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Sunmary

The curing theory for polycondensation reaction of Aa-BpCe type is
investigated in detail to give gelation condition explicitly. Furthermore,
a recursion formula for evaluating the polymer moments is obtained. This
formula is suitable for both pre-gel and post-gel.
1. Introduction

As is well known, the curing theory for polycondensation reactions
has been initiated by Flory-Stockmayer(1l,2). Miller and Macosko(3,4) have
proposed a recursion method in dealing with the problem of post-gel prop-
erties of network polymers. It is known that in the theory of branching
processes, the probability generating function with differentiation tech-
nique proposed by Gordon(5,6) can be used for evaluation of polymer mo-
ments. In the previous papers(7,8), a reasonable way to approach Ag and
Aqy...Ags-By) ...Bpt polycondensation reactions has been proposed by the
present authors. In this paper, the polycondensation reaction of Aq-BpCc
type is investigated involving monomer Aq with a- functionalities in re-
acting with monomer B,Cc with b- and c- functiocnalities. The sol fraction
for post-gel is discussed in detail to approach gelation condition by
taking Stockmayer's Ap-Bp result as a criterion(2). By means of Lagrange
expansion of sol fraction, the equilibrium number fraction distribution is
deduced. Furthermore, by applying a direct differentiation technique to
the equilibrium distribution, a recursion formula for polymer moments is
obtained. This formula is suitable for both pre-gel and post-gel in eval-
uating the polymer moments explicitly.
2. Sol Fraction, Gelation Condition and Distribution

In this section, we shall make use of the explicit form of sol frac-
tion to approach both gelation condition and equilibrium number fraction
distribution.

Let us consider a system involving monomer Agq with a- functionalities
and monomer BpCe which contains two species B and C associated with b-
functionalities and c- functicnalities, respectively. The system charac-
terized by Aaq-B,Cc means that the chemical reaction takes place only be-
tween A and B, or A and C. In order to make our discussion easier, some
notations are prior introduced such that, D, ¢ the total equilibrium frac-
tional conversion of species A; p, (P, )t the total equilibrium fractional
conversion of species B(C) associated with BpCe; Py the sol equilibrium
fractional conversion of species A; Py (p!): the sol equilibrium fractional
conversion of species B(C) associated with BpCe; Sq: the sol fraction of
Ay; Spe: the sol fraction of ByCe.

During the course of polycondensation, the number of reacted func-
tional groups of type A must be equal to the sum of the nurber of reacted
functional groups of type B and type C to give
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p, = (b/a)mp +(c/a)p,, T = N /N, (1)

where Ng and Ny are the number of monomers with respect to Ay and BpCe.

Under the assumptions of equireactivity and no intramolecular reac-
tion occurred in the sol, it is not difficult to find, from probability
considerations, that the nine quantities DPgr Pg» Py pb, Fk' Fk' Sqr She s
and r are subject to the five independent relations by writing

1-p/ 1- p a

Sa :( 1p* —g_rpbsbc—T:EE*A+ _E_rpc “be 1-p_ > (2)
1-p 1-p! l—p a-1

Sa_Tjﬁi_ :< 1_pa+ _E%ipbsbc l—p: * _E_Ipcsbc l—p ) (3)

l—pa o] 1- p

Spe = <}—pb+pbsa—T§§;_> <l PP ST o, > (4)
l—pé 1—pé b-1 l—p'

de_Tjﬁg_ = <l_pb+pbsa_1:§;_> ( 1 P54 l-p, ) (3)
l—pé l—pé b 1-p! \c-1

Sbc—I:E;_ - (l-pb+pbsa_T:§;—> <1 PP S, 1p, ) (6)

Relations (1)-(6) signify that only three of the nine quantities mentioned
above are independent.

Now let us turn our attention to the gelation condition. With the aid
of Egs.(2) and (3), the sol fraction S_ can be expressed as

1-p a
s, = <————$— > . (7)
a l—pa
Applying Egs.(3)-(7) to Eqg.(2) together with Eq.(1l) yields
p_ = [l—S;/a+ —mp ((l-pb+pbséa"l)/a)b(l—p sp s{a/ayert.

~(1-p,+p, S éa 1)/ajo-1.; -p_+p_5 (a 1)/a C)}[l—(l-pb+

(a-1)/a,b-1 (a l)/a c}
+D, S, )" (1-p o S, ) (8)
When Sg=1, p, in Eq.(8) becomes indeterminate, i.e. 0/0, and then, appli-
cation of the L'Hospital's rule leads us directly to the result
[(a-1)/a]llb(b-1)rpZ + c(c-1)rpZ + 2bcrpp 1 = 1 . (9)

This relation is the gelation condition of polycondensation for type

Ag-BpCc. If the monomer of type B,Cc reduced to the monomer of type By,

i.e. c=0, the gelation condition in Eq.(9) turms into the form
(a-1)(b-lip_p, =

This is the well known gelation condition, due to Stockmayer(2), of the
polycondensation reaction of type Ag-Bp.
By making use of Lagrange expansion(9) of sol fraction $

:E: ZE:, (m+ 1)P (1,i') (10)

ll'
i+it=m+1-1
with
S = Xasa+Xchbc' Xa = Na/(Na+Nbc)’ Xbc = Nbc/(Na+Nbc) (11)
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we can find, with the aid of Sg and Spe in Egs.(2)-(6), that the equilib-
rium number fraction distribution P l(i,i') takes the form

P (A" = X0 (L,anr el (1p) P H1p )P (1p )T (12)
with
1
iy _ LS a(am-m)!(m-1)!
G (111 = ( a ) ml(ammo1+ 1) 1 (bl-1) ! (cl-1")1
(bl-j)i(cl-1+i)! (b
Zj SRR e (13)

Note that the expansion formula of sol fraction S in Eg.(10) is just the
first moment M,;, i.e. S=M;. It is worth while to point out, due to Stock-
mayer(2), that the distribution Pp)(i,1i') in Eq.(12) is defined into the
post-gel region, where it becomes an improper distribution with total mass
equal to S, the sol fraction. This implies that the later expressions for
the kth moment My expressed in terms of Ppy(i,i') hold only for sol. For
brevity, we only state without proof that when the monomer of type BpCc
reduces to the monomer of type Bp, i.e. c=0, the distribution in Eq.(12)
can reduce to the well known Stockmayer distribution of the polyconden-
sation reaction of type Aq-Bp(2).
3. The Polymer Moments

In this section, we shall deal with the recursion formula of polymer
moments by means of a direct differentiation technique. This formula is
suitable for both pre-gel and post-gel in evaluating the polymer moments
explicitly.

By use of the equilibrium number fraction distribution P l(1 i') in
Eg.(12), the kth polymer moments My are defined as

Mo=> S (m+ 1R (440, k=0,1, 2,... (14)

m,1,i,i!

i+i'=m+1-1
In section 2, we have mentioned that in the nine quantities p,, D,. Dy,
Par P.r B+ Sas Spe and r, only three guantities are independent. Let us
choose p,, p., and r as independent partial differentiation variables to
differentiate the both sides of Eq.(14). As a direct result, three alge-
braic equations can be obtained. By solving the algebraic equations, a
recursion formula of polymer moments involving Mg and Mg+; can be deduced

1 oM oM oM
Mer1 = ﬁ@“ﬁ( * Flop By )+ Pelimee ) gp =T IraT)

C

(15)

where
D° =1 (16)
D = [{a-1)/al[b(b- 1)rp2 + c(c- l)rp2 + 2bcrpbp (17)
E = (1/a)X [a + b(b- l)rpb + c{c- 1)rp2 + 2ap + 2bcrnb ]+
+ l/a)Xbc[a + (a- l)brpé + (a- l)crpé] (18)
=1+ (a—l)pa (19)
1= (bptcp,) + brpZ + crp? - ap_ . (20)

The recursion formula in Eg.(15) is suitable for both pre-gel and post-gel
in evaluating the polymer moments explicitly. When the zeroth moment M,
X (1- ap , for pre-gel(D<D°)
M, :{ Xbc (21)

XaS (1- ap Xbc e ! for post-gel(D=D°)
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is taken as the starting point for recursion, one can find that the right
hand side of recursion formula produces a factor D°-D in the numerator, it
cancels the same factor D°-D in the denominator to eliminate the diver-
gence of M; for D=D° to give
1, for pre-gel(D=<D°)
Ml = (22)
S, for post-gel(D=D°)
Furthermore, from the first moment M., we can obtain M

1’ by means of
consecutive recursion

2!

Wz/(D°—D) , for pre-gel(D«D°)
M, ={ ' (23)
U2/(D—D°) , for post-gel(D=D°)
where
W2 =E (24)
bSa bsbc
U2 = - [ES + IXaXbc(Sbc—Sa) + F( pb(l—pb)(Xa bpb Xbc bpb

S, T z; VSpe
aZ)p Xbc Z)p ) M Ir(X Xbc dr ] (25)

For brevity, the explicit expressions of partial differentiations S /bz,
VSpe /2Zs 2 = Dypr Per T in Eq.(25) are omitted here.

From the expression of M, in Eqg.(23) which is taken as the starting
point, one can approach, by repeated application of the recursion formula
(15), a general expression of the kth moment Mk for k=2

{Wk/(D° D)2k 3, for pre-gel(D<D°)

+ P (1-p ) (X

M = 2k-3 (26)
U, /(D-D%) , for post-gel{Dz=D°)
where Wk and Uk are subject to the same recursion formula
b k-1
Ohk1 0Ly 1
- 3
+ p(1 PC'Z)PC 1+ Irr > (27)

with
= [(a—l)/a]( Fp, (1-py ) [2rb(b-1)p, + 2rbep | + Fp (1-p )l2rc(c-l)p +
+2rbcpb] + Ir[b(b—l)p,é + c(c—l)pé + 2bcpbpc]) (28)

Note that Ly is used to denote either Wy for pre-gel or Uy for post-gel.
It is obvious that the expression for Mk in Eqg.(26) diverges for k=2 when
D=D°, and the gelation condition is deduced immediately

D -D° = 0. (29)
This expression is in accordance with the form in Eq.(9) deduced from sol
fraction in section 2.

By the same way as we have done in the previous papers in treating
the polycondensation reactions(7,8), the scaling study(10,11) can proceed
without difficulty to reach the same generalized scaling law.
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