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KINETIC STRUCTURAL MODEL FOR THE NETWORK
BUILD-UP DURING THE REACTION OF CYANIC ACID
ESTERS WITH GLYCIDYL ETHERS

J. BAUER* and M. BAUER

Institute of Polymer Chemistry “Erich Correns”
Academy of Sciences of the GDR
Kantstrasse 55, Teltow 1530, German Democratic Republic

ABSTRACT

A kinetic structural model is developed to describe the reaction of
difunctional aromatic cyanic acid esters with aromatic bisglycidyl
ethers. Based on the main reactions found—trimerization of the
cyanate groups, insertion of glycidyl ethers into the cyanurate,
isomerization into isocyanurates, build-up of oxazolidinones, phen-
ol abstraction, and phenol-glycidyl ether addition—the reaction
kinetics were modeled by a system of differential equations. The
resulting concentrations of the possible structural elements were
combined with the help of cascade formalism to describe the statis-
tics of the network build-up. The approach is illustrated by discus-
sing the influence of the several reaction steps on the gelation
behavior and the network structure. It was found that a broad spec-
trum of possible structural compositions can be simulated, es-
pecially near the equimolar initial ratio of cyanate to epoxy groups.

INTRODUCTION

The reaction of aromatic cyanic acid esters and glycidyl ethers in bulk
without any additional catalysts was found to consist of six main steps [1]
which are illustrated in Scheme 1.
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SCHEME 1.

Bauer et al. [2] showed that the gelation behavior resulting from the
reaction of difunctional aromatic cyanic acid esters with difunctional
glycidyl ethers is determined by Reactions (1), (2), and (5) only. The
abstraction reaction (5) plays an especially important role by producing
different types of substituted triazines, which shift the critical OCN con-
version to higher values.

The aim of the present paper is to introduce a kinetic/structural model
based on the whole of Scheme 1 (Reactions 1-6) for difunctional mon-
omers. The approach is illustrated by studying the resulting postgel
behavior and discussing the broad spectrum of possible network struc-
tures which result on solving the model equations with different kinetic
reaction constants.

KINETIC MODEL

The different structural elements present during the reaction according
to Scheme 1 are shown in Fig. 1. C, E, and H denote unreacted cyanate,
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FIG. 1. Structural elements present during the reaction of cyanic acid esters with
glycidyl ethers.

epoxy, and hydroxyl groups; T, I, and O are abbreviations for the different
substituted triazine, isocyanurate, and oxazolidinone bridges, and EH
stands for the addition product of a phenolic and an epoxy group. A
model network built up from these units is illustrated in Fig, 2.

The relations between the structural elements can be formulated as in
Scheme 2, where TEC, IEC, and OEC denote triazine, isocyanurate, and
oxazolidinone structures with connections to the aromatic moieties Ar” of
an epoxy and Ar! of a cyanate unit. TE, IE, and OE result from the
abstraction of Ar' in TEC, IEC, and OEC, and have a connection to the
aromatic moiety Ar’ of an epoxy unit, and TA, IA, and OA are the
analogous structural units with aliphatic bridges between triazine, iso-
cyanurate, or oxazolidinone and the aromatic moiety Ar'.

The rates of the six reactions, (1)-(6), can be formulated by using their
ratios of rate constants relative to the trimerization.

(1) Trimerization of cyanate groups:

R, = 3[C|[H]. @)
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FIG. 2. Network formed by structural elements shown in Fig. 1.

The trimerization of cyanates is catalyzed by hydroxyl groups, as shown
by Bauer et al. {3].

(2) Insertion of an epoxy group:

R; = k,[E][TC]. (®)

The insertion reaction is assumed to follow bimolecular kinetics.
(3) Isomerization of aliphatic cyanurates to isocyanurates:

R, = 3k,[E]F>. ©)

The isomerization to isocyanurates is catalyzed by free epoxy groups [1]
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and is assumed to take place only for triple aliphatic substituted triazines.
This fact is taken into account with the help of the statistical factor F,
which is defined as

Fe [TEC] + [TE] + [TA] (10)
[TC] + [TEC] + [TE] + [TA]
To obtain the isomerization rate of the possible structural elements, R,
must be multiplied by [TEC], [TE], or [TA].
(4) Build-up of oxazolidinones:

R, = 3k,[E]. (11)

The reaction rate of oxazolidinone build-up is R, multiplied by [IEC],
[IE], or [IA}.
(5) Generation of phenols:

Rs = k;[C]. (12)

The generation probability of a phenol including the aromatic moiety Ar'
of a cyanate unit and resulting in a structure TE, IE, or OE from TEC,
1IEC, or OEC, respectively, is denoted by a. To determine the build-up rate
of [TE], [1E], and [OE], R; must be multiplied by a and [TEC], [IEC], or
[OEC] (analagous to (1 — a) and [TEC], [IEC], or [OEC] for the build-up
rate of [TA], [IA], and [OA]). The cyanate group acts as a catalyst.

(6) Addition of epoxy and hydroxyl groups:

R, = k(|E]. 13

The concentrations of HC and HE, the phenolic groups, which are con-
nected with Ar' or Ar, must be multiplied by Rq to give the reaction rate of
the addition.

Based on Relations (7)-(13), a system of differential equations describ-
ing the kinetics of the formulated structural elements can be written as
follows:

dc] =-R,

Il

dt
A[Bl = -R,~ RYIIEC] + [IE] + [IA]) — R(/HC) + [HE]),
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L[rC] =R - R,
(TEC] =R, — (R; + R)[TEC],

L[TE] = R{TEC]a - Ry[TE],

LITA] = RJITECIA - @) - Ry[TA],

L[IEC] = RJTEC] - R, + R)[IEC],

L [IE] = Ry(TE} + R{IEC]a ~ RJIE],

[JA] = Ry[TA] + RSIEC|(1 — a) — R([IA], (14)
L [OEC| = RIEC] - R{[OEC],

L [OE] = RJIE] + R{OEC]a,

L0A] = RJJIA] + R{OEC](1 ~ a),

L[HC] = RYITEC] + [IEC] + [OEC]a — RJHC],

L [HE] = R([TEC] + [IEC] + [OEC|)1 ~ a) = RJHE],

U N Sk N Ve e Ve M R e Ve “*Im. Qe

L [EHC| = R{HC],
d _
£ [EHE] = RJHE).

The initial values of the concentrations are denoted by the subscript zero.
This system of 16 ordinary differential equations was numerically solved
by using a Sth-order Runge/Kutta/Fehlberg procedure.

CASCADE FORMALISM

The cascade formalism was introduced by Gordon and coworkers [5-9]
and successfully used by Dusek [10] in studying the cure of epoxy resins. It
describes the polymer molecules as rooted trees which were generated by
the so-called probability generating functions for the number of bonds
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issuing from the monomeric units in the root and the succeeding gen-
erations,

The reaction of difunctional aromatic cyanic acid esters with bisgly-
cidyl ethers in bulk was shown not to be influenced by substitution effects
or additional intramolecular macrocyclizations [2, 4]. Under these con-
ditions, the following probability generating functions for the root de-
scribe the structures build-up from the structural elements defined above:

Foc(z) = [1 = ac + ac(xcrzr + xazp + XcoZo + Xceze)l’s

Foe(z) = [1 = ag + ag(xerzr + Xm2i + XgoZ0 + Xee?E
+ xpczo)l’

Fp(2) = [xrcze + X1eze + XrecZczel’, (15)

Fou(2) = [xicze + xw2e + Xpezezel’,

Foo(z) = zglxoczc + XorZe + XoecZcZEl-
The units resulting from the difunctional cyanic acid ester and glycidyl-
ether monomers are denoted by the indices C and E, and the triazine,
isocyanurate, and oxazolidinone bridges by T, I, and O. The dummy
variables z, through which operations with the generating functions are
performed, indicate the connections between these units. The prob-

abilities of finding the different structural elements are defined by the
following formulas:

Ac = [TC] + [TEC] + [TA] + [IEC] + [IA] + [OEC]
+ [OA] + [EHC],

A = [TEC] + [TE] + [IEC] + [IE] + 2[OEC] + 2[OE]
+ [OA] + [EHC] + 2{EHE],

A; = [TC] + [TEC] + [TE] + [TA],
A, = [IE] + [IEC] + [IA],

Ao = [OE] + [OEC] + [ OA],
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xcr = ([TC] + [TEC] + [TA])/Ac,
xc1 = ([IEC) + [IA])/Ac,

*co = ([OEC] + [OA])/A,

xce = [EHCJ/A,

xgr = ([TEC] + [TE])/Ag,

xe = ([IEC] + [IE])/A¢,

Xgo = (2[OEC] + 2[OE] + [OA])/A,,
xgg = 2[EHE]/Ag,

xgc = [EHC]/Ag,

xrc = ([TC] + [TA])/Ar,

xre = [TE|/Aq,

xrec = [TEC)/Aq,

xic = [TAJ/A,,

x = [IEJ/A,

xwc = [IEC]/A,,

Xoc = [OA]/Ao,

xor = [OE]/A,,

Xorc = [OEC]/A,.

BAUER AND BAUER

(16)
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These probabilities can be calculated by using the solution of the system

of kinetic differential equations (14). In the same way, the conversions of
the functional groups C and E are found to be

ac = Ad/([Clo + [HCly), )
e = Agqg, + [HE]o).
In the case of equal and independent reactivities of all functional groups,
the generating functions of the first, second, etc. generations with respect

to the root are all equal. They are defined by the normalized derivatives of
the generating functions of the root:

F\(2) = F'2)/F,(1). (18)
Thus, for the system under consideration,

Fifz) = 1 — ac + ac(xcrzr + XaiZ1 + XcoZo + XcuZp),

Fieg(2) =1 —ag+ ag(xeZzt + xp21 + XgoZo + XgeZe + XecZe)s (19)

[xrc + x1E + X7Ec(2c + ZE)|
1+ XTEC

Fi1(z) = [xtczc + X7g2e + xTECZCzE]2

[xic + xig + Xipc(zc +26)] ,
1 + xgc

Fiy(2) = [x1cz¢ + x1p2e + XipcZcZe]’

z2g(2xor + 2XorcZc + XorcZE +Xoc) + XocZc.
(2 + x0rc)

Fio(z) =

The gelation condition in terms of the cascade formalism has the
form:

det[8/ — F,/] =0, ij=C,ET,IO, (20)

With the Kronecker delta § equal to 1 if i = j and to zero otherwise. The
partial derivatives F)/ = F\/(1) = 0F {(z)/0z; for z = 1 are given by
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c _ E _ T _ 1
Fic=0, Fi¢ = acxce, Fic = acxcr, Fic= acxers

o _ .
Fi¢c = acxcos

Cc _ E _ T 1
F\§ = agxec, Fi§ = 0gXgE, Fg = agXgr, Fig= apXgr,

o _ .
F\§ = Qgxgo;

x
F§ = 2(xrc + x1pe) + — 55— Fif = 2(x1g + X1eC)
1 + XTEC
+—2IEC . Fl=9, F;=0, F2=0, (2D
1+ XTEC
x
Fif = 2(xc + Xige) + —E—, Fif = 20 + xg0) +
X1EC T 1 o)
+2mc - pTo9o  Fl=0, FP=0;
1+ xom0 1 1 i
F.& = 2x0pc + Xoc F.E= 2 + 2xo5c ~ Xoc
165 TS xo 16 = ) )
X0OEC + XOEC

FL=0 FL=0, F3=0.

The special case in which no isocyanurates, oxazolidinones, and epoxide-
hydroxyl adducts are formed (k; = k, = k¢ = 0) has been treated
elsewhere [2].

The extinction probabilities, v, which describe the probability that a
bond has no continuation to infinity, can be evaluated by solving the
following system of nonlinear equations:

v = Fli(vj)v i’ ] = C’ E, T’ I’ O’ (22)
by a numerical iteration process using Eqs. (21).
The sol fraction contains units issuing bonds with no infinite continua-

tion and is, therefore, given by

w, = ncFoc(v) + negFop(v) (23)
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with the normalized molar fractions of the two components

ne = ([Clo + [HC]o),  ng = ([E]o + [HE]). (24)
A chainin the gel is elastically active if the branching points at its end lead
to at least three paths to infinity. The number, N, of elastically active net-
work chains can be evaluated by using the generating functions T, in
which the probability that a bond is formed is weighted by the probability

for continuation to infinity:

6
Tor = (xrcdc + x16%e + x1ec¥cDe)’ = Zo triz',
6 .
To = (xic¥c + x198 + x5 DE)’ = Zo tz', (25)

Too = Fe(xocdc + xords + x0pc¥c0r) = ,io toiZ',
with
e =ve + (1 — vo)z,
O =ve + (1 — vg)z.
The coefficients ty;, t; and to of z' are the fractions of triazine, iso-

cyanurate, and oxazolidinone units from which issue i infinite paths.
Therefore, the value of Ng is given by

Ne = 120(A’H: + Al + Ao'to). (26)
>3
Rearranging Egs. (25) leads to the coefficients r needed in Eq. (26):
Agr = X1cve + X1eVE + XTECYCVES

Air = xc(l = ve) + xqe(1 — ve) + xpecl(l — vo)ve + (1 — ve)vel,

Ayr = X1ec(1 — vo)(1 — vg),
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Ag = XicVe + XgVe + XipcVcVe

Ay = xic(l = ve) + x(1 = ve) + xecl(1 — vo)ve + (1 = ve)vel,
Ay = xipc(l = vo)(1 — ve), (27)
try = Au(6AorAsr + AjrY),

tre = 3Ax(AgrAsr + Ay,

t1s = 3AAx,

tre = Agr,

ts = A(6AgAL + A,

ty = 3A(AgAy + Ay,

tis = 3ALA,%

te = Ay,

tos = Xorc(l — ve)(1 — vp)2

RESULTS AND DISCUSSION

In order to study the behavior of the derived mathematical model, the
system of kinetic differential equations (14) was solved for different values
of the relative rate constants k; (Table 1) and initial molar ratios [C],:[E],.
The initial amount of phenolic hydroxyl groups needed to start the
trimerization reaction [3] was fixed at 0.01. Furthermore, the ratio of the
generations of phenols with an aromatic moiety resulting from a cyanate
or an epoxide monomer, which was denoted by the parameter g, was taken
as 0.67, where the possible phenol generations were assumed to have
equal probabilities (see Scheme 1). The influence of @ on the results was
investigated in some preliminary calculations, and significant deviations
were found only for the limiting casesa = 0 and a = 1.
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TABLE 1. Relative Rate Constants Used for the Simulations

No. kz k3 k4 k5 k6
1 0.2 1.0 1.0 30 1.0
2 02 1.0 1.0 30 0
3 0.2 0.01 1.0 30 1.0
4 2.0 1.0 1.0 3.0 1.0
S 20 1.0 1.0 3.0 0
6 20 0.01 1.0 30 ‘1.0
7 0.2 1.0 1.0 0 1.0
8 02 0.01 1.0 0 1.0
9 2.0 1.0 10 0 1.0

10 20 0.01 10 0 1.0

10

6

N
(A
3
F05 2
1
0 N 1 2
0.2 0.4 0.6 08 1.0
CGc

FIG. 3. Plot of gel content w, = 1 — w, vs OCN conversion ac for rate constant set No. 4
(Table 1) and varying [Cly: (1) 0.3, (2) 04, (3) 0.5, (4) 0.6, (5) 0.7, (6) 0.8, (7) 0.9.
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FIG. 4. Same as Fig. 3 for rate constant set No. 9 (Table 1).

The importance of the phenol generation reaction (12) for the gelation
behavior is shown in Figs. 3 and 4. It can be seen that without any phenol
generation, a rapid increase of the gel content for low cyanate conversions
takes place. This effect becomes greater for the low initial epoxy contents
because the formation of more than three-functional junction points (sub-
stituted triazines and isocyanurates) plays an important role in this region
[2]. On the other hand, with an increasing amount of epoxy groups, an in-
creasing part of these junctions can be rearranged into three-functional
oxazolidinones, which results in gelation at higher conversions. Further-
more, for the same reasons, the number of elastically active network
chains, Ny, increases with increasing initial cyanate content and decreases
with increasing phenol generation reaction as can be seen in Fig. 5. For
smaller relative insertion constants, the observed differences also be-
come smaller.

The dependence of Ny at 99% conversion on the initial composition of
the reaction mixture for different sets of the relative rate constants is
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(Cl,

FIG. 5. Dependence of Ny at 99% conversion on initial cyanate content {C] for reaction
constants sets No. 4 (a) and 9 (b).

shown in Fig. 6. It can be seen that for [C], ranging from 0.5 to 0.7, the in-
fluence of the rate constants on Ng is significantly higher than at a high ex-
cess of one functional group. On considering the reaction scheme, it
becomes clear that in this region the chance for building up the different
structures, especially those with epoxy units (substituted triazines, iso-
cyanurates, oxazolidinones, and phenol adducts), passes through a max-
imum. The structural compositions resulting from the used sets of con-
stants at equimolar initial concentrations [C], = [E], are illustrated in Fig.
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0 05 10

[Clp

FIG. 6. Dependence of N at 99% conversion on initial cyanate content [C], for different
reaction constant sets (see Table 1).

7 to give a better understanding of the following discussion of the in-
fluence of the particular rate constants.

The importance of the epoxy-hydroxyl addition can be seen by compar-
ing Curves 1 with 2 and 4 with 5 in Fig. 6. When the absence of addition is
assumed (ks = 0), all the phenolic hydroxyl groups remain unreacted as
dangling ends inside the network, which results in a decrease of Ng. The
same effect appears at higher insertion constants k, if the phenol generat-
ing constant are unchanged (Curves 1 and 4, 2 and 5). There are not
enough epoxy groups to link all the formed hydroxyls to the network via
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= ] i

'7

concentration

A

FIG. 7. Concentration of structural elements at 99% conversion for the reaction constant
sets from Table 1 at the equimolar point [C]y = [E],. A: [TEC] + [IEC]. B: [TC] + [TE] + [TA]
+ [IE] + [IA]. C: [OEC]. D: [OE] + [OA]. E: [EHC] + [EHE]. F: [C] + [E] + [HC| +
[HE]).

propan-2-ols, so that the number of free ends increases. No such effect
takes place if the phenol generating reaction is negligible, which can be
noticed from Curves 7 and 9 or 8 and 10.

The key reaction for the build-up of oxazolidinones is the isomerization
of alkoxy-substituted triazines into isocyanurates. A comparison of
Curves 1 with 3 and 4 with 6 shows that only small amounts of ox-
azolidinones result from low isomerization constants. On the other hand,
the formation of higher functionalized triazines becomes stronger and,
therefore, Vg increases. Without phenol generation (Curves 7,8 and 9, 10),
the oxazolidinones become exclusively three-functional and act as ad-
ditional junction points inside the network.

Summarizing all these facts, it is apparent that a broad spectrum of
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chemical and structural network compositions can be stimulated with the
help of the derived model. The identification of the reaction constants for
real chemical systems and some conclusions resulting from them will be
the topic of a subsequent article.
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