Modeling of Poly(amic acid) and Polyimide Reactors
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ABSTRACT: A comprehensive kinetic model is presented which accounts for the major
and side reactions present in poly(amic acid ) and polyimide reactors. The mathematical
framework is quite general and permits incorporation of heat- and mass-transfer as-
pects typically encountered in large-scale reactors. A few rate constants were curve-
fitted using some (limited) experimental data available in the open literature. Using
these (and the other rate constants from the literature), some interesting phenomena
have been predicted at higher temperatures. Detailed experimental data are required
to evaluated all the rate constants with precision. © 1997 John Wiley & Sons, Inc. J Appl

Polym Sci 66: 2059-2079, 1997

INTRODUCTION

Polyimides are an important class of speciality
polymers, exhibiting several desirable thermal
and mechanical properties.’”* These include ex-
cellent electrical insulating capability and unusu-
ally high thermooxidative stability. Polyimides
can be prepared by a number of reaction routes.>~6
The most common among these is by the reaction
between tetrabasic acid dianhydrides (e.g., pyro-
mellitic dianhydride) with diamines (e.g., oxydia-
niline) in a two-step process. In the first step, the
two monomers react with each other in a suitable
solvent (e.g., dimethylformamide [DMF]) at
about 25°C to give poly(amic acid) (PAA) precur-
sors. Films or moldings of PAA are then cured
at relatively higher temperatures of about 120—
130°C. During this second stage, the PAA is con-
verted to the polyimide by the dehydrocyclization
reaction, while simultaneously releasing water as
a byproduct. Since polyimides are relatively non-
porous materials,” this could lead to several tech-
nological problems like diffusional limitations (at
a “micro” level) of the reaction rate, crack, and
void formation, etc. The rate of volatile formation
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by chemical reaction must be synchronized with
its rate of removal by mass transfer (at the
“macro” level), so as to minimize these problems.
In addition, the water formed hydrolyzes the PAA
molecules present and lowers the average molecu-
lar weight of the product. The properties of the
polyimide product are, thus, affected by the aver-
age molecular weight of the PAA precursor as well
as by the rate of the hydrolysis (and other) reac-
tions. A proper design of these reactors requires
an understanding and modeling of the various
physicochemical phenomena associated with both
these steps of polyimide manufacture. This study
was an attempt along this direction.

An improved methodology of studying this sys-
tem is discussed here, which is based almost to-
tally on the kinetic approach. A kinetic scheme is
presented (see Table I), which incorporates the
major reactions as well as the important side reac-
tions taking place in both steps of polyimide man-
ufacture. Mass balance and moment equations
are written and appropriate moment-closure con-
ditions®® are developed. These equations are
solved for an isothermal, well-mixed batch reactor
(first-stage reactor in which the precursor is
formed primarily). The Box'* complex technique
is then used to “tune” those rate constants to
which model results are most sensitive. This is
done to minimize the sum of the square of errors
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Table I Kinetic Scheme in Terms of Functional
Groups

(1) Polycondensation (amidization):
kl
—A + B— = —AB—
ky
(2) Imidization (curing):
k2
—AB— = —A*B— + W
ky
(3) Hydrolysis of polyamic acid (degradation):
g
—AB— + W—-> —A'" + B—
(3) Hydrolysis of anhydride group:

k4
—A+ W= —A

ky

(5) Transformation:

b
o

—A*B—

:
1l

o -

b

between the model predictions and experimental
results of Kolegov et al.’* for PAA synthesis.
The kinetic model developed herein provides a
general mathematical framework for both the first
and second (polyimide formation) stages of reac-
tion, even though the model is tuned using data
for the first stage only. Qualitative trends for the
second stage (in absence of mass-transfer limita-
tions) have been predicted to illustrate the gen-
eral nature of the model and its applicability at
higher temperatures. Additional tuning of the
other parameters against the data may need to
be performed once experimental results for the

second stage become available in the open litera-
ture.

It should be added that this kinetic model can
easily be extended to predict some very interest-
ing experimental observations described (qualita-
tively) by Johnson’ such as the dependence of the
average chain length of the product on the way in
which the two solid monomers and the solvent
are mixed in the reactor (e.g., higher molecular
weight products are formed when the two solid
monomers are blended in stoichiometric propor-
tions and then added to a tank of pure solvent
than when either monomer [ solid ] is added slowly
to a solution of the other monomer in solvent,
etc.). Such operations (involving mass-transfer
limitations) cannot be as easily modeled using the
currently available theories,® * which involve
varying amounts of probabilistic concepts.

FORMULATION

The thermodynamics and kinetics of polyimide
preparation have been extensively studied.”**1%~2!
Table I gives the kinetic scheme incorporating
most of the important reactions occurring during
polymerization. This scheme is more general than
that used by Kolegov et al.'' (who omitted the
reactions associated with rate constants k5, k4,
ks, and k% in their kinetic scheme), but is the
same as the recent scheme used by Tsiang and
Liu'* (who used a different approach?*?* at mod-
eling the system). The various functional groups,
—A, —B,and —A’, at the ends of the molecules
and internal linkages, —AB—, —A*B—, and
—A*B—, are also defined in this table. Since
PAA can be present in two kinetically nonequiva-
lent forms, 415242 g transformation from one to
the other [Reaction (Rxn.) (5)] is incorporated in
this scheme. Only the —AB— internal linkage
is able to cyclize in the curing stage through Rxn.
(2). Rxns. (2)—(5) would be significant primarily
in the curing stage, while Rxn. (1) would be most
important in the first stage. The kinetic scheme
is, thus, observed to include all the reactions (rele-
vant to both stages).

The rate constants used in Table I are given by
the Arrhenius equation

k; (or k!) = Ajexp(—E;/RT) (1)

The (guess) values of the frequency factors, A;,
and activation energies, E;, are given in Table II
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(a) (b)
AP A,
Rate E? (Initial (Best-fit
Constants (J/mol) Guess) Values)
k1 (m®mol s) 2.93 x 10* 7.42 % 10%P 1.16 x 10°
ki(s™ 1.03 x 10° 1.12 x 10® 1.12 x 108
ko (s7hH) 1.09 x 10° 3.97 x 10° 3.97 x 10°
k4 (m®/mol s) 1.50 x 10° 2.08 x 1074 2.08 X 1073
k4 (m®mol s) 1.03 x 10° 2.40 x 10* 2.40 x 10°
k4 (m®/mol s) 5.27 X 10* 5.86 x 10*P 1.03 x 10°
ki(s™) 7.62 x 10* 8.65 x 108 8.65 x 10°
ks (s7h) 9.63 x 10* 2.60 X 107 2.60 x 107
ki(s™) 9.63 x 10* 2.60 x 107 2.60 x 107
2 Ref. 14.
> Ref. 11.
(in column a). These have been taken from Refs. tions of the —AB—, —A*B—, and —A*B—

11 and 14 and are improved upon by using an
optimal parameter estimation technique.

Before proceeding further, all the molecular
species present in the reaction mass must be iden-
tified. The kinetic scheme of Table I suggests six
sets of such species, and these are defined in Table
III. In this table, —I— represents any internal
group (—AB—, —A*B— or —A*B—; see Ta-
ble I). Each molecular species (e.g., P, 44), in this
table clubs together a host of molecules having
the same number of repeat units, n, but having
different chemical structures at the internal link-
ages. Thus, the concentration, [P, 441, really rep-
resents a sum of the concentrations of all molecu-
lar species, P, 44, having n AA units andn — 1
BB units (with both the ends being an unreacted
dianhydride), but differing from one another in
the sequential arrangements of internal units
from among —AB—, —A*B—, and —A*B—.
These molecules range from one having all the
2(n — 1) internal groups of the —AB— kind to
one having all 2(n — 1) of the — A*B— kind, etc.
Such a clubbing is necessary to keep the model
tractable. Thus, the concentration of P, 44, for ex-
ample, is given by

Poal= 3

all species, i

[P, 44,1, ete. (2)

The £th moments (k =0, 1, 2, - - -) of the various
molecular species are also defined in Table III.
Again, the summation over all species having the
same length, n, but different internal distribu-

groups, is accounted for by the use of the clubbed
species [see eq. (1)]. The number and weight-
average molecular weights, M, and M,,, for this
complex system were obtained starting from the
fundamental equations®?

M, = % (number fraction of ith species)

all species

X (molecular weight of ith species) (3a)

M, = > (mass fraction of ith species)

all species

X (molecular weight of ith species) (3b)

The final expressions are given in Table III.

The balance equations for a well-mixed batch
reactor for the various groups shown in Table I
are now developed. These can easily be written
and are given in Table IV. The concentration of
the internal linkages, [—I—1, is the sum of the
three concentrations, [—AB—1], [—A*B—],
and [—A*B—1], and the balance equation for
[—I— ] can be obtained by summing up the corre-
sponding three equations. The simplified equation
for [—I—11is also given in Table IV. These equa-
tions can be integrated for isothermal operation
(for a given set of rate constants and initial condi-
tions) to obtain the concentrations of any group
at any moment of time, ¢. The overall fractions of
—AB— and —A*B— in —I— are defined as
fap and f4 «5, respectively. These can be computed
at any value of ¢, and the fraction of —I— which
are of the kind —A*B— can be obtained using
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Table III Definition of Various Molecular Species, Moments, and Average Molecular Weights

Molecular Species®

No.
(a)
Symbol Representation (Schematic) AA BB AA’ —I—
P, aa AABBAA__ AABBAA n n—1 0 2(n — 1)
P, s BBAABB BBAABB n—1 n 0 2(n — 1)
P, ap AABBAA  BBAABB n n 0 2n — 1
P,aa A'ABBAA__ AABBAA n—1 n—1 1 2(n — 1)
P,aa A'’ABBAA___ AABBAA’ n—2 n-1 2 2(n — 1)
P, ap A'ABBAA__ BBAABB n-—1 n 1 2n — 1

kth moments of various molecular species®

Eo_
Naa = 2 n® P, aa
n=1
k k
BB Z n Pn,BB
n=1
) k
n=1
- k
Aaa = z n Pn,A’A
n=1
oo k
Naar = Z n* Py aa
n=1
Nep = kP ; k=0,1,2, -
A'B = Z n n,A'B > sy Ly 4y
n=1

Average Molecular Weights

[(Waa + wgs)Nia + Ngg + Nip + Nia + Nia + Nag)
— waal\gs + Naa + Nlp + 2 M) — wasiNia
+ ANaa + Mt + waaiNa + Nop + 20340 )]
[Nia + ABg + Mg + Nia + Niar + Ais]

=
Il

[wiaiNaa + Nz — 2Ngs + NBp} + wEs{Nia + N
— 2N\ja + Nia) + 2waawppNis + NBp — Naa — NBs)
+ 2waa + wpp)lwaaNaa — Noa) + Qwaa
— wan)Niar — Naa) + Waa + wps)Nip — Nas)}
+ (waa + wpp)*INip + Nia + M + Nis — 2Mia
— 2Nha — 2Nap + Mia + Mia + MNap) + wXaNda
+ (Qwaa — waa)’Nar + Wan + wps)*Nas]

[(was + wpp)NAa + Nbp + Nip + Naa + Niar + Nig)

— waal\gs + Nia + Mg + 2 0} — wesNia + Nia

+ ANat + waallia + Np + 2034 )]

M,

M,
M,

PDI =

2The total number of AA, AA’, and BB (both at ends and in the inside) units in a molecule are listed above. The internal
groups —I— (indicated as AB in column a above) could be —AB—, —A*B—, or —A*B—, as defined in Table 1. Thus, P, 44,
e.g., clubs together several species having the same length and end groups, but with different internal groups.

> P, 4, etc., indicate concentrations here. Again, the moments club together molecules with different internal groups (—AB—,
—A*B—, and —A*B—). Note that % is a superscript and not an exponent.
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Table IV Mass Balance Equations for the Groups in Table I

d[;A] = —k[—Al[—B] + k\[—AB—] — k[—AlW] + ki —A']
d[;B] = —k[—Al—B] + k{[—AB—1] + E4WI—AB—]
d[;tA'] = kW —AB—] + kJWI—A] — ki —A']
% — k[ —Al—B] — kj[—AB—] — ko[ —AB—] + kYW —A*B—]
— kYWI—AB—] — ksl —AB—] + ki —A*B—]
— A¥R__
% ol —AB—1 — kYW —A*B—]
_AFR__
% = ks—AB—] — ki[—A*B—]
‘% = kol —AB—] — kL [WI[—A*B—] — k4[WI—AB—] — kWI[—A] + ki[—A’]
Some other quantities
di—I—1_d 5 0 AvR_ 14 [ A*R_
a _dt{[ AB—] + [—A*B—] + [—A*B—1]}
= ki[—Al[—B] — k}[—AB—] — kW] —AB—]
fap = [—AB—]
S
_ [—A*B—]
faw =
_A#B_
fA"B = % =1- fAB - fA*B
fats = 1 — (fag + fa=s) (4) P, _,45). The next three terms involve the deple-

The balance equations in Table IV can give only
partial information about the system. Mass bal-
ance equations for the individual (clubbed) spe-
cies described in Table III need to be written be-
fore the equations for the moments of the chain-
length distribution can be obtained. These are
summarized in Table V. In these equations, great
care has been taken to account for all the possibil-
ities of formation and depletion of the individual
molecular species which the kinetic scheme (in
terms of groups) in Table I represents. The terms
in the first equation in Table V (for d P, 44/dt) are
explained to illustrate the several assumptiglrgg

and concepts involved. The first term, 2k;A; ¥
r=1
P, saP,_, 45, represents the formation of P, 44 by
the reaction between A and B end groups of the
shorter P, 44 and P, _, 45 molecules, the factor of 2
accounting for the two possibilities (two A groups
of P,ss reacting with the single B group of

tion of P, 44 by the reaction of two of its end A
groups with the end B groups of all P,, a5, P,y a5,
and P,, g molecules. The reaction between P, 44
with P,, gg involves four possibilities, which is re-
flected by the multiplication factor. The next three
terms involving k! fiz account for the formation
of P, aa by the scission [due to the reverse Rxn.
(1)] at an appropriately placed internal —AB—
link of a higher length P,, /4, P,y a4, OF P,, ap mole-
cule (m > n or n + 1). While only a single mole-
cule of P, 44 is generated when P,, 4.4 and P, a5
undergo this reaction (the other molecule being
P, _.apand P, _, ag, respectively), there are two
locations of —AB— in P,, 44 which could lead to
the formation of P, 44 (the other molecule pro-
duced being P,,_, a4). The factor, fs5- used in these
terms is the probability that the appropriate in-
ternal location at which this chain scission is to
take place is indeed an —AB— linkage rather
than an —A*B— or —A*B—.

It is being assumed that the overall fraction of
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Table V Mass Balance Equations for the Molecular Species in a Batch Reactor

n—1 © o o
dZ;AA = 2k1A1 z Pr,AAPn—r,AB - 2k1Pn,AA[ z Pm,AB + z Pm,A’B + 2 z Pm,BB:|
+kifAB[ > Prnaa+t2 z PmAA+szAB]
m=n+1 m=n+1
— 2k fap(n — 1Py an — 2k5fasW(n — DPpan — 2ksWP, gn + k4P aa
dPn BB n!
d—1;=2k1A1 > P.pgPnap — 2k\P, 5| 2 Z P, as + Z P, as + szAA
r=1 m=1 = =
+kifAB[2 > Pups+ z P, s + z PmAB:| — 2k fag(n — 1P, g
m=n+1 m=n m=n
+ kifasW |:2 z P, pp + z P, as + Z Pm,A’B:| — 2k5fagW(n — 1P, pp
m=n+1 m=n m=n
n n—1
de#';AB = 4k, z PrasPy 158 + B1A1 Y PoapPu_moas
= m=1
kIPnAB|:2 > Praa+ 2 z P,gs+ 2 z P, ap + z Poaa+ z PmAB:|
m=1 m=1 m=1 m=1 m=1
+ kifas Z (2P, aa + 2Py, g + 2Py o + Proaa + Ppoag) — Rifas(2n — 1)P, ap
m=n+1
+ kifasW z {2Pnaa + Ppoap + Praal — k5fasW(@2n — DP,ap — kaWP, a5 + k1P, a5
m=n+1
dP, aa m z - Lot n-1
d—’t = — klpn,A’A 2 Z Pm,BB + Z Pm,AB + z Pm,A’B + 2k1A1 z Pm,A'BPn—m,AA + klAI z Pm,A'APn—m,AB
m=1 m=1 m=1 m=1 m=1
— 2k1fap(n — 1P, aa + kifAB[ z Poaa+2 Z Poaa + Z Pm,A’B:| — 2k5fag(n — DWP, aa
m=n+1 m=n+1 m=n
+ kéfABW[ Z Ppoaa + Z P, ap + z PmAA:| — kWP, s + 2k4WP,, aa + Ry [2Pn a4 — Py aal
m=n+1 m=n m=n+1
dP L n—1
#AA =kiA1 Y PpaaPumar — 2kRifas(n — DP, an — 2k5fasW(n — )P, aar
m=1
+ kéfABW|: z P,ag+ z Poasa+2 z Pm,A’A’:| + kWP, aa — 2k4P, arar
m=n m=n+1 m=n+1
dP ' > - * n—1 n
(;,tAB — —kan,A'B|:2 Z Pm,AA + Z Pm,AB + z Pm’AfA:| + klAI z Pm,A’BPnfm,AB + 2k1 z Pm,A'APnferl,BB
m=1 m=1 m=1 m=1 m=1

— kifas@n — DP, a5 + kifAB[ z Poaa+ z P,ap+2 z Pm,A'A':| — kifasW2n — 1)P, a5

m=n+1 m=n+1 m=n+1

+k§fABW[ z P,ap+ 2 Z P, pp + z Poas+2 z P,ap+2 Z Pm,A’A’]

m=n+1 m=n+1 m=n+1 m=n+1 m=n+1

+ kWP, ap — kRiP, s
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Table V Continued

o

dw
a —k} fABW[

n=

o

@2n — 2{P,aa + Pops + Poaa + Poaa}
-1

] - kéfABW[ > @2n— DiPap + Pn,A’B}]
n=1

- k4W[ > {2P,aa + Poag + Pn,A’A}] + ki[ > {Ppaa+ Pyap+ 2Pn,A’A’}:|
n=1

n=1

+ (kafan — kéfA*BW)[

n=1

Z @2n — 2{P,aa + Popg + Poaa + Poaat + z @2n — D{P,ap + Pn,A’B}:l
_ n=1

A, =0ifn =1
=1lifn > 1.

b f1p and fia5 to be obtained from integration of (all) the equations in Table IV.
¢ Notation [,] for concentrations are not being used in this table for the sake of brevity.

— I— groups being —AB— is the same as the
local probability of finding an —AB— group at
the right location in any of the larger molecules
(Pmaa,Pmaa,and P, ag). Such an approximation
that the overall probability is the same as the
local probability, independent of the length, m, is
quite commonly made in polymer reaction engi-
neering,® particularly for the polymerization of
phenol and melamine formaldehyde.?® The next
term, —2k 1 fag(n — 1)P, 44, represents the deple-
tion of P, a4 by the reverse step of Rxn. (1) (Table
I) at any of its 2(n — 1) internal locations which
happen to be of the — AB— kind. Again, the prob-
ability that any of these internal locations is
—AB—, as opposed to —A*B— or —A*B—, is
assumed to be f45, the overall fraction of internal
locations which are of the —AB— type. The
term, —2k3fagW(n — 1)P, aa, can be similarly
explained for Rxn. (3). The last two terms in this
equation correspond to the depletion (two possi-
bilities at the two — A end groups) and formation
(only a single possibility) of P, 44 and P, 4.4 by
the forward and reverse steps of Rxn. (4) in Table
I. All other equations in Table V can be similarly
explained, using the above discussion. The equa-
tions in Table V were checked out by two indepen-
dent derivations. In addition, using k; = k2] = 0 (i
#+ 1), it was found that these equations reduce to
those for simple AA + BB reversible polymeriza-
tion (without formation of the condensation by-
product). These give us confidence on the correct-
ness of these relatively complex equations.

The equations in Table V can be appropriately
summed up (using the definitions in Table III) to
give ordinary differential equations (ODEs) for
the several moments (£ = 0, 1, and 2). Several
summation identities given in Chap. 1 in Ref. 9
(besides a few others which had to be developed)

proved helpful. The final equations for the mo-
ments are given in Table VI. It is observed that
the equations for several of the second moments
require third moments. Thus, we have a hierarchy
of infinite equations. A standard technique in
polymer reaction engineering®® is to break this
hierarchy by using closure conditions. The closure
equation which has been found to be quite suc-
cessful for nylon 6, polyester, polyethylene, and
polyphenylene oxide®” reaction systems was tried
here. This is also included in Table VI.

The following additional checks were made on
the equations derived to ensure that these were
free of errors:

1. In Table VII, several groups (end as well
as internal ) are written in terms of the var-
ious moments of the molecular species. Us-
ing these equalities with the equations of
Table VI, we can obtain expressions for the
rate equations analytically. We obtained
the same equations as given in Table IV
(which were obtained using a functional
group description, rather than a molecular
species approach).

2. In a batch reactor, the total number of re-
peat units, AA, BB, or AA’, should be the
same at any ¢ as at ¢ = 0. Using Table III,
it is possible to obtain an equation for the
total number of each of these repeat units
in terms of the various moments. It is
found that the rate of formation of each of
these repeat units is zero, as expected.

These two checks were sufficient to confirm the
correctness of the mass balance and moment
equations in Tables V and VI.

The equations in Tables IV and VI form a com-
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Table VI Moment Equations in a Batch Reactor

d;fm = —ky(ANGuNEs + 2N0uAQB) + B fasONis + Naa — NSa) — 2R5FasWNAA — N34) — 2B W04 + BN A
dZ%B = —ki(4NGaNBs + 2\BeAA) + kifas(Nap + Nas) + REfasW(Nis + Nig)
di}fB = ki(A\3a\%s — NasA%s — 2NYeNEs — 20%aN% — N3sAds — A9sAda) + B fan(@hha + 2\hs + Nia + Mip
— Nz — 2M34 — 27\Bp — Nda — MAg) + REfasW(2Nja + Naa — Mg — 2NJa — NJu) — BaWNSs + EiNA s
d)gl?;’A = E12N%uNS s — 202EN%u — AQaANB) + ELFm2Nha + N — N + Na — 20%a) + k45 FasW(RNLa
+ Mg = Mia + Ma = 2Ma) + RWE@A — Ma) + BU2Na — )
dtf‘t”‘“ = kN3aNds — 2k1fasNhar — Aa) + RE£aaWhha + Mg — A3u) + BaWALa — 20N %
d)c\l%B = ka(@\5NAa — 2MAaNAs — NiaNdp) + B1fan(@Naa + Naoa — Mg — Nda — 2N3w) + ki fasW(2\Es + Nap
+ Nha + 20 — 2085 — Ads — A4 — 2% — A3s) + BWASs — RiNSs
d:;im = ki(2N3aNip — ANiaNBs — 2MAaNSs) + B1fap(0.5N3g  + 0.5N3a — Nia + Nia + 0.5N}p
= 0.5M4a) — 2k5Wfap (Naa — Naa) — 2ksWNia + RiNka
d;fB = ki(2\3sNhp — ANGuNEs — 2N uNbs) + k1 fasW(0.50 %5 + 0.5M %5 — Nis + Nbs + 0.5\ ks + 0.5\ 45)
+ k3 fagW(0.5N3p + 0.5M3 5 — N3 + Nip + 0.5N4p + 0.5Mip)
dzfs = k(AN QuNBs + ANENAa — AN0NDs — ALahls — 20%aNks — AQaNks — 20%eNks) + L fas(N3a + N2s — Nz
+ 0.5\ %4 + 05N %5 — Nha — Nbg — 0.5054 — 0.5M45) + BifasW(N\3a — 1L5N3p + 0.50%4 — Nia + 0.5N}p
— 0.5N5a) — ksWhip + kiNip
d);}t,rA = ki2NQaNA + 2N BNAa — 2MBhAa — NQBMAa + NQuhds) + Rifas(Nia + 05055 — 1.5AG4 — Niw
+ 055 + LBNAa) + kifasWAAa + 0.5M35 — 1LBNGa — Nia + 0.5Nkp + 1.5NAs) + RaW(2Nia — Ni)
+ ki @2Nia — Nia)
di‘i"" = k1A% aNas + NAsNha) — 2k1fas(Naa — Naa) + R5fasW(0.5 54 + 0.5M35 — N + N — 0.5Nha
+ 0.504p) + RBaWhiu — 2Bi\Au
d)jtyB = k1(2N3aNBe + 2MZpNAu — 2MBpAJu — 2MNJaNhe — NAaNds + NAeNAg) + k1fap(0.5N54 + Niu — 1.B5NGp
+ 0.5NAs — 0.5NAa — MNaa) + k3 fasW\Es + 0.5M3p + 05034 — Nim + Nau — Mbp — 0.5Nka
— 0.5\ — Naa) + BaWNig — kiNis
d?[f‘“ = ki(@\LaNZp + ANAaNAs — ANBeAa — 2\3eNEa) + B1fanG N3s + 3 N3a — 3 Ada + A4 + 0.5M3p — 0.5N3u
+ 3 M+ B Mg + 3 Nhw) — 2REFsWONLL — Nha) — 2k WAZa + E4NTa
% = Ey(2\3pN3p + ANbeNip — ANSuNE — 20%aNEe) + kifasG Nis + 3 A3 e — 3 NEs + ABs + 0.5M3s + 0.50% 5
+ 5 Nbs +§ Mg + 5 Mhe) + kA fasWG Nis + 5 Ns — 5 NBa + NBs + 0.5M3s + 0.5M35 + 5 Abs + § Mg + § Ahs)
d()}fm = R1i(ANSahEs + ANDpA3a + SNAaNbs + ANaADs — 8AJehha — 8NGuNBs — 20%sA3s — 203aN3s — ASsAis

— ANAaNip + 2N\ighip) + kifAB(% Nip + % Nia + % N — Nag — 05034 — 05035 + % Nbs + % Naa + % Nis
+2NJ4 — 5 N3 — B4+ 5 NAp + 3 Nha) + RAfasWE NIA — SAIg + 5 Ndu — N34 + 05035 — 0.5N%4 + 5 Nha

+ N + 8 M) — BaWNs + RN
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= ki 2NaNE 5 + 20 pNEa + ANEANA s + A ahds + 2MAsNAa — 20%eAEa — AABANEa) + B1fasG Na — 2 A3a

+3Nds — A+ LBNZa + 05055 + 5 Nha + M + 5 Nam) + B4fasWENZL + 5035 — A% — N34 + 05035

= Eki(N3aNdB + N3BNEa + 2MAaNip) — 2R fap(N3a — Nia) + kéfABW(% Nia — % ANaa + % Nie — 0.5M\%4

d\ia
dt
+ 1.5N34 + 5 Nha + 5 Nag + 8 NAa) + EaW@NZL — N3u) + BA@2NE a0 — N3w)
d\ia
dt
+ A%a + 050 %5 + & N + 3 Naar + & MNap) + BaWAGa — 2BNG s
d\Z,
ﬁ = k12 N3 aNBp + 2MBpNia + ANBeNAa — ANBENAa — NS aNBE + 2NBeAGa — 2NQaNA s — AQaNis

+ NAsNig + 2NAgNig) + kifAB(% Nia + % Nia

1 2 1 1 2 4
+ 5 Nip) + EifasWG Mg + 3 MN3s + 3 Nau + 50w — 35 N\ip —

— 3 \%s — 05034 — N3a + 05055 + & Nhu + 3 N

Ais — 0.5N3p — 0.5M34 — N3 + 5 Nbp

1 1 1 1
+ 5 Nig + 5§ Naa + 3 Naa + 3 Nag) + BsWN3g — RiNas

Moment closure equations for ith species:
KA - D)

AINY
(i = AA, BB, AB, A’A, A’A’, A'B)

A3

plete set of ODEs (initial value problems—IVPs),
which can be integrated for any given set of initial
conditions (feed values). The numerical tech-
nique used to integrate these equations is Gear’s
algorithm.?® The NAG library routine, DO2EBF,
which has a built-in step-size control algorithm
and is particularly useful for stiff systems, was

Table VII Groups in Terms of Moments

used (with a tolerance, TOL, of 10 ~7) for this pur-
pose on an HP 9000/850 S computer system.
Changing the value of the parameter, TOL, led to
almost identical results. The two checks described
above were also made with the computer code to
ensure the correctness of the program (referred
to as the simulation program).

[—Al=2 ) Poaa+ Y Poapt+ Y Praa
n=1 n=1

n=1 =
= 2% + N5 + N%a
[—B] =2 an,BB+ an,AB+ an,A’B
n=1 n=1 n=1

= 2K%B + KgB + ng

[—A'1=2 3 Poaa+ Y Puag+ Y Poaa

n=1 n=1 n=1

=2\%a + Nas + Naa

[—I—]

Z [2(n — D{Pyaa + Pups + Poaa + Poaa} + @2n — DIPyap + Poasll
n=1

= 2(Nda + Mg + Mg + Mia + Mg + Mia) — 2084 + A2 + MNha + Na) — A\ds + N\is)

[—COOH] = 2[—A'] + (1 — fa=p)[—I—]

= 202\%a + Nas + N3a) + (1 — fasp) (20NAa + NBp + Nip + Nia + Nap + Nia)

— 2(\Ja + ABp + Nia + Mia) — \3p + A}
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Table VIII Data Used in Optimal Parameter
Estimation

Weightage factors in Eq. (6):

w; =1
LU2:2
w3 =4
LU4:8
LU5:16
we = 32

Values of parameters of Box'® complex program:

N=2

3
073

IR ™R
Il I
= Ot

075

Initial value of parameter p:

p = [k, k4] = [6.0, 0.04]

Bounds on p:

Our set of modeling equations and our ap-
proach differ from the two models currently being
used. In one of these,''~'? the stochastic theory of
chain-branching processes of Gordon et al.?*3
was used. It is difficult to accommodate mass- and
heat-transfer aspects in such theories. The other
approach uses the results of Kilkson,?*** who de-

veloped expressions for only the final values of
the average molecular weights for irreversible AA
+ BB condensation polymerization, in which all
of the BB monomer is charged into a reactor and
AA is then added at some rate until the desired
overall stoichiometric ratio is attained. It is inap-
propriate to use these results for the more general,
reversible kinetic scheme of Table I, particularly
to stage 2 polymerization where reversibility ef-
fects and side reactions are important.
Sensitivity studies were made using the com-
puter program for the polymerization conditions:

[—Aly = [—Bl, = 400 mol m*
[—A']ly = [—AB—], = [—A*B—],
=[—A*B—],=0mol m3
(W1, = 55 mol m™3
[Niado = [Nsglo = 200 mol m™2; £ = 0, 1, 2
[Niglo = [Noalo = [INsaJo = [NS s To
=0molm™>3;2=0,1,2
T = 27°C (5)

The several rate constants (not the Arrhenius pa-
rameters) were varied by =30%, one at a time to
study their effects. It was found that the results are
sensitive to only two parameters, k; and k4. A two-
parameter curve-fit was then performed (keeping
all other rate constants at their guess values [ Table
II]) to obtain best-fit values of k; and k4 at 27°C.

0
0.1 0.2 0.3

10 ([PI,AA ]0 + [PI,BB ]0 ), mol m

04 0.5 0.6 0.7
-3

Figure 1 Variation of molecular weights at large ¢,, with the sum of initial monomer
concentrations (stoichiometric amounts). Solid curves correspond to optimal parame-
ters (Table II, column b), while dotted curves correspond to their initial values (Table
II, column a). Experimental data points (at 27°C) of Kolegov et al.'! are also shown.
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Figure 2 Variation of the error vs. iteration number.

To carry out this “tuning” study, the computer code
for simulation was combined with a nonlinear pa-
rameter estimation program. The Box!® complex
method was adopted for this purpose.

The Box complex procedure obtains values of
the parameters, p (= [p1, p2, ..., pg]), which
minimize some objective function, E(p), using a
patterned-search technique. The objective func-
tion is chosen as a weighted sum-of-square errors
between values predicted by the model and some
(scarce) experimental data, reported in the open
literature.'* It is given by

In the above equation, the values of M,, and M,, are
those at ¢ = ¢, (=36,000 s), the final reaction time
(after which almost no further reaction takes
place), N is the number of experimental data points
available for M, and M,,, and w; is the weightage
factor assigned to the ith data point. The super-
scripts expt and theor represent experimental and
the corresponding theoretical values. The “tuned”
rate constants are then used to generate frequency
factors for k; and k,, assuming that the activation
energies are the same as the guess values in Table
II. These values are given in column b in Table II.
Using these parameters, results other than for M,
and M, (required for parameter estimation, for
which experimental data are available) at 27°C are
generated. The CPU time taken on a mainframe
HP9000/850S supermini computer for the parame-
ter estimation (18 iterations) was 90 s.

N 2
M, ; et — M, ;
= _ ,1,expt n,i,theor
E(p) = E(kl, k4) = Z wi<
i=1 Mn,i,expt
N M 2
w,iexpt w,i ,theor
i=1 Mw,i,expt
10 T T T
95 -
T or
o
5 85
g
“E 4l
R
o™
2 15
7k
6.5 I I I
~o 2 4 6

8

10 12

Iteration Number

Figure 3 Variation of &, with iteration number.
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Figure 4 Variation of k4 with iteration number.

RESULTS AND DISCUSSION

The Box complex program was used as described
above to obtain the best-fit values of £; and %, at
27°C. The computational parameters used in this
program are given in Table VIII. Figures 1-4
show some of the results generated using the Box
complex code for parameter estimation {for differ-
ent values of [Pyaalo + [Pisplo [equimolar
amounts] but with other conditions the same as

in eq. (5)}. Figure 1 shows the final values (at ¢

= 36,000 s) of the molecular weights, M,, and M,,,,
predicted by the model, using the tuned parame-
ters (Table II, column b). These are found to
compare well with the experimental data points
of Kolegov et al.*! for different values of the
(sum of) initial monomer concentrations, [ P; a4 lo
+ [P1pglo. Figure 2 shows how the error, E [see

eq. (6)], decreases with the iteration number,
while Figures 3 and 4 show how the two parame-
ters, &k, and k4, evolve with the iteration number
to their (near) optimal values. Figure 1 also shows
that the optimal parameters fit the data better
than do their initial guesses, which were fairly
good. It would have been better if actual experi-
mental points were available as a function of time
for each of the values of [P 44 lo + [P185]o- Unfor-
tunately, only model predictions of these proper-
ties were presented by Kolegov et al.'!

After obtaining the best-fit values of the param-
eters, p [=k,, k4], these were incorporated into
the simulation program and additional results
were generated for the feed conditions of eq. (5),
i.e., for [P1441o = [P1plo = 200 mol m . Figure
5 shows the buildup of the number- and weight-
average molecular weights with time. These

My,

4
10

’

4

s

100 150 200

Figure 5 Buildup of average molecular weights with time for reference conditions
[ feed conditions in eq. (5) and optimal parameters of Table II].
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Figure 6 Effect of varying £, on M, (dotted) and M, (solid).

curves show the typical characteristics of a revers-
ible polycondensation reaction in which the molec-
ular weights reach an equilibrium value after
some time. This kind of asymptotic behavior was
also observed for other values of [P 44 o + [P1s5lo
studied in Figure 1. Similar qualitative behaviors
were predicted by Kolegov et al.'’ under similar
conditions.

The effect of the two rate constants, k; and &,
on M, and M, are shown in Figures 6 and 7. These
figures show clearly that M, and M, are quite
sensitive to these two parameters, but that the
polydispersity index (PDI) is very close to 2.0, as
shown for the reference conditions [optimal val-
ues of £, and %k, and feed conditions of eq. (5) in
Fig. 8; the effect of £, and %k, on PDI is minimal].
Other parameters have been found to have no sig-
nificant effect on M, and M,,. Increasing k; while

keeping &} unchanged speeds up the first reaction
as expected and also leads to a higher molecular
weight product at equilibrium due to increase in
the value of its equilibrium constant. A more in-
teresting observation is that the molecular
weights decrease as k4 is increased. This is be-
cause the increased hydrolysis of the anhydride
groups at the ends of the chains to form —A’
associated with higher %, leads to a depletion of
— A groups and this suppresses the chain-length-
ening process associated with the first reaction
(— A’ does not participate in any chain-lengthen-
ing reaction since the third reaction is irrevers-
ible, as shown in Table I). The lack of sensitivity
of the results to the rate constants associated with
the other reactions is because they are relatively
unimportant at 27°C, the usual temperatures of
polymerization in the first-stage reactor being

100
ts

T 10
0.8k
kg,
1.2
J6 23
08k | <
_________________ s
SRR S PR
oot TTTTTTTTT 12k |
H2
: 0
150 200

Figure 7 Effect of varying &, on M, (dotted) and M, (solid).
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PDI

Figure 8 Variation of PDI with time for the reference conditions.

studied. It is expected that at higher tempera-
tures (around 130°C typically encountered in
stage 2 reactors), the other reactions would play
a more important role, and the results may be
sensitive to variations in the associated rate con-
stants. It is clear that these rate constants should
be “tuned” against experimental data taken on
second-stage reactors whenever they become
available in the open literature. Until that time,
the general mathematical framework developed
here remains untuned for the second-stage reac-
tors and can be used only to provide qualitative
trends (as done later in this article).

Figure 9 shows the conversion of the monomer,
P 44, with time under reference conditions. It is
found that the conversion of the other monomer,
P, pp, is almost indistinguishable from that of
P; a4, 1indicating that the fourth reaction in Table I

(which depletes — A groups but not — B groups)
does not contribute significantly to monomer con-
sumption in the first 4 s in which most of the
monomers are consumed. The rapid depletion of
the monomer is typical of step-growth polymeriza-
tions.? It may be emphasized that the fourth reac-
tion does, indeed, affect the molecular weight at
later times (this explains the decrease in M, and
M, as k, increases, in Fig. 7), which is associated
with an increase in [—A'] with ¢ (see Fig. 10).
The concentration of —A functional groups de-
creases at a slightly slower rate than does [P 44].

The average molecular weights of PAA can be
controlled by varying the stoichiometric ratio, R
= [P1aalo/[P1sglo. A small variation in R away
from unity results in a significant drop in the mo-
lecular weight, as shown in Figure 11. This behav-
ior is similar to that exhibited by (irreversible)

Pl AA Conversion

35 4

Figure 9 Variation of the conversion of P; 44 with time for the reference conditions.
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150
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-10.8

[-A’], mol m -3

-1 0.6

104

102

: 3 0
12 14 16

Figure 10 Conversion of —A (or —B) and —A’ functional end groups for the

reference conditions.

AA + BB step-growth polymerizations,? which is
not surprising since Rxn. (1) in Table I is the
main reaction under reference conditions. Again,
the PDI attains a value of 2.0 quite early. The
reaction (in stage 1) is also quite sensitive to the
initial water concentration.!' Figure 11 shows
how the average molecular weight changes when
[W], is increased from the reference value of 55—
66.0 mol m ? (1.2 times the reference value). The
importance of proper metering of the monomers
and control of their purity is brought out by this
diagram. Figure 12 shows how the fraction of im-
ide links and of the unfavored conformer, f, -z and
fa*s, respectively, vary with time. Both these frac-
tions are negligible at reference (first-stage) con-
ditions, and f45 rises very rapidly to a value near
unity. This confirms that Rxns. (2) and (5) are

relatively unimportant at low temperatures. The
variation of the acid group concentration,
[—COOH], with time is shown in Figure 13.
These can be experimentally measured by titra-
tion. The increase in [—COOH] with time com-
pares qualitatively with the experimental results
of Johnson” on a different system (his equivalent
weights are evaluated such that they show the
opposite trends than shown by [—COOH]).

The moment closure approximations (Table
VI) were changed by incorporating a multiplying
factor on the right-hand side of the equations. No
significant differences were found in all the re-
sults at 27°C when a factor of 1.2 (or larger) was
used. This insensitivity of results justifies the use
of these closure conditions and is probably be-
cause under these conditions only the first reac-

8 T T T 8
ref.

7k [W],=66 17

61 16
= S R =0.99 1° g
To 4 [ ref. _______ 94 Yo

3t et [W],= 66 13

2f T T T R=099 " 2

O"Ql

LE/ .. 11

0 4 1 | I 0

0 50 100 150 200

Figure 11

Effect of stoichiometric ratio, R = [Pjaalo/[P1pslo and of [W], on M,

(dotted) and M, (solid). Curves for the reference conditions (R = 1.0, [W], = 55 mol

m?) also shown.
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Figure 12 Variation of the fractions, f4 <z (solid) and f,#z (dotted), with time for the

reference conditions.

tion in Table I contributes significantly (and the
closure conditions have been well tested for this
reaction”®).

Figures 14-16 show how the values of
[—A*B—], [—AB—1], [—COOH], and M, at
large values of ¢ (=36,000 s) vary with tempera-
ture. The initial conditions are the same as given
in eq. (5). Again, Johnson” provided some experi-
mental results similar to these (for PAA prepared
from a different diamine). Figure 14 shows that
much higher concentrations of imide links are at-
tained at higher temperatures, at the cost of the
amide links (—AB—). Such a phenomenon was
predicted qualitatively by Johnson’ and reflects
the importance of Rxn. (2) in Table I at high tem-
peratures. Figure 15 shows that the concentration
of acid groups decreases at high temperatures as
they become consumed by the imidization reac-

tion. This is exactly opposite to the trend shown
by the equivalent weight vs. T plot of Johnson.”
Figure 16 shows how M, at high values of ¢
(=36,000 s) varies with temperature. This dia-
gram also shows how an increase (or decrease) in
M, is associated with a simultaneous decrease (or
increase) of the concentration of —A’. Figure 17
shows M,, (at ¢t = 36,000 s) vs. T for several combi-
nations of the reactions of Table I. Curve a shows
the results when only Rxn. (1) (Table I) is consid-
ered. Higher temperatures lead to higher values
of k] (relative to k;) and lead to lower chain
lengths for the exothermic Rxn. (1). Just by add-
ing on Rxn. (4) to this reaction, we find (curve b)
that the value of M, is reduced by almost three
orders of magnitude. This is because Rxn. (4) de-
pletes the —A end groups (converting them to
—A"’) and thus reduces the chain-growth process

400

350

300

250

200

[-COOH], mol m >

150

100

50

8 10 12 14 16

Figure 13 Variation of [ COOH] with time for the reference conditions.
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Figure 14 Concentrations of —A*B— and —AB— at large times (36,000 s) for
the reference conditions [but with T different than in eq. (5)].

of Rxn. (1). It is obvious (see curves b and ¢) that
Rxns. (2), (3), and (5) do not contribute signifi-
cantly until about 80°C. The decrease of M, fol-
lowed by an increase and then, again, a decrease,
as T increases from about 25 to 90°C, is, clearly,
due to the effect of Rxn. (4) on Rxn. (1) (see curve
b). The reverse step of Rxn. (4) dominates in 60°C
= T = 90°C while the reverse step of Rxn. (1)
dominates for T' > 90°C. In fact, the local minima/
maxima is not observed if only %, k1, and &, are
nonzero (see curves a, b, and d). At T > 90°C,
Rxns. (2), (3), and (5) also affect M,, (see curves
b, ¢, and e). W produced by Rxn. (2) leads to chain
scission through Rxn. (3), thus giving a lower mo-
lecular weight product. It may be mentioned that
Johnson” found that the viscosity of the polymer
formed at large values of ¢ decreases as the tem-

perature increases. However, he did not study
very high temperatures and so it is not too clear
if the behavior shown in Figure 17 is indeed ob-
served experimentally. If detailed experiments
become available, one can “tune” the rate con-
stants associated with Rxns. (2), (3), and (5) and
get better predictions.

Figures 18—20 show some results for simulat-
ing the second-stage (curing) operation (earlier
results were for the first stage at different 7').
The initial conditions for generating these results
are the same as at the end of stage 1 (¢ = 36,000
s in stage 1, at 27°C):

Stage 2

att = 0:

450

400 -

250 -

[-COOH], molm ~>

200 -

300

-1 250

m

[W1, mol

-1 100

150
20

80

T, °C

0
140

Figure 15 [—COOH] and [W] at large times (36,000 s) for the reference conditions

[but with T different than in eq. (5)].
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Figure 16 M, and [—A'] at ¢ = 36,000 s for the reference conditions of eq. (5) (but

with T different).

[—AJy = 0.47 X 10 * mol m™?;
[—AB—], = 0.40 X 10" mol m®
[—A']o=0.21 X 10*" mol m™?
[—A*B—1, = 0.69 X 10 2mol m3
[—Blo =0.21 X 10" mol m™?
[—A*B—1, = 0.69 X 10 2 mol m?

Wl =053 Xx 10 mol m™®  (7)

Other values (moments) can be supplied on re-
quest. The temperature is selected as 130°C (iso-
thermal). It is assumed that the solvent is not

removed at the end of stage 1 (i.e., a film is not
cast and then cured). Since little experimental
data are available for the curing of PAA films
against which our results can be tested (or
tuned), and since the objective of generating these
results is solely to test whether our model can,
indeed, predict some important qualitative fea-
tures expected in stage 2, removal of the solvent
before curing was not affected. Indeed, several ad-
ditional physicochemical phenomena (e.g., re-
moval of water through the solid film, dependence
of rate constants on the “viscosity” of the film,
and heat transfer across the solid film) need to
be accounted for simultaneously in the present

6
10 ¢

140

Figure 17 M, at ¢t = 36,000 s as a function of temperature for all or some of the
reactions of Table I. Reference conditions (except T') of eq. (5) used. (Curve a) Rxn.
(1) only; (curve b) Rxns. (1) and (4); (curve ¢) Rxns. (1)—(5); (curve d) k4, k1, and
k4 nonzero; (curve e) Rxns. (1)—(4); (curve f) Rxns. (1)—(3); (curve g) Rxns. (1) and

(3); (curve h) Rxns. (1) and (2).
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Figure 18 Variation of M,,, M,,, and [—COOH] with time for stage 2 polymerization.

kinetic model before the curing of PAA films at
high temperatures can really be modeled.

Figure 18 shows how M, and M,, decrease with
time (due to the chain-scission reaction). How-
ever, these increase slightly after about ¢ = 20,000
s. This is associated with a simultaneous increase
in — A’ concentration, as shown in Figure 19. The
continuous increase of f .z and f4#z with time for
the same situation is shown in Figure 20. It is
clear from Table I that the reverse step of Rxn.
(4) starts playing an important role at high values
of ¢ and converts —A’ to —A (relatively speak-
ing), thus leading to higher M, and M, [through
Rxn. (1)] as well as lower [—A'] at large times.
The importance of the reverse step of Rxn. (4) in
Table I is to be noted. It has also been found that
the molecular weights are relatively insensitive
to variations of &, k5, and [W ], in stage 2.

The effect of introducing a multiplying factor
of 1.2 on the right-hand sides of @/l the moment

closure equations in Table VI was also studied.
The value of M, (at ¢ = 36,000 s) decreased by
less than a few percent by using this factor in all
the closure equations simultaneously. The differ-
ence was quite small if only one closure equation
was modified at a time. This suggests that these
closure equations can possibly be used for the sec-
ond-stage reactor. However, the sensitivity of re-
sults to the moment closure equations needs to be
studied again after tuning the rate constants for
Rxns. (2), (3), and (4) on experimental data for
the curing process.

CONCLUSIONS

A comprehensive kinetic model was presented in
this study. This model can easily be adapted to
account for limitations of heat and mass transfer
which are normally encountered in large-scale re-
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Figure 19 Variation of [—A] and [—A'] with time for stage 2 polymerization.
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Figure 20 Variation of f4 3 and fy#z with time for stage 2 polymerization.

actors. A few of the rate constants were curve-
fitted against a limited amount of experimental
data available at low temperatures from the open
literature. However, detailed experimental re-
sults, particularly at high temperatures, are re-
quired so as to get “tuned” values for the other
rate constants, in particular, Rxns. (2), (3), and
(5) of Table 1.

NOMENCLATURE

—A anhydride end group

—A’ diacid end group

—AB— favored conformer of amide link

—A*B— imide link

—A*B— unfavored conformer of amide link

A, frequency factor

—B amine end group

—COOH  acid group

E objective function

E; activation energy for ith reaction

fan fraction of favored conformer of am-
ide link

fass fraction of imide link

fats fraction of unfavored conformer of
amide link

—1I sum of favored, unfavored conformer
of amide links and imide link

k; forward rate constant of i th reaction

k! reverse rate constant of ith reaction

M, number-average molecular weight

M, weight-average molecular weight

PDI polydispersity index

polymeric species of chain length n
vector of parameters

R universal gas constant (J mol 1K)
t time (s)

i total reaction time (s)

T temperature (°C or K)

w; weightage factor for ith data point
w water

Greek Letters

N kth moment of jth species as given
in Talgcle Ik =0,1,2, -+ -);

N = 3 n*[P,;] (mol m?)

n=1

Subscripts/Superscripts

expt experimental values

f final values

0 initial values

ref reference values

theor theoretical values
Symbols

[ ] concentrations (mol m~2%)
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