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ABSTRACT: A kinetic model for the solid-state polymerization of poly(bisphenol A

carbonate) in a single particle has been developed and used to investigate the broad-
ening of molecular-weight distribution as a result of slow condensate diffusion. The
model is based on melt-phase transesterification kinetics and Fickian diffusion of
phenol, the condensate, in the amorphous regions of the semicrystalline particle. Model
predictions compare favorably to experimental data. When diffusion is slow compared
to reaction, a condensate concentration gradient is established. This gradient induces a
molecular-weight gradient, which results in a broadened overall molecular-weight
distribution with an overall polydispersity above the theoretical limit for homogenous
step-growth polymerization. As the mass transfer resistance inside the particle is
decreased, the average molecular weight increases faster with time, and the overall
polydispersity decreases. A stoichiometric imbalance of end groups decreases the ob-
tainable molecular weight but mitigates the deleterious effects of slow condensate

diffusion. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79: 928-943, 2001
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INTRODUCTION

Solid-state polymerization (SSP) is used to pro-
duce high-molecular-weight polymers suitable for
a wide range of applications. For example, the
poly(ethylene terephthalate) (PET) used in soft-
drink bottles is produced exclusively through sol-
id-state polymerization, and SSP provides PET
and poly(butylene terephthalate) for several
other applications.® High-grade, high-molecu-
lar-weight polyamides, including both nylon-6
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and nylon-6,6, are also synthesized industrially
through solid-state polymerization.>® Recently,
SSP has received attention as a possible tech-
nique for the formation of high-molecular-weight
polycarbonates of bisphenol A,* potentially using
supercritical carbon dioxide as a processing aid.>®

Solid-state polymerization is employed indus-
trially to avoid difficulties encountered in other
polymerization processes. For example, melt-
phase polymerizations of PET and polycarbonates
cannot produce high-quality, high-molecular-
weight polymer because high melt viscosities are
encountered at even modest molecular weights.
Increasing the processing temperature to reduce
viscosity causes deleterious side reactions, such



as the formation of color bodies in polycarbonates
and acetaldehyde formation in the production of
PET. Other polymerization processes (e.g., solu-
tion, suspension, and interfacial polymerization)
have drawbacks, such as the generation of aque-
ous and/or organic waste streams.

In SSP, chips of relatively low-molecular-
weight polymer (referred to as prepolymer) are
partially crystallized, either thermally or through
the action of a penetrant or nucleating agent.
These chips are then heated to a temperature
between the glass-transition temperature (T,) of
the amorphous polymer and the melting point
(T,,,) of the crystallites. The polymerization tem-
perature must be above T, to provide enough
mobility for end groups to react. The temperature
must be kept below T, to prevent the crystallites
from melting and thus allowing the particles to
stick together.

A major consideration inherent in the SSP pro-
cess is removal of the reaction byproduct, that is,
the condensate, as polycondensation in general is
a reversible reaction. Diffusion of the condensate
in the individual polymer chips (internal diffu-
sion) can be rate limiting. Removal of condensate
from the solid-state reactor (external diffusion)
can also be a limiting factor, and sweep fluids
(primarily N,) are employed to help strip the by-
product from the reactor.

Because of the industrial importance of SSP,
many studies have focused on obtaining a better
understanding of this process. An early attempt
to describe SSP in single polymer particles con-
sidered only diffusion of the condensate and ne-
glected reaction kinetics.” Recently, several re-
search groups®!° have developed kinetic models
for the solid-state polymerization of PET and
have investigated the effects of condensate (eth-
ylene glycol) diffusion on the molecular-weight
evolution. Other aspects of the SSP of PET have
also been examined, such as the effect of particle
size,211714 the type of purge gas,'® the flow rate of
purge gas,'?>1* and the use of plasticizers to in-
crease the rate of polycondensation.51%1617 Mod-
els for the SSP of nylon-6> and nylon-6,6'° have
also been developed. Solid-state polymerization in
multiple particles and the effect of reactor type
and conditions on the final product have also been
examined for several different polymers.>!®

Broadening of the molecular-weight distribu-
tion (MWD), caused by slow diffusion of the con-
densate, is one general aspect of solid-state poly-
merization that has received relatively little at-
tention. A condensate concentration gradient
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within the polymer particle produces a gradient
in the local degree of polymerization because of
the reversible nature of the step-growth reaction.
At the particle surface the low concentration of
the condensate allows the reaction to proceed fur-
ther (i.e., to higher molecular weights) than in the
interior of the particle, where the condensate con-
centration is higher. Such a gradient in molecular
weight throughout the particle effectively broad-
ens the molecular-weight distribution. Although
the local polydispersity, that is, the ratio of the
weight-average molecular weight to the number-
average molecular weight, may be relatively low
at each point in the particle, the polydispersity
calculated over the entire particle will be greater
and can exceed the theoretical limit of 2 for re-
versible step-growth polymerizations.'® The exis-
tence of a molecular-weight gradient has been
demonstrated in previous theoretical® and exper-
imental®® studies. However, the studies that have
examined molecular-weight distribution in solid-
state polymerization'®?! have given only casual
attention to the polydispersity values exceeding
the theoretical limit.

Industrial interest in the SSP of polycarbonate
is suggested by a large patent literature. How-
ever, few fundamental studies have been pub-
lished. Iyer et al.* examined the feasibility of em-
ploying SSP to produce high-molecular-weight
polycarbonates and studied the effect of polymer-
ization time and temperature on the final molec-
ular weight, crystallinity, and melting tempera-
ture. A subsequent study by the same research
group examined the effect of SSP on the crystal-
lite morphology of the resultant polymer.?? Nei-
ther investigation reported the time rate of
change of any of the polymer properties. In a
recent study the temporal evolution of crystallin-
ity, melting temperature, and molecular weight
in polycarbonate SSP were examined using su-
percritical carbon dioxide as a crystallization
aid.?>® To date, this is the only available informa-
tion on polycarbonate SSP kinetics.

The synthesis of poly(bisphenol A carbonate)
from bisphenol A and either phosgene or diphenyl
carbonate is an A, + B, step-growth polymeriza-
tion: the polymerization relies on reaction of two
dissimilar monomers. The initial stoichiometry,
i.e., the initial molar ratio of the two monomers,
has a pronounced effect on both molecular weight
evolution and polydispersity. However, the im-
pact of stoichiometry has not been considered in
previous studies of SSP, which primarily focused
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on PET, an A,-type polymerization, and nylon-6,
an A-B polymerization.

This article examines the broadening of the
overall molecular-weight distribution in solid-
state polymerization of poly(bisphenol A car-
bonate) through a combination of kinetic mod-
eling and experimental investigation. Experi-
mentally determined molecular weights at
various times and at various locations in a sin-
gle particle are compared with model predic-
tions in order to establish reasonable values for
three parameters in the model: the forward ki-
netic constant for polycondensation, the equilib-
rium constant, and the diffusion coefficient of
the condensate, phenol. Then this model is used
to investigate the effect of the phenol diffusion
coefficient, the particle size, and the initial stoi-
chiometric ratio of the two end groups. Al-
though the results presented are for polycar-
bonate SSP, molecular-weight distribution
broadening can occur in other systems. There-
fore, the results provide a general insight into
this aspect of solid-state polymerization.

EXPERIMENTAL

Prepolymer was produced by melt-phase transes-
terification of bisphenol A (BPA) and diphenyl car-
bonate (DPC) (both obtained from Aldrich, Milwau-
kee, Wisconsin) catalyzed by 300 ppm of lithium
hydroxide monohydrate (Aldrich). The BPA was re-
crystallized from a methanol-water solution (1:1 by
volume) and dried under vacuum at 60°C, while the
DPC was recrystallized from hot methanol and
dried under vacuum at room temperature. The cat-
alyst was used as received and charged into the
melt-phase reactor as an aqueous solution. Nitro-
gen was bubbled through the reactor to facilitate
phenol removal. To compensate for DPC volatiliza-
tion during the reaction, the DPC-BPA ratio in the
charge to the reactor was 1.07:1 (mol:mol). Molecu-
lar-weight analyses were performed using gel-per-
meation chromatography. The prepolymer had a
number-average molecular weight (M,) of 1700
g/mol and a weight-average molecular weight (M)
of 2500 g/mol. Thus, the polydispersity of the pre-
polymer was 1.4. At the end of the polymerization,
the prepolymer was poured through a syringe into
room-temperature water to form uniform beads, 3.6
mm in diameter with a mass of approximately 40
mg.

The prepolymer beads were crystallized by ex-
posure to supercritical carbon dioxide as de-

scribed by Gross et al.”® For the beads used here,
the average crystallinity after crystallization was
19 wt %, as determined by differential scanning
calorimetry (DSC). Prepolymer beads crystallized
to this value showed a uniform crystallinity
throughout the particle.® Further details regard-
ing the crystallization process and final morphol-
ogies may be found in Gross et al.>®

Approximately 1 g of the semicrystalline beads
was placed in the reactor, a steel vessel approxi-
mately 2 cm in diameter. Glass wool was used to
support the beads in the center of the reactor, and
N, was passed through the vessel. The reaction
was carried out in four stages, each at a higher
temperature. First the reactor was held at 180°C
for 2 h after which 0.25 g of the beads was re-
moved for analysis. The temperature of the reac-
tor containing the remaining beads was increased
to 205°C and held for another 2 h. Then another
0.25 g of the beads was removed. This process was
repeated for the third and fourth stages of 2 h at
230°C and 6 h at 240°C.

The ramped temperature profile was used to
take advantage of the higher polymerization rates
afforded by an increase in the melting tempera-
ture of the crystallites as the polymerization pro-
ceeds.>%?2 The T, of the crystallites was mea-
sured by DSC after each polymerization stage.
The reactor temperature for the next stage was
fixed just below this measured T, to allow the
highest rate of polymerization while avoiding par-
ticle agglomeration. Complete experimental de-
tails can be found in articles by Gross et al.>®

Molecular weight was studied as a function of
radial position in the particle as follows: a 0.4-
mm-thick surface layer was shaved carefully off
each of 10 beads using a razor blade. This process
was repeated; this time a layer 1.0 mm thick was
removed, leaving a 0.8 mm diameter core. Poly-
mer from the 10 beads was then combined on a
region-by-region basis, and the composite sam-
ples were analyzed to determine molecular
weight. The three regions are hereafter referred
to as the core (extending from the center to a
radius of 0.4 mm), the middle (from 0.4 mm to 1.4
mm), and the shell (from 1.4 mm to the surface,
1.8 mm).

Model Development

Poly(bisphenol A carbonate) results from a trans-
esterification reaction between hydroxyl and phe-
nyl carbonate end groups to form a carbonate
linkage and phenol. The reaction is:
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This reaction is reversible, so the byproduct, phenol,
must be removed in order to achieve a high-molec-
ular-weight polymer, that is, to minimize the effect
of the reverse chain scission reaction. The equilib-
rium constant, K, for this reaction is defined by:

K

&
3

(2)

where kis the kinetic constant for the polycon-
densation reaction and %, is the kinetic con-

e
P,: HO (|3
CHj;
e
ne HO (lj
CHj
i
R,: 0—C—0

Thus, four different polycondensation reactions
can occur:

Pn + Rm < Qn+m+1 + C (3)

stant for the chain scission reaction. The equi-
librium constant for polytransesterification re-
actions is generally between 0.1 and 10,%23 and
values reported for poly(bisphenol A carbonate)
transesterification at temperatures between
150°C and 250°C range from 0.4 to more than
200‘24,25

Leaving aside cyclic oligomers (the concentra-
tions of which are low under normal polymeriza-
tion conditions®®), there are three linear species
present in the polycarbonate particles:

i e
0—C—0 (IZ OH
CH;
n
i
0—C—0
n
s i
? 0—C—0
CH; .
Pn+QmePn+m+C (4)
Rn + Qm g Rn+m + C (5)
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Qut @y QuintC (6)

where C denotes the condensate, phenol, and each
reaction is assumed to have the same equilibrium
constant and forward and reverse kinetic con-
stants.

Models for the melt-phase transesterification
of bisphenol A and diphenyl carbonate to form
polycarbonate have been developed previous-
ly.2527 The successful adaptation of a melt-phase
kinetic model to solid-state polycondensation has
been demonstrated for the SSP of PET and of
nylon-6,6.° A similar approach will be used here.
The required assumptions are:

1. The polymer end groups and all small mol-
ecules, such as the condensate and cata-
lyst, exist only in the amorphous regions of
the semicrystalline particle. This assump-
tion presumes these species are expelled
from the developing crystallites during the
crystallization process. This increase in
concentration is represented by:

Ctotal
Camorphous - (1 _ f) (7)
where fis the local crystalline weight frac-

tion.

2. No reactions occur in the crystalline re-
gions of the polymer since no reactive spe-
cies (other than carbonate linkages) exist
in the crystalline phase.

3. The effective condensate diffusivity is pro-
portional to the amorphous fraction and
the condensate diffusivity in the polymer
melt:?®

D*=(1-f)D (8)

where D* is the effective, observable diffu-
sivity, and D is the diffusivity in the amor-
phous phase. Condensate diffusion occurs
only through the amorphous regions. At
low crystallinities (less than about 20%),
crystallites should not obstruct signifi-
cantly the diffusion of the condensate.
However, at high crystallinity, the right
side of eq. (8) must be divided by a tortu-
osity factor (>1) to compensate for the in-
creased distance that the condensate mol-
ecule must travel to diffuse around the
crystallites.

4. The transesterification reaction in the
amorphous regions of the semicrystalline

polymer proceeds in the same manner as a
transesterification reaction occurring in a
polymer melt at the same temperature.
This assumption allows extant melt-phase
kinetics to be applied to SSP.

Using the above assumptions, the melt-phase
polycondensation model for polycarbonate devel-
oped by Kim and Choi?’ can be adapted to de-
scribe SSP in single polycarbonate pellets. That
model is comprised of a system of 12 ordinary
differential equations describing the temporal
evolution of the moments of the species distribu-
tions for the polymeric species P,, @,,, and R,,. The
kth moment of the distribution of P, is given by

©

App= 2 n'P, 9)

n=1

where P, is the total concentration of species P,
(as opposed to number of moles in the Kim and
Choi formulation). The moment equations for the
distributions of @,, and R, are analogous. Note
that the sums do not include the monomer con-
centrations P, and R, or the phenol concentration
C, which is equivalent to @,. Also note that the
total concentration is used in eq. (9) rather than
in the amorphous-region concentration; this will
lead to a factor of 1/(1 — f) whenever the end-
group concentration resulting from species P, is
required.

Species balances are written for the two mono-
mers, phenol, and each distinct n-mer of each of
the three polymeric species, producing an infinite
set of equations because there are an infinite
number of polymeric species. To reduce the num-
ber of equations, the concentrations of the poly-
meric species are transformed into moments us-
ing eq. (9), leaving 12 equations:

dr a-pe Po[2(Ago + Ro) + Agol
k,C
+ 1-— f[)\Q,l + 2)\P,0] (10)
kg
R.= W [4(/\P,0 + PO)()\R,O + Ry + 2()\P,0
+ Apo + Py + Ro)Ago + Mgl
k,C
Ta-pe [2(Ap1 + Ag1 + Ar1) — Agol

(1D



dR, -2k,
dr (1 }()ZRO[Z(/\PO+PO) + Mgl
k,C
+ 1-7 [Ag1+ 2Ag0] (12)
dhpy 2k
dt —(1-f7? [—2(Ago + Ro)Apo + AgoPol
»C
ﬁc[)\Q,l - /\Q,O - 2)\P,0] (13)
dAgy ks
dt ~(1-f? [4(Apo + Po)(Aro + Ro) — 2(App
+ Ago + Py + Ro)Ago — Mgl
k,C
+ 1-f [—Ago+ 2(Ap1 + Agy)] (14)
dhrg 2k
dt —(d-p? [—2(Apo + Po)Ago + AgoRo]
k,C
+ 1-7 [Ag1 — Ago — 2Ago] (15)
dhpy 2k,
dr 1-72 [—2(Ago + Ro)Ap1 + (Apy

1 %,C
+ Po)Ag1] + 21-f [Ag2 — Ag1— 2(Aps

+ Ap1)] (16)

drgr 2k
dt  (1-/p°2
+ Ro) - 2)\13,1)\1!3,1 -

[2(Ap1 + Apo + Po)(Ag1 + Agp
(Apo + Ago + Py

k,C
+RO))\Q1]+ f[)\P2+)\P1+)\Rz

+ Ar1— Mgl an
d)\R,l Qkf
di 1-p° [—2(Apo + Po)Ag1 + (Ago

1 %,C
+ Ro)Agq] + 21— f [Ag2 — Ag1— 2(Ags
+ Ar1)] (18)

dipy 2k
dt (1 -p)?

[—2(Ago + Ro)Apo + (Apy

1 k,C
+ PO)AQ,Z + 2)\P,1)\Q,1] + 6 17_](. [2)\Q,3

- 3/\Q,2 + )\Q,l - 8)\P,3 - 6)\P,2 + 2)\1),1]

(19)
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drgs 2k
dt ~(1-p°
+ Ag1+ Ao+ Ro) — 2(Ap2 + Ap1)(Agy

+ Ar1) + Apghpaot —

[2{()\13,2 + Ap1t+ Apg + PO)()\R,2

(AP,O + )\R,O + PO

1 %,C
+ Ro)Ago + )\Ql] + f[2AP3 + 3Apy

+ )\P,l — 4)\Q,3 + )\Q,l + 2/\R,3 + 3)\}2,2
+ Agal (20)
d)\R,z 2kf
dt (1= 20Ae0 T PoArs T (Arg

1 k,C
+ RO))\Q,2 + 2)\R,1)\Q,l] + é 17_](. [2/\Q,3

—3Ag2t+ Ag1— 8Ags — 6Ags + 2Ag4]

(21)

In these equations C is the concentration of phe-
nol in the amorphous phase, and P, and R, are
the total concentrations of the bisphenol A and
diphenyl carbonate monomers, respectively.

The implicit assumption of a constant crystal-
line fraction is contained in Egs. (10)—(21). How-
ever, it is known that further crystallization may
occur during the solid-state polymerization of
polycarbonate* 6?2 and that a crystallinity gra-
dient may be established between the high- and
low-molecular-weight regions.® Unfortunately,
the evolution of crystallinity during SSP, as well
as its dependence on various process and physi-
cochemical parameters (molecular weight, tem-
perature, etc.), has not been characterized quan-
titatively. Therefore, it is not practical to incorpo-
rate the effect of changing crystallinity into the
SSP model at the present time. The assumption of
constant crystallinity will be given additional con-
sideration in the next section.

Because polymerization is reversible (i.e.,
longer polymer chains can be cleaved into shorter
ones), the differential equations representing the
rate of change in the 2th moment of a distribution
are dependent on the k + 1th moment. Therefore,
a closure rule is required to cast the k + 1th
moment in terms of the lower order moments. For
reversible polymerizations a suitable formula,
originally developed in a study of reversibly ag-

glomerating particles,?® was adopted by Tai et
al.?’:
2)\i,0)\z'2,2 - )\1‘2,1)\1',2
Aia = Aoy 22)
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where i can be either P, @, or R.

The number- and weight-average molecular
weights can be expressed in terms of the moments
of the individual species’ concentration distribu-
tions. Denoting the molecular weight of a mole-
cule P, to be Wp,, the total zeroth, first, and
second moments of the molecular weight distribu-
tion are calculated from

©

mo= > (P, +Q,+R,)+P,+R,

n=1

- )\P,O + )\Q,O + AR,O + PO + RO (23)

py= > (P,Wp, + Q.Wq, + R,Wpg) + PWp,

+ RoWg, =M, (Ap1 + A1+ A1)

+ MP(AP,O + Po) + MQ/\Q,O + MR()\R,O + Ro) (24)

Ho = 2 (in2” + Qann + Rnwlzfn) + P()W2n

n=1
+ R W3z, = M} (Aps + Mgz + Ago)
+ Mi(\po + Po) + Morgo + Mi(Ago + Ry) (25)

In egs. (23)-(25), M, represents the molecular
weight of a structural repeat unit, and Mp, My,
and My, are the molecular weights of bisphenol A,
phenol, and diphenyl carbonate, respectively. The
number-average molecular weight (M,,), weight-
average molecular weight (M), and polydisper-
sity index (PDI) are given by

M= (26)
Mo
M, =" @7)
%51
. M, _ Mafo
PDI= "=, (28)

To complete the solution of eqgs. (10)—(28), the
phenol concentration (C) must be calculated as a
function of time and position in the particle. This
is accomplished by writing a mass balance for
phenol that includes diffusion in the polycarbon-
ate bead. Assuming that diffusion in the amor-
phous regions of the semicrystalline particles is
Fickian, this balance reads

% [(1-ACl=Re+V-(D*VC)  (29)

The term on the left-hand side represents the
time rate of change of the total phenol concentra-
tion. The first term on the right-hand side is the
net generation rate of phenol by the transesteri-
fication process, which is given by the right-hand
side of eq. (11). The second term describes the net
rate of diffusion.

The method of lines was used to solve eqs. (10),
(12)—(21), and (29). The computational domain
representing the spherical polymer bead was di-
vided into 51 grid points spaced equidistant along
the radius, with point 1 at the center of the bead
and point 51 at the surface. The number of divi-
sions was varied to verify that using more points
did not provide any appreciable gains in numeri-
cal accuracy. The spatial derivative in eq. (29)
was discretized using a centered second-order fi-
nite difference, and the resulting system of (51
X 12) ordinary differential equations was solved
using a commercial numerical integration pack-
age for solving stiff sets of differential equations
(NAG Fortran Library, Mark 18, Numerical Algo-
rithms Group; Oxford, United Kingdom). The val-
ues of D, k; and k, were assumed to be indepen-
dent of time and position, corresponding to an
isothermal particle, and the value of f also was
assumed to be independent of time and position.

To solve the set of equations, boundary condi-
tions on the phenol concentration and initial con-
ditions for the 12 dependent variables are re-
quired. The boundary conditions applied at the
particle center and surface are

oC

—— =0 (30)
or r=0

Cr:d/Z =0 (31)

The boundary condition at the particle center is
required by symmetry. A zero phenol concentra-
tion at the particle surface results from the as-
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Table I Initial Conditions and Physicochemical and System Parameters Used in Single-Particle

Kinetic Model

Initial Conditions for Monomer and Phenol Concentration

P, = 0 mol/LL C = 0 mol/Lh R, = 0 mol/L.
Initial Conditions for the Species Concentration Moments

Apo = 0.102 mol/L Ag.o = 0.205 mol/L Aro = 0.102 mol/L
Ap1 = 0.627 mol/L Ag.1 = 1.25 mol/L Ag1 = 0.627 mol/L
Ap o = 6.16 mol/L Ag.2 = 12.3 mol/L Ar.o = 6.16 mol/L
Physicochemical and System Parameters

k;=3.0 x 107 Lmol " min~" ky, = 1.0 X 1073 L mol ! min~* K =30

D =1X10"7 cm%s d = 3.6 mm

sumptions that: (1) mass transfer from the sur-
face of the particle to the sweep fluid is rapid, that
is, the mass transfer coefficient is infinite; and (2)
the phenol concentration in the sweep gas is 0.

The initial conditions were calculated to give
initial values of M, and M,, equal to 1750 and
2500, respectively, that is, the molecular weights
of the prepolymer in the SSP experiments. The
initial concentrations of monomers and phenol in
the prepolymer were assumed to be 0. This is
reasonable since these molecules should have
been extracted effectively from the polymer par-
ticles during the crystallization step carried out
in supercritical CO,.

For a prepolymer with stoichiometrically bal-
anced end groups, the moments of the individual
species distributions are related through

App = %)\Q,k = AR (32)

This equation represents the most probable dis-
tribution. This leaves three independent mo-
ments (one each of the zeroth, first, and second
moments) to be determined at time 0. Two pieces
of data, the number- and weight-average molecu-
lar weights, are available. The third piece of data
arises from conservation of monomer moieties
during the polymerization, that is, 2.7M for bis-
phenol A in a 1:1 molar mixture with diphenyl
carbonate. This value can be related to the zeroth
and first moments of the species distributions:

Py+ Apy + Apg + Mgy + Agy = constant (33)
or, upon substitution:

4)\P,1 + )\P,O = 27 (34)

Thus, the initial values of the moments can be
calculated. The values used in the simulation are
found in Table I.

To simulate the SSP of stoichiometrically unbal-
anced prepolymer, a different procedure was used
to determine the initial values of the moments. A
homogeneous melt-phase polymerization of bisphe-
nol A with excess diphenyl carbonate was simulated
by setting the crystalline fraction to 0 and making
the phenol diffusion coefficient arbitrarily high. The
resulting values of the moments that correspond to
a number-average degree of polymerization of 10
then were used for the initial conditions for the SSP
simulations.

Number- and weight-average molecular
weights were calculated at each of the 51 spatial
grid points. The simulated spherical pellet was
divided into 51 corresponding shells, and the vol-
ume fraction of each of these shells was com-
puted. Because the polymer crystalline fraction is
assumed invariant both spatially and temporally,
volume fraction and weight fraction are equiva-
lent. The weight fractions were then used to cal-
culate the average molecular weights for the en-
tire particle using existing formulae for computa-
tion of average M, and M,, values for mixtures of
polymers having different molecular-weight dis-
tributions®:

1

M=~ (35)
%:Mn,i
Mw = EwiMw,i (36)

13

In these equations w; is the weight fraction of
polymer corresponding to grid point i, and M, ;
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and M, ; are, respectively, the number- and
weight-average molecular weights at that grid
point. The average molecular weights for the en-
tire particle are referred to as overall molecular
weights.

Several system and physicochemical parame-
ters are required to apply the above model. A
complete set of the values used in the following
calculations is presented in Table I. Three signif-
icant assumptions/estimates were made because
reliable data for the polycarbonate system was
not available:

1. The crystalline fraction does not vary with
time or radial position in the particle. Al-
though SSP studies have shown that crys-
tallinity increases during polymeriza-
tion,*®22 the assumption of constant crys-
tallinity is necessary in the absence of a
sound model for the kinetics of crystalliza-
tion caused by solid-state reactions. The
crystallinity was fixed at 20 wt %, close to
the value of 19% for the crystallized pre-
polymer.

2. The phenol diffusion coefficient in the
amorphous phase (D) initially was set at 1
X 10”7 cm?/s, although the effect of chang-
ing this value was studied later. No values
for the diffusivity of phenol in polycarbon-
ate were found in the literature, although
the diffusivities of deuterated methanol
and perdeuterated acetone in glassy poly-
carbonate at room temperature were re-
ported to be 102 and 10°° cm?%s, respec-
tively.?! Therefore, there is significant un-
certainty about the value of the phenol
diffusivity used in this study. In fact, there
is significant uncertainty about the diffu-
sivity for even the more common ethylene
glycol-PET system. The reported values of
the diffusion coefficient of ethylene glycol
in PET differ by 2 to 3 orders of magnitude
in the region of 250°C.10-28:32-35

3. The rate constants &, and %,, and therefore
the equilibrium constant (K), were fixed over
the course of the reaction, even though the
temperature was changed during the exper-
imental polymerization. This assumption
simplifies the mathematics and is necessary
because no reliable data exist on the kinetics
of polycarbonate transesterification in the
open literature, although there is some pub-
lished data for this reaction.?*?> It can be
inferred from the values of the equilibrium
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Figurel Comparison of experimental and simulated
overall weight-average molecular weights for solid-
state polymerization of polycarbonates. The values
used in the model are listed in Table I.

constants determined in those studies that
an exothermic reaction occurs when no cat-
alyst is present, but an endothermic reaction
happens when lithium hydroxide monohy-
drate is used as a catalyst, behavior that is
thermodynamically inconsistent. The pro-
cess for choosing the chain scission kinetic
constant, k,, and the kinetic constant for
polycondensation, % is described in the dis-
cussion of Figure 1.

4. Phenol diffusivity also was held constant
over the course of the reaction, even though
the temperature was varied. Thus, the as-
sumed diffusivity value represents an ap-
proximate average over the temperature
range studied. In view of the lack of any
data on the diffusivity of phenol in polycar-
bonate, it obviously was not possible to es-
timate a priori the temperature depen-
dence of the phenol diffusion coefficient.

RESULTS AND DISCUSSION

Comparison of Model with Experiment

Figure 1 compares the overall weight-average mo-
lecular weight (M,) predicted by the kinetic
model to that of the experimental results. The
forward rate constant for the transesterification
reaction (k,) was adjusted to give the best agree-
ment between the experimental data and the
model predictions. With the values of the phenol
diffusion coefficient (D) and the chain scission
rate constant (k) shown in Table I, the model
described the first few data points in Figure 1



reasonably well, as long as the value of &, was
such that the value of the equilibrium constant
(K) was on the order of those reported in the
literature.?*?°> However, the agreement between
the data and the model at longer reaction times
was much more sensitive to the value of k. The
best qualitative agreement with the experimental
data for molecular weight evolution was provided
by ks = 3.0 X 107> L mol~ " min~". Thus, k, was
fixed at this value, giving a K of 30. This value is
within the range reported.?*2°

The model predictions mimic the experimental
data quite well. Although true values for the
physicochemical parameters (K, k; and D) cannot
be determined from this exercise, the formulation
used for the kinetic model does reproduce the
measured molecular weight evolution to within
the accuracy of the experimental measurements
(=1000 g/mol).

During the first hour of polymerization, the
rate of increase of the molecular weight was rel-
atively high. This is a direct result of the equilib-
rium nature of the polymerization. During the
crystallization step, most remaining phenol from
the melt transesterification was removed from
the prepolymer. Therefore, in the initial stage of
SSP, the transesterification reaction is far from
equilibrium, and the end-group concentrations
are high. Chain scission is infrequent and molec-
ular weight increases rapidly. Between 1 and 2 h
of polymerization time, the rate of molecular-
weight increase declines. The phenol produced
during the initial stage of reaction begins to ac-
cumulate in the particle, and it limits the molec-
ular-weight increase due to equilibrium.

The equilibrium nature of polycarbonate poly-
condensation is displayed more clearly in Figure
2. Calculated phenol concentrations in the parti-
cle are shown in Figure 2(a). During the first hour
of polymerization the polycondensation reaction
causes a quick buildup of phenol from its initial
zero concentration. Near the surface of the parti-
cle phenol removal is relatively rapid, and the
concentration in this region (d/2 = 0.15 cm) be-
gins to decline after about the first hour of poly-
merization. In the center of the particle the phe-
nol concentration is high (well above 0.2M) and
continues to increase for several hours. These
high concentrations limit the molecular weight
through increased chain scission, leading to a ra-
dial gradient in molecular weight throughout the
particle.

Figure 2(b) shows model predictions of molec-
ular-weight evolution at several locations in the
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Figure 2 For the polymer bead for the simulated

polymerization shown in Figure 1: (a) phenol concen-
tration in amorphous region; and (b) local molecular
weight at various positions.

particle. Toward the surface (r = 1.62 mm curve),
the rate of molecular-weight increase declines
with time but still proceeds at a satisfactory rate
because phenol concentration is low. However, in
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Figure3 Comparison of experimental and simulated
average M_’s for the core, middle, and shell regions
after 12 hours polymerization. The core region extends
from the center of the particle to a radial position of 0.4
mm, the middle from 0.4 mm to 1.4 mm, and the shell
from 1.4 mm to the surface, 1.8 mm.
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Figure 4 Overall average molecular weights and
overall polydispersity for the simulated polymerization
in Figure 1. The polydispersity is M,,/M,,.

the particle interior, polymerization nearly ceases
because the equilibrium concentration of phenol
is reached. After 720 min the M,, in the center of
the particle is approximately a factor of 2.5 lower
than the M,, near the surface (r = 1.62 mm).

Figure 3 compares model predictions to ex-
perimentally determined molecular weights af-
ter 12 h of SSP for the core, middle, and shell
regions, as defined in the experimental section.
The agreement is very good, especially given
that the adjustable parameter in the model, &,
was used to fit only the overall molecular-
weight data in Figure 1, without considering
the local M,, values.

The molecular-weight gradient caused by slow
phenol diffusion can affect the processing charac-
teristics of the polymer. The broadening of the
molecular-weight distribution, as represented by
the polydispersity index, is shown in Figure 4. In
an ideal, homogeneous system, polydispersities
for reversible step-growth polymerizations do not
exceed a theoretical limit of 2. In solid-state poly-
merization, however, when the gradients in phe-
nol concentration and molecular weight are pro-
nounced, polydispersities can exceed the theoret-
ical limit. For example, under the conditions
simulated, the PDI rises above 2 after 210 min of
polymerization, when the overall M,, is only about
8000 g/mol, and is nearly 2.4 after 720 min (M,, =
15,000 g/mol). In the experimental studies the
final polydispersity was approximately 2.4 at an
overall M,, of about 15,000 g/mol.

Parametric Investigation of Solid-State
Polymerization

Several series of simulations were run to under-
stand better the conditions under which molecu-

lar-weight distribution broadening occurs. In the
first series the effect of the phenol diffusion coef-
ficient was examined. The results are shown in
Figure 5. Over the first hour of the reaction, the
value of the diffusion coefficient is not important
within the range of parameters studied, as the
average molecular weight [Fig. 5(a)] and polydis-
persity [Fig. 5(b)] profiles are nearly independent
of the value of D. During this stage phenol con-
centration is low and only beginning to build up,
so that the frequency of chain scission is insignif-
icant. After 1 h the phenol concentration begins to
have an effect on polymerization. When the diffu-
sion coefficient is low (10~ 7 to 10 ¢ cm?s), phenol
concentration in the particle is high, and reaction
slows down considerably. In fact, the molecular-
weight and polydispersity profiles for the two
smallest diffusion coefficients (5 X 107® and 1
X 1077 cm?%s) follow nearly the same path. Poly-
merization has all but ceased throughout most of
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Figure 5 (a) Effect of phenol diffusion coefficient on

the overall M,, predicted by the kinetic model. The
values of the diffusion coefficient in the legend have
been multiplied by 10 (i.e., D = 0.1 corresponds to 1.0
X 1077 em?/s). The values of the other parameters are
listed in Table I (b) Polydispersities predicted by the
kinetic model for the polymerization shown in Figure 5

(a).



50000 U T LA LN DAL BN LN ML LA DL AL BN
)
”
40000 | o7 ]
’ad
‘e
— ”
S 30000 | z~ .
g i &
= [ &
< 20000 | g
[ s P
L - - - e
[ L - R Sty
10000 | L L e
d At LA e EetE
0 L 1 I L L L 1 1 | 1 1
0 120 240 360 480 600 720
Time (min)
24 —— ! ,
4 3
22 | il - -
T
£ | / |
= 20 F " '/ ..... [ AR R i
= - : Lt |
g
2 18 [
=
=]
-9 L
16 [
14 L —
0 10000 20000 30000 40000

MW (g/mol)

Figure 6 (a) Effect of particle size on overall M, as
predicted by the kinetic model—particle diameter de-
noted by d; the values of other parameters are listed in
Table I; (b) Profiles of polydispersities versus average
M,, for the predictions shown in Figure 6 (a). The
vertical line indicates an average M,, of 20,000 g/mol;
the times required to reach this threshold are shown in
Table II, along with the corresponding polydispersity
values.

the particle. Only a small molecular-weight in-
crease near the surface of the pellets causes the
overall average molecular weight to increase. For
the lowest values of the diffusion coefficient, the
polydispersity exceeds the theoretical limit of 2
only 3 h into the reaction and continues to in-
crease with time. As the diffusion coefficient is
increased, the rate of molecular-weight buildup
increases, and the final polydispersities decrease,
although the final PDI is still above 2 for a diffu-
sivity of 10~ cm?/s. For the highest values stud-
ied (5 X 107 % and 1 X 10~° cm?%s), the molecular-
weight and polydispersity profiles become nearly
coincident, with the molecular weight increasing
linearly with time and the polydispersity ap-
proaching an asymptote of 2. These features indi-
cate that the intrinsic kinetics of the polyconden-
sation reaction have become the limiting factor,
as phenol removal is sufficiently fast to eliminate
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any appreciable chain scission. The rate of reac-
tion is nearly constant throughout the particle,
and the overall molecular weight is equal to the
local molecular weight at each position.

For the conditions simulated, the rate of over-
all molecular-weight increase will be greater and
final polydispersity will be lower if the diffusivity
of the condensate can be increased. Raising the
temperature will increase the diffusion coefficient
somewhat, but this approach is limited by the T,
(maximum temperature) for solid-state polymer-
ization. In addition, raising the temperature may
be counterproductive if K decreases or k; in-
creases more rapidly than D. A more elegant
method of raising the condensate diffusivity is to
introduce a plasticizing agent, which will effec-
tively increase the free volume of the polymer and
consequently enhance molecular mobility and in-
crease the diffusion coefficient.®13:16:17 Of partic-
ular interest are nontoxic penetrants such as su-
percritical carbon dioxide, which plasticize the
polymer without contaminating it or generating
difficult-to-recycle waste streams.?®

Figure 6(a,b) shows the effect of particle size on
average molecular weight and polydispersity for a
phenol diffusion coefficient of 10~7 cm?s. As the
particle size is increased, diffusional limitations
become more pronounced. Very small particles
(less than 0.4 mm in diameter) show essentially
no diffusional influence, and the rate of molecu-
lar-weight increase is constant. However, parti-
cles of even intermediate sizes (e.g., 1-2 mm in
diameter) show a significantly lower overall aver-
age molecular weight at any time because of con-
densate buildup in the particle interior. The larg-
est particle considered (1 cm in diameter) showed
only a negligible increase in average molecular
weight after the initial period of phenol buildup.

Table II Polymerization Time Required to
Reach an Average M,, of 20,000 g/mol for Model
Predictions Shown in Figure 6(b)

Particle Polymerization Polydispersity
Diameter (mm) Time (min) Index
0.2 285 1.91
0.4 294 1.92
1 369 1.99
2 628 2.22
4 1610 2.44
10 8590 2.52

The polydispersities are also listed.
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Polydispersity as a function of molecular
weight is depicted in Figure 6(b). The smallest
particles show the lowest polydispersities for a
given molecular weight, and the PDI values ap-
pear to approach the theoretical limit of 2 asymp-
totically at high molecular weights. For larger
particles, in which mass transfer limitations are
important, polydispersities are much higher.

Table II shows the times required to reach an
overall average M,, of 20,000 g/mol and the poly-
dispersities at this molecular weight as a function
of particle size. Two deleterious effects stemming
from mass transfer limitations appear as the par-
ticle size is increased: (1) the time required to
reach a given molecular weight increases dramat-
ically; and (2) the polydispersity of the polymer
increases. From a purely kinetic viewpoint, small
particles, that is, powders, are the most desirable
form for the polycarbonate prepolymer.

Stoichiometry can also have a significant effect
on the evolution of the overall molecular weight
and its distribution. Loss of diphenyl carbonate
during the melt-phase formation of prepolymer
can be significant because of the low boiling point
of DPC.?? Side reactions can also change the end-
group ratio, such as the hydroxyl-catalyzed deg-
radation of bisphenol A end groups to unreactive
color bodies.?® To investigate the polymerization
behavior when phenyl carbonate and hydroxyl
end groups are not present in stoichiometric bal-
ance, a series of simulations was performed. The
stoichiometric excess is defined here as the molar
percent excess of one type of end group initially
present in the monomer from which the prepoly-
mer is synthesized. For example, a prepolymer
synthesized from a monomer mixture consisting
of 1.05 mol diphenyl carbonate per 1 mol bisphe-
nol A would have a 5% stoichiometric excess. For
this series of simulations, 3 stoichiometric ex-
cesses are examined (2%, 5%, and 10%), all with a
starting M,, of 1270 g/mol for the prepolymer (cor-
responding to a degree of polymerization of 10).
Monomer evaporation and side reactions of the
end groups during SSP were not considered in
this study.

Figure 7(a) shows the influence of stoichiomet-
ric excess on the overall weight-average molecu-
lar weight for parameter values that lead to ra-
dial gradients in phenol concentration and molec-
ular weight. When the end groups are present in
equal amounts, the highest rate of molecular-
weight increase is achieved. Increasing the stoi-
chiometric excess decreases the rate of polymer-
ization and the final molecular weight. Figure
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Figure 7 (a) Effect of stoichiometric excess on the

overall M, , as predicted by the kinetic model—percent
stoichiometric excess and initial conditions are defined
in the text; all other parameters listed in Table I; (b)
Polydispersities (PDIs) versus time and stoichiometric
excess for the simulation shown in Figure 7 (a); (c) PDIs
as a function of stoichiometric excess and average M,,
for the predictions shown in Figure 7 (a).

7(b) shows that the overall polydispersity de-
creases as the stoichiometric excess is increased.
As the rate of polymerization decreases due to the
nonstoichiometric ratio of end groups, more time
is available for phenol removal from the polymer
particles, and the concentration gradients become
less severe. For a given stoichiometric excess,



polydispersities initially increase, go through a
maximum, and then begin to decrease over the
course of the reaction. Initially, the polymeriza-
tion is mass transfer limited throughout the en-
tire particle, and a phenol gradient arises, which
causes a molecular-weight gradient and a broad-
ened molecular-weight distribution. However,
when an A, + B, polymerization (such as poly-
carbonate synthesis) is performed, there is a max-
imum obtainable molecular weight, which de-
creases with increasing stoichiometric imbalance.
As the shell region of the particle approaches this
molecular weight, the rate of polymerization in
this region approaches 0, allowing the interior
regions to “catch up.” In this manner, the phenol
and molecular-weight gradients inside the parti-
cle are diminished, leading to a reduction in the
polydispersity over the remainder of the reaction.

Figure 7(c) shows the polydispersity as a func-
tion of overall weight-average molecular weight
and stoichiometric excess and suggests a possible
operating paradigm for polydispersity control in
SSP. If a less polydisperse material is needed and
reducing the particle size is not an option, stoichi-
ometry may be used to mitigate the adverse ef-
fects of slow mass transfer. For example, if poly-
mer having an M,, of 14,000 g/mol and a polydis-
persity below 2.2 is desired, a polymerization may
be performed on prepolymer synthesized from a
monomer mixture having a 2% stoichiometric ex-
cess of either monomer. Although the polymeriza-
tion takes longer with a stoichiometric imbalance,
reduced polydispersities may be obtained without
resorting to intensive postprocessing.

Model Assumptions

When applied to the SSP of poly(bisphenol A car-
bonate), the present model requires several as-
sumptions that limit its utility as a predictive
tool. The most important of these assumptions
are: (1) the values of k5 K (or k,), and D are known
at some temperature; (2) the percentage of crys-
talline material does not change during polymer-
ization; and (3) the effect of temperature on k5 K,
and %, can be neglected. The last two assumptions
are not valid generally and would have to be
removed in a more rigorous version of the model.
For example, for the polymerization shown in Fig-
ure 3, the percent crystallinity increased from the
initial value of 19% to approximately 50% in the
shell region, although there was no appreciable
increase in the core region despite the modest
molecular-weight increase. This increase in crys-
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tallinity lowers D*, as shown by eq. (8), and in-
creases the concentration of end groups in the
amorphous region, as shown by eq. (7).

Assumptions 2 and 3 are believed to be justi-
fied currently because accurate values of k; K,
and D are not available. In fact, the values of
these parameters used in the preceding calcula-
tions probably are accurate only to about an order
of magnitude. Therefore, the uncertainty intro-
duced by using the values of these parameters
shown in Table I at some “average” polymeriza-
tion temperature probably is far greater than the
uncertainties introduced by the second and third
assumptions. Moreover, to remove these two as-
sumptions, an additional set of information would
have to be available, that is, activation energies
for D and k; the enthalpy of reaction, and a rela-
tionship between percent crystallinity and the
process parameters that control SSP and/or be-
tween the percent crystallinities and the polymer
properties. This kind of information is not avail-
able currently.

Despite these quantitative limitations the
present model is able to provide a very useful
qualitative perspective concerning the SSP of
poly(bisphenol A carbonate) and, in particular,
the broadening of the molecular-weight distribu-
tion that occurs when internal transport of the
condensate molecule is slow.

CONCLUSIONS

The broadening of the molecular-weight distribu-
tion in the SSP of poly(bisphenol A carbonate) has
been studied using both experimental and model-
ing techniques. A kinetic model describing the
molecular-weight evolution throughout spherical
polymer beads is developed, and its predictions
are compared to experimental SSP data. The
model was fit to the experimental data by adjust-
ing the transesterification rate constant (k) to
match measurements of the overall average mo-
lecular weight versus the polymerization time.
Good agreement was obtained, not only for the
temporal evolution of the molecular weight but
also for the final molecular weights in the core,
middle, and shell regions of the particle. The ex-
perimental data show a significant radial molec-
ular-weight gradient within the polymeric bead.
The model was used to identify the slow removal
of the condensate (phenol) as the probable cause
of this molecular-weight gradient. The molecular-
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weight gradient in the particle leads to broaden-
ing in the overall molecular-weight distribution.

The model was used to investigate the effect of
three parameters on the average molecular
weight and the polydispersity: (1) the phenol dif-
fusion coefficient, D; (2) the particle size; and (3)
the stoichiometric excess of end groups in the
prepolymer. The diffusion coefficient and the par-
ticle size have similar effects on the final average
molecular weight. As the internal mass transfer
resistance is decreased by increasing the phenol
diffusivity and/or decreasing the particle size, the
rate of overall molecular-weight increase is in-
creased and the polydispersity is decreased. In-
creasing the stoichiometric excess of one of the
end groups decreases the rate of polymerization.
However, the polydispersity of the final polymer
is also decreased.

This work was performed while one author (M.D.G.)
held a National Research Council-U.S. Army Research
Office research associateship. The authors would also
like to thank the U.S. Army Research Office for funding
and the Kenan Center for the Utilization of Carbon
Dioxide for additional support.

NOMENCLATURE

C phenol concentration in amorphous phase
(mol/L)

d polymer bead diameter (mm)

D phenol diffusivity in amorphous polycar-

bonate (cm?/s)
D*  effective phenol diffusivity; defined by eq.
(8) (cm?/s)

f local weight fraction crystallinity
K transesterification equilibrium constant
ky, reverse (chain scission) kinetic constant

(L mol™* min™1)

ke forward (transesterification) kinetic con-
stant (L mol ™! min™1)

M, number-average molecular weight (g/mol)

Mp molecular weight of bisphenol A (228.3
g/mol)

M,  molecular weight of polycarbonate repeat
unit (254.3 g/mol)

My molecular weight of diphenyl carbonate
(214.2 g/mol)

M,  molecular weight of phenol (94.1 g/mol)

M,, weight-average molecular weight (g/mol)

P, dihydroxyl-terminated polymer of n repeat
units; symbol represents both species
and its total concentration (mol/L)

@, polymer of n repeat units having 1 hy-
droxyl and 1 phenyl carbonate end
group; symbol represents both species
and its total concentration (mol/L)

R, rate of production of condensate due to re-
action, as given by eq. (11)

R,  diphenyl carbonate terminated polymer of
n repeat units; symbol represents both
species and its total concentration
(mol/L)

Wp, molecular weight of species P, = n'M, +
Mp (g/mol)

Wq, molecular weight of species @, = n'M,
+ M, (g/mol)

Wg,, molecular weight of species R, = n-M,

+ Mg (g/mol)

Ax, kth moment of concentration distribution
of species X (mol/L)

[ kth moment of overall molecular-weight
distribution (g* /mol* 1)
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