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Summary

The network build-up by the polyetherification of a diepoxide
released by hydroxyl groups formed in the primary reaction with
diamine was treated by combination of the kinetic and statisti-
cal branching theories. The critical polyetherification conver-
sion at gel point was shown to depend on the initial amine/epoxy
molar ratio. Application of a purely statistical approach led to
relatively large deviations.

Introduction

The polyetherification (homopolyaddition, homopolymerization)
of epoxy groups is a major source of bond formation in many im-
portant curing agent-epoxy resin systems. It is released by an
initiating species and propagation occurs usually by an ionic
mechanism (1,2). Often, the initiating species are proton donors
which open the epoxy ring under formation of an OH group which
itself serves as a proton donor, i.e. a reactive (living) end
of the growing chain.

The polyetherification of excess epoxy groups in diamine-di-
epoxide curing is an example of such initiated reaction. The
amino alcohols formed by the addition of epoxide to primary or
secondary amine are sources of proton donors and at the same time
basic catalysts for polyetherification. Since their basicity is
rather low, polyetherification sets in only after the amino groups
have been practically consumed (3). A similar situation arises
in the reaction of polycarboxylic acids with polyepoxides cata-
lyzed by tertiary amines in which polyetherification commences
after almost all carboxyl groups have reacted (4).

The network build-up in the curing of epoxy resins is of great
interest for the understanding and prediction of formation-struc-
ture-properties relationships (5). Until now, exclusively the
statistical approach has been used for polvetherification accom—~
panying the epoxy-amine curing (6), polyetherification released
by diphenols (7,8),0or the tert.amine initiated curing of diep-
oxides with cyclic anhydrides (9). However, in the preceding com-
munication (10) it was shown that the application of the statis-
tical approach teo initiated reactions can be the source of a con-
siderable error. The aim of this communication is to explain the
branching theory applied to curing of diepoxides with diamines
accompanied by polyetherification which is based on a combination
of the kinetic and statistical theory and to demonstrate the er-
ror arising from the application of a solely statistical approach .
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Theory

Let us consider the reaction of a diamine having amino groups
with independent reactivity but with a substitution effect in
each amino group and a diepoxide with an independent reactivity
of the epoxy groups. As has been shown in Part I (10), the treat-
ment consists in three steps:

a) The connections between independent groups are cut and the
points of cut labelled a or e

A—A — 2 a-—24_, E—E - 2 e—E
P P b

where Ap is the primary amino group and E the epoxy group.

b) The A, +E, Ag+E and -E +E reactions are effectuated and
the amine-polyepoxy clusters are generated. Schematically,

a atXEE—e, a__A (E) (A E)
P R S I X S X
’., e
R l+(y—x) E—e (1)
Lt
(B, ¢--- a——At(%‘)y (AtEy)
transfer e

where A and A, are secondary and tertiary amino groups, re-—
spectiveély. The distribution of clusters A,, A E, is obtained

by solving the corresponding set of kinetic differential equations
given by the reaction mechanism. For the given reaction con-
ditions, not only the A+E addition and E+E etherification re-
actions, but also possible termination by chain transfer or de-
activation (2) must be taken into account. Then, also clusters
of type (IE)Z are generated by reinitiation and have to be taken

e
into consideration.
For addition and propagation without termination, the reac-
tion scheme can be written down as follows

A E %?2//// \\Jﬁi A_E (2)

where kA kA2’ kE are the apparent rate constants the values

-II
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of which depend on the concentration of catalytically active
species and thus on conversion (2}.

c) In the last step, the points labelled a and e are combined
into pairs a-a and e-e, so that the original bifunctional units
are restored. This combination of clusters is effectuated by the
statistical (cascade) method. Formation of inactive rings is not
considered.

Cascade generation from clusters: The building blocks for gener-
ation of branched and crosslinked structures are represented by
unreacted epoxy groups E as well as clusters AgEyx and AtEy
which include Ap; their molar concentration is denoted by[] .
The distribution of AgEy and AtEy is conveniently expressed by
generating functions (gf) g1(2) and gp(Z2) defined by

= X — X
91(2) = E[ASEX]Z /N g(asex)z ' )
_ Y - y
g2(Z) = §[AtEy]Z /N §(atly)z
where Z is the variable of gf and N = [Ap]+§[ASEx]'F §[AtEy]‘

Using the theory of branching (cascade) processes, the pro-
bability gf for the number of a-a or e-e bonds Fqc and Fgg
issuing from slusters or an E-e unit, respectively, are given by

FOC(Z) = ag ¢+ g1(ZE) + g,(25) zop (4)
FOE(Z) = 2z (5)
where a, = [Ap]/N and ZE = ¢1zec + ¢22eE (6)

The variables zgc, Zgp are related to e-e bonds extending to an
E unit built-in in a cluster and to an unreacted E group, re-
spectively, and zcp to an a-a bond extending (necessarily) from
a cluster to an A unit (in a cluster) (the subscript C is in
fact superfluous but is retained because of unified notation).
The ¢1 and ¢, are the probabilities that the e-e bond extends
either to E in the cluster or to an unreacted E and are de-
fined by

[El, = [E,]
b, = —0_ 0 _ , 0, =1 =6, , (7)
1 E 2 1
[E],
where[E], is the initial and [E,] is the actual concentration
of unreacted epoxy groups and o, is the conversion of E groups.

Since the z's are related to the probabilities of existence
of the bonds that are active in branching, the pgf's for units
in generations g> 0 are as follows

F . (2) =[BFOC/BzeC + BFOC/BzeE]/A_] =lgg (25) +9r5(ZE)]/A1 (8)

= = 9
P z) BFOE/BZec + BFOE/BzeE 1 (9)

eE(
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FAC(Z) = BFOC/BZC ap + g1(ZE) + gZ(ZE) (10)

A

with g'(ZE) = Bg(ZE)/BZE and A1 = g%(1) + gé(1) =

Ix(age,) + zy(atey) = ([Bly - [EgD) /1Bl

X

where [A]l, is the initial concentration of amine groups. There-

fore, 0
A, = ([E]ly/[Algla, = rpag (11
The gel point condition is given by
det A = det(FFl - 3¥l) = o (12)
ij i3
kl _ . Gkl L
where Fij = [Z)F‘ij(z)/azkl]z:1 ; 6ij is equal to 1 for ij k1

and zero otherwise. Because of three F;;(Egs.(8)-(10)), det A
is a 3x3 determinant the solution of which yields

1 - ¢1A2/A1-—¢1A1 =1 —aE(Az/rEocE + rEaE) =0 (13)
where
A, = }Z{x(x—ﬂ(asex) + gy(y—ﬂ(atey) (14)

This approach is applicable to a routine calculation of mol-
ecular weight averages and extinction probabilities Vecr VeEr
vac determining the postgel characteristics, such as the sol
fraction and concentration of elastically active network chains.
However, the limited size of this contribution does not allow us
to go into details of this calculation.

In the next section, the postetherification of excess epoxy
groups occurring after completion of the epoxy-amine reaction
will be treated in more detail.

Postetherification in amine-epoxy curing: Build-up from clusters

For usual polyamines and Bisphenol A diglycidyl ether type
resins, the basicity of the aminc alcohol is so weak that kg «
& ka1, kap, i.e. etherification occurs only after the primary
and secondary amino groups have been exhausted. Then, we have

kg
Ath + EO —_— AtE3

kg
E3 + Ej > AEy

(15)
A

ves

The corresponding set of kinetic differential equations can be
transformed into a single differential equation (17) for the
number fraction fg, g(ZE),

9(zy) = JIAE 125/N = [(ace )zg (16)
x=2 X=2
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dg (Zg)

— = g2 ) (Z,- 1) [E;] (17)
2kgdt R 0

The decrease in the concentration of unreacted epoxy groups [Eg]
is given by

alEy],

= - [EJ[A_.] = - [EJ]IA] (18)
— oAy o Bl

Egs. (17) and (18) give

dg (Zg)
—E;——— = - G(ZE)(ZE'-1)rE (19)
0
where
Iy = [E]O/[A]O and e, = [EO]/[E]0 = 1-—uE (20)

o is the total conversion of epoxy groups. The conversion of
eXcess epoxy groups into ethers OETH is given by

[El, - 2[al ~ [E,] roa -2
o = 0 o~ "o’ _ % (21)

ETH
[EJO—Z[A]0 rE—2

The solution of Eqg. (19) with boundary conditions g(ZE) = 7. for
rgeqg = rp -2 gives

g(ZE) = Zée(ZE—1)paETH (22)

with p = rE—2

In the last step, the clusters and unreacted epoxy groups are
combined using the cascade method(cf. Egs. (4)-(5)). The pgf for
the number of bonds issuing from clusters and epoxy units in
the root can be written as follows

2

= = (Zo =Moo
Foc(Z) = 2,,9(27) ZopZg® E ETH (23)

FOE(z) = ZE , (24)

where

ZE = ¢1zec + ¢2zeE and ¢1 = op oy ¢2 = 1-aE.
The pgf's for units (clusters and unreacted epoxy units) in gen-
eration g> 0 are obtained by differentiation (cf.Egs.(8)-(10))

(2. - 1)po
E?ac® F ETH(2 + Zgpopmy) (25)

FeC(Z) =

2+ Popmy
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FeE(Z) =1 (26)

_ 52 (2,-1)pa
FAC(Z) = ZEe E ETH (27)

The gel point condition is obtained from the determinant A
(Eq. (12) or (13)) which gives
1T - (2 + pa

) (3 + 2pa =0 (28)

ETH era’ /T

Build-up from units

In this case, structures are built-up from diamine and di-
epoxide units. The pgf's for the number and type of bonds issu-
ing from units in the root are

o
FoplZ) = zpp (29)
Foal2) = leg + e (Wyzpp + Uy2pa) (W Zpp + ‘Pz”z (30)

where e, and g9 are fractions of unreacted and reacted epoxy
groups, respectively (obviously, €1 = ag, € = 1-ag), ¥1 and
Y2 are the probabilities that the bond issuing from a reacted
epoxy unit leads to another epoxy group and to an amine group,
respectively,

Yy = 2081/ ([E1 g = [Eg)) = 2/rgap + ¥y = 1-0, (31)

The subscripts in variables zyy mean that the bond extends from
unit I to unit J in the next generation. The construction of

For suggests that the probabilities for an epoxy unit to be bound
to an amine group or to an epoxy group are considered independent
of the length of the particular epoxy sequence of which the unit
is a part.

The pgf's for the number of bonds issuing from units in gen-
eration g >0 is again obtained by the differentiation of Fpp and
Fog: thus

3
FpalZ) = zpq

Fap(#) = (Wq2pp *¥p) [8g * £ (Wy2pp + ¥p2pa) (Vy2gptip)] (33)

(32)

Fpp(2) = [0, (0 + 2g,) + 20 2pp ) leg + eg (Vg Zpp* Vozp ) W Zget )] (34)

The subscripts XY in Fyxy mean that pgf describes the distribution
of bonds issuing to the next generation from unit type Y rooted
by the bond extending from unit ¥ to unit X in the preceding
generation.

Again, the gel point condition is obtained by equating the
3x3 det A of derivatives of Fgp, Fpp and Fgg to zero (cf.Eq.(12)),
which yields

1- 1,()1 (1 + 81) - 31,{)11P2(1 + 51)(1 + 261) —38,!(1)2[1—11)2(1 +€1)] =0 (35)

or the equation
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23 2 2 _
rpon + ZaErE(SaE + 8aE + 2) ~12(1 + aE) =0 (36)

which can be transformed into a dependence of appg by making
use of Eq. (21), i.e. op = [aETH(rE-—Z) +2]/rE.

Comparison of the two approaches and conclusions

The difference between the build-up from kinetically gener-
ated epoxy-amine clusters and the statistical build-up from di-
epoxide and diamine units is demonstrated by the critical con-
version of excess epoxy groups appg at the gel point. In order
to reach gelation, the chain termination by unreacted epoxy
groups due to off-stoichiometry and the alternating type of
epoxy—amine addition must be counterbalanced by the formation
of epoxy-epoxy bonds. Egs. (28) and (36) express the dependence
of the epoxy/amine ratio rgp on the conversion of excess epoxy
groups necessary to reach gelation. Fig. 1 shows that agpp is
expected to be rather low in order to prevent the system from
gelation and that rp must exceed 6 (the possible substitution
effect in the amine group is irrelevant).

Comparison of the two approaches shows that the difference
between the results obtained using the two approaches is rather
significant. This means that any experimental results have to
be tested against predictions derived from the cluster model.
In reality, the transfer and termination reactions may inter-
fere, which is expected to be reflected particularly in theagpy
vs. rg dependence at higher rg. In addition to model experiments,
the gelation experiments in real polyfunctional systems can help
in elucidating the polyetherification mechanism.

00 |- N

005 I~

log

Fig.1. Dependence of the critical conversion of excess epoxy
groups dappy in diepoxide-diamine systems on the initial
epcxy/amine ratio, rg. 1 - build-up from clusters generated
kinetically, 2 - statistical build-up from units
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