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ABSTRACT: The copolymerization of an epoxy resin [1,4-
butanediol d;glycfg;l ether (DGEB) (Note a)] wit an
anhydride [cis-1,2-cyclohexanedicarboxylic anhydride
(CH{% in the presence of N,N-benzyldimethylamine (CA) as
a ca alet produces a branched epoxy polymer. We show
that the branchln? kinetics of the copolymerization
reaction and the molecular weight distribution of the
branched polymers can be approximated by using
Smoluchowski's coagulation equation. In the simples

relevant application of this equation to our problem,
the overall rate kernel w(u,v) that describes the
branching probability in the equation turns out to be
proportional to the sum of active sites on the two
polymers with a time dependent coefficient. The
molecular weight distribution (MWD) and the weight
average molecular weight of the branched copolymers at
different reaction stages before the gelation threshold
are calculated theoretically. The calculated values are
then compared with the experimental results obtained b{
using small angle X-ray scattering (SAXS), laser ligh

scattering (LLS), and chemical analysis. Satisfactor¥
agreement between experimental results and the use o

the coagulation equation is attained when it is assumed
that the distribution of epoxy polymer molecules is
exponential in the number of branching points or,
equivalently, active sites, at an early stage of the
polymerization reaction.

INTRODUCTION

Highly branched epoxy polymers are produced by the copolymeri-
zation of epoxy resins [for example, 1,4-butanediol diglycidyl
ether (denoted by DGEB)] and an anhydride [for example cis-
1,2-cyclohexanedicarboxylic anhydride (denoted by CH)] with
triamine [N,N-benzyldimethylamine (denoted by CA)] as a
catalyst. In previous articles (Ref.1-4), we have shown how

*) Address 1 is present address.
Note a: Systematic IUPAC nomenclature: 3,3'-tetramethylene-

dioxydi-1, 3-epoxypropane
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the three-dimensional epoxy polymer networks are formed. For
the complex curing process (Ref.5), several partially
conflicting reaction mechanisms have been proposed to describe
reaction initiation and the reaction order. In the context of
the present analysis, it is not crucial for us to know how
the reaction is initiated especially when we focus our
attention on the branching kinetics in the curing process. We
shall show that the branching kinetics of the copolymerization
reaction and the distribution of highly branched epoxy
copolymers can be reasonably described by Smoluchowski's
coagulation equation applied in a novel way. The equation has
long been applied to study the structure of the clusters
produced by kinetic aggregation of colloidal particles,
typically with time-independent reaction kernel w(i,j) (Ref.é6-
15). Here, instead, we are led to a kernel that describes a
branching probability w(i,j) which is proportional to the sum
of active sites on the two polymers, i.e. w(i,j) « (i+j) where
i and j are the number of the active sites on polymers i and
j, respectively, but with a time dependent coefficient of
proportionality. We found that the kinetic equation can be
solved explicitly to obtain the molecular weight distribution
(MWD) and the weight-average molecular weight (M) at
different reaction stages.

Experimentally, we used a small angle x-ray scattering (SAXS)
at the State University of New York (SUNY) X21A2 beamline,
National Synchrotron Light Source (NSLS, BNL) and laser light
scattering (LLS) to measure the angular distribution of
absolute scattered intensity (I(6)) at different reaction
stages. The extent of conversion was determined by the
chemical analysis. From I(4), we can determine the weight
average molecular weight. The experimental results were
compared with the calculated values based on an analytical
solution of our modified form of the Smoluchowski coagulation
equation. Satisfactory agreement is obtained when we assume
that the distribution of epoxy polymer molecules is
exponential in the number of branching points (or
equivalently, of active reaction sites) at an early stage of
the polymerization reaction.

BRANCHING KINETICS

The copolymerization of DGEB and CH in the presence of CA is
dominated by alternating linkages between DGEB and CH, i.e.
the reactions between the epoxy resins and between the
anhydrides are suppressed (Ref.16). Highly branched epoxy
copolymers are formed in the copolymerization reaction because
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the sum of the reaction functionalities of DGEB (two epoxy

rings which can form four chemical bonds) and of CH (one
anhydride ring which can form two chemical bonds) is six. This
is larger than the gelation criterion, i.e. a minimum total of
five functionalities is needed to form a branching point.
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Fig.1l. Schematic representation of copolymerization of an
epoxy resin (DGEB) and an anhydride (CH). The reaction is
dominated by alternative linkages between DGEB and CH. Each N,
unit shown is assumed to include n active sites (not shown)
associated with one-half of the 2n terminal positions which
are associated with the symbol =--- denoting a further linear
chain segment. (Note that the n appearing in the coefficients
of the reaction displayed at the top of the figure are
unrelated to the n denoting active sites).

Figure 1 shows graphically how the branch points are formed in
the copolymerization reaction. At the initial reaction stage,
most of the polymers formed are linear. As the reaction
proceeds, the degree of branching of the branched epoxy
copolymer increases (Ref.3). Finally, a three-dimensional
network is formed at the gelation threshold.

We know that the triamine CA plays a very important role in
initiating the reaction because without triamine as a
catalyst, the overall reaction is very slow. But it is not
clear how the triamine starts the reaction, i.e. we do not
know whether the triamine molecule first reacts with the
anhydride molecule or with the epoxy resin. However, when we
consider the branching process after the initial reaction
stage, it is not important for us to know the exact initial
reaction mechanism. For convenience in discussion, let us



78

adopt Fischer's initial mechanism (Ref.16): the triamine
molecule reacts first with the anhydride molecule to form an
anion (active site) on the anhydride molecule, the anion
further reacts with the epoxy ring on the epoxy resin to form
another anion on the epoxy resin, and so on. In Figure 1 one
half of the chain segments symbolized by the dashed lines are
assumed to be terminated by CA molecules, not shown in the
figure.

We shall make our analysis under the following assumptions,
which shall subsequently translate into precise quantitative
statements:

1) The number of the active sites in the system is constant
and equal to the initial number of CA molecules in the system,
which can be understood either as no transfer of CA and no
termination of the active site at all or a transfer is always
corresponding to a termination.

2) The average frequency fTOT(t) with which an active site and
an epoxy ring react does not depend on the structure of the
molecule upon which the active site is located.

3) Rings do not form during the polymerization process.
Clearly these assumptions define a highly idealized model that
describes a process far simpler than the polymerization
process of a particular epoxy system under study. As is
typically the case when one begins to model a strongly
interacting many-particle system, we are looking for the
simplest possible model that captures the essential elements
of the process we seek to understand and describe.

We shall use the number of active sites n rather than the
number of monomers as the key index in describing the
evolution of the system. This use is the most novel
fundamental feature of our theory and is different from other
theoratical approaches. As shown in Figure 1, an epoxy-polymer
molecule with n active sites will be denoted by EPM,. There is
an important (approximate) relation between mass distribution
and active-site distribution that assures us of experimental
access to the information included in our theory. It is

m, = kn (1)
where m, is the mass of an EPM, molecule and k depends only on
time.

Based on assumption 1 and the reaction mechanism described by

the remaining assumptions, the number of branching points ny,
and the number of active sites in one EPM, are related by

n, =n - 1 (2)
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Let us next consider the expression for the average
frequency f£(EPM,) with which a given active site reacts with
an EPM, molecule. It follows from assumptions 1 and 2 that
f(EPMn) can be expressed as

5 & N, (t)
10T (®) N o (8] + Npggp (6 (3)

£(EPM,) =

Here N (t) is the number of EPM_ molecules at time t while
NEPM(t) and NDGEB(t) are total number of EPM molecules and
number of unreacted DGEB units, respectively, at time t.
During the reaction of an active site with an epoxy ring, a CH
unit is consumed. Therefore, the total frequency fq gy with
which an active site reacts with an epoxy ring is given by

-dN . (t) /dt
_ CH
fTOT(t) - NCA (4)

where NCH(t) denotes the number of CH units at time t and Neoa
is the number of CA, i.e., the number of active site, which is
time independent (assumption 1).

For a linear chain, the number of reacted DGEB and CH units is
equal. However, when each branching point is formed the active
site reacts with an epoxy ring in the polymer and therefore
one less DGEB unit is used up in the reaction (when compared
with the reaction without branching). Therefore we have:

Npgep(E) = Npgep(0) = P(E)Ncy(0) + Ny, (5)
Ny (£)
where p =1 - ﬁgﬁTET (6)

is the extent of CH conversion, p(t)Noy (0) is the number of CH
molecules used up and Np is the total number of branching
points in the system, which can be simply evaluated from Eq.
(2) and assumption 1. Namely, we have

Ny = p&ympNp (k) = (&) (n - 1)N,(t)
= p£10n () = pENL (D) 7
i.e., Ny = Nop - Nppy (8)

Now, collecting Eqs. (3)-(6) and (8) one gets the following
simple expression for £ (EPM,)

£(EPM,) = £, (t)N(t) (9)
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where the time-dependant coefficient fa(t) is defined by

£.(t) = -chH/dt (10)
A NCANCH(O) [ - p(t)]

Npggg(0) + N
with g = DGEI%CH o2 (11)

Let us now consider the average rate F;j; at which molecule
EPM; reacts with molecule EPM;. According fo the assumptions 2
and 3, the rate at which active sites of molecules EPM; react
with epoxy rings of molecules EPM. egquals iN,f(EPMy) .
Similarly for active sites of EPM. molecules and epoxy rings
on EPM; molecules, the reaction rate equals ijf(EPMi). As a
result we get for the total reaction rate

Fij = fa(i+3)N;Ny (12)
In Eq. (12) we have omitted the argument t for notational
simplicity. It is obvious that F;{ 4 = F; ;. Now we consider

how N changes with reaction tlme. If "an active site on EPM

molecules reacts with an epoxy resin DGEB, the result is an
increase in__the length of an EPMP molecule but N_. will not
change. N, changes only when the epoxy polymer molecules
react with each other. The change in N, consists of two parts:
an increase in N, when an EPM; molecule reacts with an EPM.
molecule where (i + J) = n and a decrease in N, when an EPM,
molecules reacts with any other epoxy polymer molecule. Based

on the above conditions, we find the reaction rate to be

daN
n __1 - -
FE =2 i+§=n Fi,3 - i1 Fng WS LBy
_ 1 . . - .
= — i+§=an(l + J)NiNj iglfA(n + 1)N Ny, (13)

Let us compare Egq. (13) with the Smoluchowski coagulation
equation (Ref.17):

dv (t) I 8
—at = 2 i+J=n Ki,j ¥i¥j © vn iz1 Ky,i ¥; (14)
where Kjy 3 is the overall collection probability and va(t),
with n = &,2,...,w, is the concentration of n-size "“droplets".

The "droplets" could be any cluster of particles undergoing
coalescence, e.g., cloud droplets, colloidal particles and so
on. It is not difficult to see that Eqg. (13) has the same form
as Eq. (14) if we let f (i + 3) = Ky 13 When the overall
collection probability Kl 3 is proportlonal to the sum of
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"droplet volumes" and is independent of time, i.e. Ki,' = b(i
+ j) with b being a constant, Egq. (14) has known e€xplicit
solutions for certain initial conditions (Ref.18-21). For our
copolymerization process, however, we cannot directly solve
Eq. (14) because f, is not a constant with respect to time. We
have to rearrange Eq. (13). By using the definition of fp and
p, we can transform fAdt as d¢ by using the definition of fA'
according to Eq. (10), with

- 1 1
£ = Fgqor WF I (15)
With Eq. (15), we rewrite Eq. (13) as

an
= = 3 i43en (3 NNy - 58 (o4 NN (16)

By comparing Eq. (16) with Eq. (14), we now have K; = (i+3)
with b = 1. For the initial condition, possible transfer and
termination of active sites have to be considered, because,
from experimental observations, the molecular weight
distribution of the epoxy polymer formed is polydisperse, even
in the very early reaction stages. Therefore, a simple
exponential distribution on the number of EPM,, formed at some
initial extent of conversion p, was assumed.

N
N_(pg) = —ERMPO) o o (17)
fi(p,) f(pg)

where NEPM(po) and ﬁ(po) are respectively the total number of
epoxy polymer molecules at p, and the mean active site per
epoxy polymer molecule at p,. For this particular type of
initial condition, Golovin (Ref.18) and Scott (Ref.19,20) have
shown that Egqg. (16) can be solved by using lLaplace transforms
and a conformal transformation, yielding an exact solution

N (py) PP P~Pq
N (p) = -EEMZ0°(1 - ——Oexpr-( + 1)—2
n fi(pg) A=Po F=Po fi(py)
PP,y M -
(752 [n/f(p,) 12"
mel (m+1) 'm! (18)

We have to point out that Eq. (17) is not a unique choice for
the initial condition. However, it is perhaps the simplest
tenable distribution that can be handled analytically,
permitting us to introduce M_ /M, at some early time t, (or
equivalently, early extent of conversion po) as a parameter
that can be adjusted to be consistent with the observations.
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EXPERIMENTAL METHODS

MATERIALS: The epoxy resin DGEB (Mw= 202.3 g/mol) and the
anhydride CH (M, = 154.2 g/mol) were purchased from Aldrich
Chemical Company and used without further purification since
selected experimental results were unchanged after both
components were purified by vacuum (=0.01 mm Hg) distillation.
The catalyst CA, courtesy of Gary L. Hagnauer, Polymer
Research Division, Army Materials Technology Laboratory,
Watertown, Mass., was vacuum distilled before use.
PREPARATION OF SOLUTIONS AND METHODS OF MEASUREMENT: The
method of preparation of the reaction mixture and of the
sample solutions for light scattering has been described in
detail elsewhere (Ref.2,3). The light-scattering spectrometer
has also been described in detail in previous papers
(Ref.2,22).

EXPERIMENTAL RESULTS AND DISCUSSION

—
o
P

-5

Nn(P)/NEPM(PtJ)
o o

Fig.2. Plot, according to Eq.(18), of calculated number of
epoxy polymer molecules with n branching points, i.e., n
active sites, (N,,) versus p for different values of n but the

same initial molar ratios of DGEB:CH:CA = 1:2:0.001, n(p,) = 1
and Py = 0.065.
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By means of the chemical analysis (Ref.23), we monitored the
extent of CH conversion during the copolymerization reaction,
i.e., p(t).

From Eq.(18), we can calculate the number of epoxy polymer
molecules with n branching points (Nn) (i.e., n active sites)
with different extent of conversion (p) for the
copolymerization reaction.

Figure 2 shows how N (p) change with p for the initial molar
ratios of DGEB:CH:CA = 1:2:0.001, ﬁ(po) = 1 and Po = 0.065. We
also note that N, always decreases as the reaction proceeds
and there is a maximum number of molecules for each of the
other types of molecule during the copolymerization process.
The maximum is shifted to p = 8 when n - =,

By assuming that all catalyst molecules start the
polymerization reaction at the same time, each subpolymer
chain will grow at the same speed and produces the same linear
length (1,). The molecular weight for the subpolymer chain
(10), denoted as M(lo), should be the total reacted weight
divided by the number of active sites (i.e. Noa(0)) .

P Ney(0) (M + Moy)
M(1ly) = ci NCA?g§B CH— 4 Mo, (19)

where Mpopp, Moy and Mg, are the molecular weights of DGEB, CH
and CA, respectively. In this way, each EMP, molecule has n
such subpolymer chains. The molecular weight for EPM, molecule
should be n times M(1,), i.e. M(EPM,) = nM(1l,) which
represents a consequence of our stringent assumptions. Using
the definition of weight distribution, £, (M, and together
with Eq. (18) and (19), f£_ (M) at different p can also be
expressed as

¢ [ = M(EPM )N (P) _ nM(1,)N_ (p) (20)
L nEM(EPM )N, (P) ne1NM(1 )N, (p)

Figure 3 shows the calculated fw(M) at different conversion p
where we have chosen Mw(po)= 4.1x103 (g/mol) and E(po) =1 at
P, = 0.065, which is the lowest experimentally measured
molecular weight. The reason for setting ﬁ(po) = 1 is that
most of the epoxy polymer molecules formed in the initial
reaction stage are linear (Ref.1-4).

In Figure 3, we see that the molecular weight distribution is
spreading as the reaction approaches the gelation threshold.
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Fig.3. Plot of calculated weight distribution (£,(M)) versus M
at different extent of conversion p from Eq.(18)-(20). Py =
0.065, fi(py) = 1, and DGEB:CH:CA = 1:2:0.001.

From Eq.(20) and the definition of the weight-average
molecular weight (M), i.e. M, = IMf,(M)/Zf,(M), we can
calculate M, at each reaction stage. The continuous line in
Figure 4 shows such a calculated result at a fixed molar ratio
of DGEB:CH:CA = 1:2:0.001. The measured Mw versus p
(represented by the hollow squares) for the reaction mixture
at the same fixed molar ratio is also plotted in Figure 4. The
agreement between the calculated curve and measured M, values
is fairly good.

Our results show that in treating polymerization problems one
can introduce the Smoluchowski equation in a form in which the
index n of N, is not simply the number of monomeric units but
the number of branches. By using an exponential distribution,
we can predict the nature of the epoxy polymer product from
knowledge of the initial stages of the polymerization process.
Dusek et al. (Ref.24) have discussed a statistical branching
theory in an analysis of gelation of a similar systenm,
diepoxide-cyclic anhydride-tertiary amine. However, their
emphasis was mainly on the critical extent of conversion at
gelation. A more general form for the reaction kernel and the
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initial distribution can also be considered. Further
experimental and theoretical studies should be a worthwhile
undertaking.
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Fig.4. Plot of weight-average molecular weight M, versus p.
Solid line: calculated values using Eq. (30) where p, = 0.065,
n(po) = 1, and DGEB:CH:CA = 1:2:0.001. Squares: experimental
data for the same ratio of DGEB:CH:CA at 80°c.
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