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Intramolecular Charge Transfer Complexes.
3. Another Approach to the Charge Transfer
Copolymerization Model

A. NATANSOHN, D. GALEA, V. PERCEC, and C. L. SIMIONESCU

""P. Poni'"" Institute of Macromolecular Chemistry
Jassy-6600, Romania

ABSTRACT

The usual copolymerization equation obtained for the terminal
charge transfer model by Seiner and Litt is discussed. A new
definition, valuable especially for K-values higher than 0.03

and for systems having low probabilities of the homopropagation
reactions, is proposed for the reactivity ratios. The higher gen-
erality of the new equation is demonstrated on two systems. Two
FORTRAN programs for nonlinear estimation with least-square
error of the parameters are presented and discussed.

GENERAL CONSIDERATIONS

Intramolecular charge transfer complexes (CTC) can be obtained
by copolymerization of monomers having electrono-donor groups with
monomers having electrono-acceptor groups. The copolymers ob-
tained will have an intramolecular CTC character, the intramolecular
charge transfer interactions depending on composition, sequence dis-
tribution, configuration, and conformation [ 1}. In order to find the
dependence of physical properties on the microstructure of such CTC,
it is very important to determine the copolymerization mechanism
and the kinetic parameters which decide the copolymer composition
and microstructure.
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Seiner and Litt [ 2] proposed a copolymerization model which im-
plies "weak' intermonomeric CTC. The two monomers give a com-
plex:

K

M1+M2

172 (1)

which acts as a separate entity in copolymerization. The existence
of CTC and its participation in copolymerization is demonstrated by
differences in copolymer composition when changing the total mono-
mer concentration in the copolymerization solvent, or when changing
the solvent (using a donor-type, acceptor-type, or an inert solvent).
Recently, Kelen and TiidSs [ 3] proposed an equation to determine
reactivity ratio values and to verify the validity of the terminal model
in copolymerization. For all systems analyzed by Seiner and Litt,
the Kelen-Tudds plot is a curve and not a straight line. Therefore,
the need for another copolymerization model implying intermonomeric
CTC can be tested simpler than usual without the necessity to work at
different concentrations in different solvents. The testing procedure
is as follows: to point out the intermonomeric CTC through a spectral
(UV [ 4], NMR [ 5-7]) method; and to plot the Kelen-Tiidts equation,
which is a curve and not a straight line,

EQUATION PROPOSED BY SEINER AND LITT

The most general case for the propagation reactions was taken
into account by Seiner and Litt [ 2]:

k

. 11 .
M, + M, ——— M,M, (2)
SP)
M,' +M, ———= MM, (3)
M, +M .__>k21 MM, (4)
P) 1 2™
K92
M, + My — MyM, (5)
M‘+MM.—-——->k1C1 M,M, M, (6)
1 172 11
Kic2
M, + MJ)M, —— =% o M. M,M." (7

1 271 17271
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M, +M,M Fact M, M. M, (8)
g TM Mg = WM My

L Ter)
My + MyM == My MM, (9)

Writing, according to these equations, the probabilities of obtaining ij
sequences from i-ended macroradicals (Pij) and using the steady-

state condition (Ml'——>M2' = Mz' ——Ml') and the copolymeriza-
tion equation y = Py, /P, , (where y =d[ Ml] /d[ MZ] ), Seiner and Litt

gave the general form of the copolymerization equation implying
intermonomeric CTC:

ryy[C]
1+
1+< a1, T2 ) [c] . rglCl ryeplMyl
ryce  Tacy/ Myl r1c2[M2]1+ ry9lCl
r101l M)
rzl[C]
1+
(M,] (2‘”21 Tapy (€] rpplel ryca Myl
Toq +1+ r ) +
(™,] rocp  2C1/(M] 1"102[1"121”1"12[01
r [M |
y= 1citMy
T, [C]
1+
) +( 12, T12 > [c] . ry; [€] Tyc1 [ Myl
ric1 Tica/ [Myl r2c1[M1]1+ rgy[C]
r2cz[M1]
1 +—___1'12[C]
M) gy, 1, [C ry el rg M)
r12 +1+ ( + ) +
(M, Tier Trea/ Myl Taci (M) T
rocol M,
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where
(€] =[MM,] = 2([M ] + [ My, + 1/K) - 3{ (M, ] - [M,] )

@M1, + [My] ) + (1/k%) } (11)

rig =ky1/ky9s Tyop =ki1/Kep Tiee = %1/%ice (12)

k

Tay =kga/kKypi  Togq =kgy/ (13)

act’  Taca =Ko/

PARTICULAR CASES, KARAD AND
SCHNEIDER EQUATION

(a) When K < 0,03, the intermonomer CTC concentration can be
calculated by the relation [ C] = K| Ml]o[ Mz] o+ Equation (10) was
not significantly simplified.

{b) The case k22 = 0 (one of comonomers does not homopolymerize)

was analyzed in detail by Seiner and Litt and Karad and Schneider [8].
Supposing also that koo = 0, Eq. (10) was reduced to:

oM 1/IM ) + ol Cl/ry (o [ M)

y-1=
Lzl Cl/e [ My] + 2yl Cl/IM, )1 + 1yl C1/r, o[ M,))

(14)
where Iy =Ty /Ty = Kooy /Kyps Tye =Ry /Kyci Kyo = kyop +Kycar
Because the contribution of the term r3[ c] /l Ml] can be neglected
[2], Eq. (14) is particularized in a linear form, from which the reac-

tivity ratio values Tyos Tiop and T g Can be obtained:

r [M,] y-1 [M,]
y-1=2C p (- 2 (15)
i1 (el ryy [cC]

The rg-value can be obtained from a rearrangement of Eq. (14), and

it has been found to be zero for the system styrene-difumaronitrile
[8]. In fact, replacing k22 = 0 in Eq. (10) without the need of kZCZ

one obtains Eq. (15) directly.
These equations, together with other linearized forms, were applied

=0,
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to the systems styrene-g-cyanoacroleine, methyl acrylate-diphenyl-
ethylene, vinyl acetate-dichlorotetrafluoroacetone, vinyl acetate-
hexafluoroacetone, vinyl acetate-tetrachlorocyclopropene, styrene-
tetrachlorocyclopropene [ 2], and styrene-difumaronitrile [ 8].

Pittman and Rounsefell | 9] wrote three FORTRAN programs for
nonlinear estimation with minimum square error of the independent
parameters in Eq. (10)., Because the authors did not find sufficient
composition-conversion data in the literature, they used imaginary
systems.

LIMITS OF EXISTENT EQUATIONS

Radical copolymerization of picryl methacrylate (Mz) (monomer
which does not homopolymerize, k22 =0 [ 10]) with such different
electrono-donor monomers (Ml) as N-(2-hydroxyethyl) carbazolyl

methacrylate [ 1], N-ethyl(2-hydroxymethyl) carbazolyl methacrylate,
a-(2-fluorenyl) ethyl methacrylate [ 11], N-(2-hydroxyethyl) carba-
zolyl acrylate [ 12], and 2-naphthyl methacrylate [ 13] generates two
types of copolymerization diagrams (Fig. 1):

A, The picryl methacrylate structural units in the copolymer are
lower than 35-40% for every initial composition domain.

B. The content of picryl methacrylate in copolymers is relatively
high {but does not surpass 50%), even at low feed ratios,

A-type systems can be readily analyzed by Eq. (15), and the reac-
tivity ratio values for Ml—ended macroradicals are obtained.

B-type systems, generally having comparable K-values with A-
type systems, either generate negative values of reactivity ratios
by Eq. (15) or do not permit a straight line to be obtained. The ex-
planation for this may be the relatively low homopolymerization
tendency of M1 monomer and/or kZCZ # 0.

If k22 =0 and k11

for B-type systems, then Eq. (10) and their derivatives become inoper-
ative because all reactivity ratio values are null (Eq. 13) or close to
zero (Eq. 12).

The reactivity ratio definition (Eqs. 12 and 13) restricts the appli-
cability of Eq. (10) and its derivatives to systems having a homoprop-
agation reaction comparable with cross-addition or complex addition.
Otherwise, in the case ko, = 0, the only case where Eq. (10) has been

applied, there is no information on the Mz—ended macroradical be-

is very close to zero, as the case seems to be

havior because Top» Tooy? and Tong = 0. Moreover, Karad and
Schneider demonstrated on the analyzed system that k22 =0, k2C2 =0,



08: 01 25 January 2011

Downl oaded At:

398 NATANSOHN ET AL.
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FIG. 1. Copolymerization diagrams (molar fraction of M2 in

copolymer against molar fraction of M2 in monomer feed) for the two
types of systems.

and kZC 1

in copolymerization, which is absurd.
The nonsense arises from the rq definition, dividing the numerator
and the denominator by zero:

=0 (r3 = 0!), but this means that M, does not participate

r kyo/k k
= 21 - 22/ 721 - 2C1’ but k... =0

22
rac1  Koo/¥oor  Kogp

EQUATION PROPOSED AS MODEL FOR
CHARGE TRANSFER COPOLYMERIZATION

Especially in B-type systems, but valid for all copolymerization
systems having relatively high CTC concentrations (K > 0.03), a
definition is proposed for the reactivity ratios

a9 =kyo1/kygs g =Kyco/Kyg, Yo =Xyo/Kye

Ty =ky1/kyy (16)
g1 =Koy /Kgy3  Cgy =Kyoo/kyys Y =Kye/Kgys
roq = Ky9/Koy amn
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The main term in these equations is the CTC addition rate constant.
Through sequence probabilities, one obtains the general equation

1 ! Kl c] ) et ( )—— el
+r + Q50 + O al + + (& + Q. r
12[M] 1172¢ " Ta2™1c’ T e 11 t%¢ *%22%1 [(M.]
2 1 2 (18)
Loy, 2 e ) iy L
+ T + d,44 + Oyl +Q — + {2 +a + A, 4T —_—
21 N 11"2¢ * *22%1C 2y M,] 22 %10 P11t (M)
If all kiCj = 0, then Eq. (18) is reduced to the classical form of the
terminal model copolymerization equation, as does Eq. (10). The
particular case k22 = 0 and k2C2 = 0 gives the equation
_all r12 [Ml] y- 1 [Mz] [Mz] [C]
y-1l="= 4 = - +a21 ————+allc221—-——
alC alC [C] rlZ [C] [Ml] [Ml]
(19)

Equation (19) is identical to Eq. (15) only if a =0, i.e., kzcl

This is impossible, as demonstrated in the precedmg section.
Therefore, Eqs. (18) and (19) describe more precisely the mech-
anism of charge transfer copolymerization,

COMPUTER PROGRAMS FOR REACTIVITY
RATIOS DETERMINATION

Program ESTIM generates the values 117 % gr Y915 U995 Tyos and
ryq, Starting from the experimental data { Ml], [Mz], [c], y)and

from an initial estimation of the parameters according to Marquardt's
algorithm for least-squares error estimation of nonlinear parameters
[14]. In order to avoid false local extrema, different sets of starting
parameters have been used. The best results are obtained when some
parameters can be approximated by Eq. (15), the parameters A9y and
Qg being completely unknown. The program does not constrain the
parameters to be positive, so that the results containing negative
values are considered false local minima for the mean square error.
The precision of parameter determination is imposed by the copolym-
erization experimental error. In order to obtain better precision, an
attempt was made to determine the parameters in two steps by using
different values for the factor v (which modified the value of the mul-
tiplier A from one iteration to another). In the first step the v = 10
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value was chosen, then the iterations were restarted for v = 2, using
as initial values the result obtained in the former step. In this case
the process did not rapidly converge, but an improved precision was
obtained (about 30%).

In conclusion, the estimation of all parameters is more difficult
to perform starting from any conditions; good results are obtained
in the case when 3 or 4 parameters can be predetermined from
Eq. (15) or by other means, the program having to find the values
of the other 2 or 3 parameters.

Program VERIF computes y from Eq. (18) and writes the values
calculated from the experimental points together with the values of y
experimentally determined to be compared. By using this program
it is possible to avoid the choice of a parameter set which, although
it generates a small mean square error, can give systematic devia-
tions in the copolymerization diagram.

The programs were written in FORTRAN and run on a FELIX
C-32 computer,

SYSTEMS ANALYZED BY THE
PROPOSED EQUATION

(a) A B-type copolymerization system having the constants K = 1,
2, = 1, &g = 5, Uy = 3, Qg = 0, Tyg = 0.5, and Tgq = 0 generates

the copolymerization diagram given in Fig, 2, This system belongs to
the most particular case: k22 =0 and kzcz = 0, Equation (15) for

this system gives the plot of Fig. 3. As can be seen, the points lie on
a curve (or on two intersecting lines) and not on a straight line. The
Gauss linearization of the points gives the reactivity ratios listed in

Table 1. From Table 1 it is clear that the approximation gy = 0

0 i i i i i 1 { ] | .

0.5 Fy 1.0

Fig. 2. Copolymerization diagram of the imaginary system.
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FIG. 3. Reactivity ratios determination by Eq. (15) for the imagi-
nary system,

(implicitly done by Eq. 15) leads to erroneous results. The most
affected is et Equation (15) suggests that M1 homopropagation is

four times more probable than CTC addition on the same side, but
in reality the CTC addition is two times more probable than M1 homo-
propagation.

(b) Copolymerization of styrene and difumaronitrile in acetone,
analyzed by Karad and Schneider [8], was used as a test for our equa-
tion. Although K-value was determined in CC1 g and it must be differ-

ent in an electrono-acceptor solvent (acetone) [7], the values given
by the authors for experiments 1-20, 24-29 are used, excluding co-
polymerizations without solvent or in anisole. The results are pre-
sented in Table 2, Data obtained with Eq. (18) are in good agreement
with Karad and Schneider's data. The system belongs to the case
k22 = 0 and kZCZ = 0. The only important deviation is given by the

%9q value which indicates a preference of the Mz-ended macroradical

of almost one and a half times higher for CTC addition than for cross-
addition. %9y from Eq. (18) is identical with ry from Eq. (14). rg has

been found to be zero by Karad and Schneider.
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TABLE 1. Imaginary System

Reactivity ratios

Equation Tic riel Tico Ty
15 0.088 4,19 0.09 0.5
18 0.083 0.50 0.10 0.5

TABLE 2. Styrene-Difumaronitrile System

Reactivity ratios

Calculation method aqq 29 Q9q @9 Tyg ry1
Linear calculation [ 8] 3.85 0.21 O 0 0.15
Nonlinear calculation [8] 3.20 0.70 0 0 0.16
Reference 15 cited by 3.82 3.82 0O 0 0.13
Ref. 8 .
Eq. (18) 5,30 0.10 1.4 0 0.20 0
DISCUSSION

Pittman and Rounsefell [ 9] analyze in their paper the composition-
conversion data which permits the precise determination of reactivity
ratio values. They conclude that such data do not exist in the litera-
ture. However, by analyzing the data in their Tables I and II [ 9], one
can observe that conversions between 5 and 25% for optimum initial
mixtures rarely generate differences in copolymer composition which
can be detected by the usual analytical techniques. Also, they con-
sider the K-value to vary with conversion. Yet, having in mind that
the charge transfer copolymerization model is only a mathematical
approach which neglects many phenomena such as chain transfer to
solvent, even to CTC, and penultimate effects of intramolecular CTC
from the growing chain, one can consider the reactivity ratios obtained
by working at relatively low conversions (5-8%) and with K-values
determined by a spectroscopic method to be sufficient, The validity
of the model can be tested only with more detailed microstructural
information: sequence distribution and configuration. For the co-
polymers studied by us, microstructural investigations are in
progress.

The fact also to be considered is that, if k22 = 0 (which can be seen

on the Kelen-Tiidos plot), it is not necessary that k2C2 should be 0.
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Some systems studied by us generate o, # 0 [12] by the ESTIM and

VERIF programs. Also, the correctness will be verified by micro-
structural determinations.
The definition of aij reactivity ratios is analogous to that given by

Georgiev and Zubov [ 16] for radical alternating copolymerization,

and the reactivity ratios have approximately the same physical sig-
nificance: they determine the preferred mechanism by either CTC
or by cross-addition.

CONCLUSIONS

By changing the definition of reactivity ratios, a more complicated
copolymerization equation is obtained. It cannot be simplified by
linearization, even in most specific cases. However, especially for
systems characterized by less probable homopropagation reactions,
this equation suits the process better. The parameter determination
can be done by the programs proposed, using Marquardt's algorithm
for least-square error estimation of nonlinear parameters.

Listings of ESTIM and VERIF programs are available on request.
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