LJ is about 
0.19 and the other is 0.67, because 

p(D/D) = p(AD/D) + p(MD/D) = 

{
0.18 3 +0.000=0.18 3 (for 1st group) 

(22a) 
0.27 0 + 0.399 = 0.669 (for 2nd group) 

p(L/L) = p(AL/L) + p(ML/L) = 

{0.269 + 0.400 = 0.669 

0.194 +0.000=0.194 

(for 1st group) 

(for 2nd group) 
(22b) 

Thus, [Bernoulli]- [1st Markov lor statistics based on 
DL method give more precise information on polymeriza
tion for RMN3 (radical polymerization). 

For the sample AMN2, the most suitable statistics is 
[2nd Markov]- [I st Markov lnd in both the cases of mr 
and DL models. The four independent parameters, de
scribing the monomer unit sequence (P(A/AAJ' P<A!AMJ' 

P(A/MAJ' and P(A/MMJ) for the both models are reasonably 
very close each other. Regarding the parameters of the 
I st order Markov statistics on the cotacticity, the 
probability parameters P(r/mJ and P(m/rJ are able to be 
written as a function of P(D/LJ and P(L/DJ as follows: 

p(r/m) =. p(D/L)p(L/Dp- p(D/L)- (23a) 
p(D/L) + p(L/D)- 2P(D/L)p(L/D) 
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p _ ) _ p(D/lj__ + p(L/D) 
(m/r)- 2 

(23b) 

where P(r/mJ and P(m/rJ express the probabilities of racemo 
and meso addition to the propagating meso and racemo 
end, respectively. The eq 23a, b are derived by rear
rangement of the following relations 5 : 

(m) = P(m/r)/(P(r/m) + P(m/r)) (24a) 

(m) = I-2P(L/DJP(D/LJ/(P(L/DJ + P(D/LJ) (24b) 

(mm) = (1- P(r/m))P(m/r)/(P(r/m) + P(m/r)) (24c) 

(mm) = )- p(L/D)p(D/L) -4P(L/D)p(D/L)/(P(L/D) + p(D/LJ) (24d) 

Here, (m) and (mm) are diad and triad molar fractions, 
respectively, consisting of meso sequence only. The 
substitution of the values of P(D/LJ and P(L/DJ of the DL 
model into eq 23a, b gives us P(r/mJ = 0.400 and P(m/rJ = 
0.48 9 , both of which are very near to those obtained 
by the mr model (P(r/mJ = 0.400 and P(m/rJ = 0.48 9 ). 

For the AN monomers of the sample AMN3, two 
different values of the probabilities for each case of the 
meso and racemo arrangements are obtained due to the 
reflection image relation between D and L form of the 
monomers. Contrary, the racemo arrangement probabil
ity of MAN monomers is zero. Two solutions are ob
tained only when the MAN monomers add in meso con
formation. Interestingly, P(AL/LJ is zero when P<AD/DJ = 
0.67 9 and quite conversely P(AD/DJ is zero when P(AL/LJ = 
0.68 2 , meaning that an AN monomer with L form 
never adds in meso form when the monomer with D 
form adds in the same manner or vice versa. This sit
uation is quite different from that for RMN3 of which 
copolymerization statistics also obey [Bernoulli]
[1st MarkovJcon in that MAN not AN monomer never 
adds in DD (or LL) form when LL (or DD) form is 
realized. 

Using eq 20, P(L/DJ and P(D/LJ of the DL model based 
on the 1st order Markov statistics are estimated to be 
(0.280, 0.644 ), and (0.63 8 , 0.27 1), corresponding to the 
two values of each probability parameter, such as P<AD/DJ• 
P<AL/Dl' · · · , in the fourth and fifth columns of the Table 
II. In the same manner as carried out for the sample 
AMN2, we obtain the parameters P(r/mJ and P<m!rJ of the 
1st order Markov statistics on the mr sequence to be 
(0.34 5 , 0.53 8 ) and (0.34 7 , 0.546 ). The P(r/mJ value is very 
close to that of P(r/mJ ( = 0.32 8 ) calculated by the mr 
model. However, the difference of the value of P<mtrJ 

estimated on the basis of the DL and mr model is not 
negligible. P<m/rJ obtained by the DL model seems reliable 
for this polymer, because, b;,in of the DL model is less 
than that of the mr model as shown in Table Ic. 

The studies up to the present have revealed that the 
additive reaction of MAN, 18 · 19 and vinyl
pyridine20 in meso conformation will be significantly pre
dominant, if dialkylmagnesium is employed as an initi
ator, especially at temperatures above IOOoC, being in 
the same temperature region as that used for AMN3 
copolymerization. The preferential meso conformation 
of MAN is explained by the coordination mechanism of 
six-membered ring formation consisting of a meso diad 
between ultimate and penultimate monomer units with 
magnesium. This situation for MAN monomer seems to 
be preferentially applicable in the copolymerization 
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Figure 1. Co-ordination of MAN monomer to a six-membered ring 
of propagating radical end of poly (AN-eo-MAN) using dialkyl
magnesium as an initiator above IOOoC in organic solvent. 

system of AN and MAN, since P(ML/DJ and P(MD/LJ are 
both nearly zero but P<AL/DJ and P<AD/LJ are 0.27-0.64. 
Figure I shows the structure in which the MAN monomer 
is regulated strictly and co-ordinates to a six-membered 
ring of propagating end with meso conformation in the 
copolymerization system. 

It is prominently interesting that the sequences of the 
two different samples, RMN3 prepared radically and 
AMN3 synthesized anionically high temperature polym
erization, obey the same statistical model [Bernoulli]
[1st MarkovJcor· This agreement, however, may be an 
accidental one because the methods to prepare them 
are quite different and the probability parameters in each 
statistics also differ from the other. 

In the case of RMN3 only, the most suitable statistics 
for mr- and DL-system are different from each other. 
The results that Bernoulli and 1st order Markov statistics 
are suitable for mr- and DL-type conformational sta
tistics, respectively, means that there exists a mecha
nism to regulate an addition direction of next mono
mer in a standpoint of monad, unless there is no effect 
to do in a standpoint of diad. 

MAN monomer in the radical method polymerizes 
with no significant selectivity, but in the high tempera
ture anionic method it adds almost completely with 
meso conformation. This may be due to the co-ordination 
structure between MAN monomer and six-membered 
ring at the propagating end, which causes completely not 
to add with racemo conformation. 

The degrees of optimization for the three copolymer 
samples judging from the values of b;,.in can be arrayed 
in turn as RMN3, AMN2, and AMN3, i.e., 0.83 (0.98), 
2.3 1 (2.31) and 3.37 (4.88) for DL (mr)-type, respectively. 
As described above, this tendency might depend on the 
degree of frequency of the side reaction under each 
copolymerization condition as same as homopolymeriza
tion of AN reported previously. 16 

CONCLUSION 

1) In a hi-component copolymer system, where each 
of both monomer units has a possibility of yielding 
stereoregular homopolymer, equations of copolymer se-
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quence distribution were theoretically derived consider
ing chirality sequence distribution strictly based on 
Markov statistics. 

2) DL equations newly derived were found to explain 
well the monomer unit sequence with cotacticity of 
poly(AN-co-MAN), polymerized both by radical method 
at 60aC and by anionic methods employing dialkyl
magnesium as initiator at temperatures above 100°C, 
rather than equations based on mr style. 

3) The reaction probability of high temperature an
ionic polymerization estimated by [Bernoulli]- [1st 
Markov lor statistics has revealed that racemo addition 
of MAN monomer does not occur in the polymeriza
tion essentially. This phenomenon seems to be explain
ed by the co-ordination mechanism in the high temper
ature anionic method reported already by Ono et a/. 12 

and Nakano et a/. 17 for AN polymerization. 
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APPENDIX 

Appendix A [Bernoulli]-[Jst Markovlor 

(Am A mB) = ( P(AD/D)p(BD/Dp + p(AL/L)p(BL/Lp 

+ + 
(Am A' B) = ( p(AD/D)p(BL/Dp + p(AL/L)p(BD/Lp 

+ 
+ DDL(l) 

(A' A mB) = + 
+ 
+ DDL(1) 

(A' A'B) = { 

+ 
+ 
+ 

(Bm A mB) = ( P(AD(D)p(BD(Dp 

+ DDL(1) 

(Bm A'B) = { (P(AD/D)p(BL/D) 

+ 
+ (P(AL/L)p(BD/L) 

(A.la) 

(A.lb) 

(A.lc) 

(A.ld) 

(A.2a) 

+ (A.2b) 

(B' A'B) = + DDL(l) 
(A.2c) 

P P D DL)/DDL(1) + (AL/L) (BL/L) AL (A.3a) 

(A mBr A)= { (P(AL/D)p(BD/D) + 
+ + p(AD/D)p(BD/L))} I DDL(1) 

(A.3b) 

(A'B' A)= 
P P D DL)/DDL(1) + (AL/D) (BD/L) AL (A.3c) 
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+ 
+ DDL(l) 

(A mB'B) = (P(BD/D)p(BL/Dp + p(BD/L)p(BL/Lp 

+ 
+ 

(A'BmB) = 

+ 

+ 
+ DDL(l) 

(A'B'B) = { + 

+ 
+ I DDL(l) 

(BmBmB) = + 

(BmB'B) = (P(BD/D) + 
+ 

(B'B'B) = p(BD/L)p(BL/D)(D + D D DL(l) 

= p(BD/L)p(BL/D)( p(B/L)p(L/D) 

+ p(B/D)p(D/L))I DDL(l) 

Appendix B [1st Markov]- [ Bernoullilor 

(Am A mB) = (P(AD/A)p(BD/Ap + P(AL/A)p(BL/A)D 

+ p(AD/B)p 

+ p(AL/B)p(AL/AP n 2M( l) 

(Am A'B) = (P(AD/A)p(BL/A)D + P(AL/A)p(BD/Ap 

+ p(AL/B)p(AL/ApJ"f!} 

+ D 2M(l) 

(A' A mB) = (P(AL/A)p(BL/A)D + P(AD/A)p(BD/Ap 

+ 

+ n 2M(l) 

(N NB) = { + p(AD/A)p(BL/AP 

+ + I D 2M(l) 

(Bm A mB) = 

(A.4a) 

(A.4b) 

(A.4c) 

(A.4d) 

(A.5a) 

(A.5b) 

(A.5c) 

(A.6a) 

(A.6b) 

(A.6c) 

(A.6d) 

+ (A.7a) 

(A.7b) 

(B' NB) = + D 2M(l) 
(A.7c) 

(A msm A)= (P(AD/B)p(BD/AP 

+ P<AL/Blp(BL/Ap D 2M<ll (A.8a) 

(A.8b) 
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(A mBmB) = (P(BD/A)p(BD/Bp + 

+ 

+ D 2Mo> (A.9a) 

(A mB'B) = (P(BL/A)p(BD/Bp + p(BL/A)p(BD/Bp 

+ 

+ p(AD/B)p(BD/BP n 2M( l) (A.9b) 

(A'BmB) = (P(BL/A)p(BL/B)D + p(BD/A)p(BD/Bp 

+ 
(A.9c) 

(A'B'B) = ( p(BL/A)p(BD/Bp + p(BD/A)p(BL/Bp 

+ 

(A.9d) 

(BmBmB) = + D 2M<tl (A.l Oa) 

(BmB'B) = { + + 

(A.lOb) 

(B'B'B) = P<BD/B)P(BL/B)(D + n n 2M< l) (A.l oc) 
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