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ABSTRACT
Limited monomer solubility imposes very intriguing features on
poly(p-phenylenebenzobisoxazole) polymerization. Only one type
of functional group is detected at oligomer chain ends, and a high-
molecular-weight polymer is obtained even when an excess of the
monomer with low solubility is used. These remarkable phenomena
are interpreted as an unprecedented “spoon-feeding-of-monomer”
mechanism. A novel apparatus for staged polymerization is de-
scribed that was triggered by the uniqueness of the heterogeneous
step-growth polymerization. Hyperbranched polyesters and a
polyurethane/polyethylene blend, which represent two phases in
the polymerization process, are also discussed.

Introduction
In A-A plus B-B step-growth polymerization, a linear
chain is obtained by the stepwise intermolecular conden-
sation or addition of the reactive groups in bifunctional
monomers. The molecular weight distribution (MWD) of

step-growth systems was analyzed by Flory with the
assumption that all functional groups can be considered
as being equally reactive.1 Three types of molecules with
respect to the end-group functionality may be formed in
the polymeric mixture.

If x, the total number of reactant molecules combined
in the polymer molecule, is an even integer,

If x is odd, either

or

The influence of inherent and induced functional group
unequal reactivity on polymerization kinetics and MWD
has also been studied.2,3 Examples of unequal reactivity
of functional groups include 2,4-tolylene diisocyanate in
polyurethane synthesis,4 ethylene glycol with dimethyl
terephthalate as the other monomer in poly(ethylene
terephthalate) production,5 and sodium p-fluorothiophen-
oxide as a polyphenylene sulfide (PPS) monomer.6 In all
the above cases, the monomers are totally miscible with
each other and completely soluble in the reaction me-
dium.

There are a number of industrially important polym-
erization examples in which the solubility of one of the
monomers is limited. For example, the solubility of
terephthalic acid (TA) in ethylene glycol for poly(ethylene
terephthalate) preparation is very low.7 In PPS synthesis
from p-dichlorobenzene and sodium sulfide in N-meth-
ylpyrrolidinone (NMP), sodium sulfide has limited solubil-
ity in the reaction solvent.8 When hyperbranched poly-
esters were made from 2,2-bis(methylol)propionic acid
(bis-MPA) and different polyols, the miscibility of the
polyol and bis-MPA played an important role in the
reaction kinetics and polymerization product.10 A system
with a low-melting polyol and good solubility of bis-MPA
in the polyol melt exhibited the highest rate of reaction.
However, a reaction mixture consisting of a polyol and
partly soluble bis-MPA, in which solid bis-MPA gradually
dissolved in the melt as the reaction proceeded, was a
better choice for achieving a high degree of branching. A
phase-separated system allowed complete reaction of all
the hydroxyl groups on the core molecule (the polyol) to
generate a hyperbranched polyester with a high degree
of branching. Figure 1 illustrates a two-dimensional
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FIGURE 1. A two-dimensional theoretical representation of a
hyperbranched polyester synthesized from bis-MPA and 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol (TMP) as the core.
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theoretical representation of a hyperbranched polyester
synthesized from bis-MPA and 2-ethyl-2-(hydroxymethyl)-
1,3-propanediol (TMP) as the core.

Preparation of a polyethylene/polyurethane blend
polymer via in situ polymerization of diols and diisocy-
anate monomers dispersed in a molten polyethylene
matrix was recently reported.11 High solubility of iso-
cyanate monomers and low solubility of alcohols in
molten polyethylene induced an unbalanced stoichiom-
etry, which limited the molecular weight of the polyure-
thane. The difference in viscosity between polyurethane
and polyethylene had a controlling influence on the blend
morphology developed. Mathematical modeling of a
heterogeneous step-growth polymerization reaction in
which a monomer has limited solubility has been re-
ported, and the influence of various operating parameters
on the molecular weight and MWD has also been dis-
cussed.12,13

This Account reviews a detailed study of a heteroge-
neous polymerization reaction, that is, the preparation of
poly([benzo(1,2-d:5,4-d′)bisoxazole-2,6-diyl]-1,4-phen-
ylene) (PBO) with 1,3-diamino-4,6-dihydroxybenzene di-
hydrochloride (DADHB‚2HCl) and TA as starting materials
in polyphosphoric acid (PPA).

The remarkable facts that only one type of function-
al group, o-aminophenol, is detected at oligomer chain-
ends and that high-molecular-weight PBO is obtained
even when an excess of TA is used are attributed to the
very low solubility of TA in PPA and the heterogeneous
nature of the reaction. The unusual oligomer structure
triggered an unprecedented method to control PBO
molecular weight. Heterogeneous step-growth polymer-
ization is a little-explored field.14 A review of the mecha-
nism of a heterogeneous step-growth polymeriza-
tion reaction would be of great value for researchers in
academia and industry alike. Some of its unique
features may motivate researchers to design new chem-
istry and a novel polymerization apparatus to meet their
needs.

The focus of this Account is on the consequence of
limited monomer solubility in step-growth polymerization.
Polycondensation of glycols and dicarboxylic acids in
acidic water-in-oil emulsions, microemulsions, or solid-
in-liquid dispersions to form polyesters is not within the
scope of this discussion.15

Solubility of TA in PPA for PBO Polymerization
PBO is a rigid-rod-like polymer recently commercialized
by Toyobo Company, Japan.16 PBO fiber is superior to
p-aramid fibers in tensile strength and modulus. It also
has outstanding flame resistance and thermal stability
among organic fibers. Mechanistic studies on PBO po-
lymerization in PPA have been pursued at SRI Interna-
tional, The Dow Chemical Company, and other institu-
tions.17-20

PPA is a complex mixture of orthophosphoric acid,
pyrophosphoric acid, and higher condensed phosphoric
acid oligomers that can be represented by the general
formulation Hn+2PnO3n+1, where n ) 1, 2, 3, ....21 The
average chain length depends on the ratio of water and
P2O5. In PPA, dissolved TA exists as the diacid, as R-(4-
carboxybenzoyl)-ω-hydroxypoly(oxyphosphinico) (a mono-
acid-monoanhydride), and as R,R′-[1,4-phenylenebis(car-
bonyl)]bis(ω-hydroxypoly(oxyphosphinico) (a dianhy-
dride). Studies by 1H and 31P NMR spectroscopy have
demonstrated that the three TA species and PPA are in
dynamic equilibrium. High P2O5 content in PPA favors the
formation of the anhydride.

TA has very limited solubility in PPA. The sum of the
three dissolved species is 0.0006 g in 1 g of PPA with 86
wt % P2O5 at 140 °C. At 100 °C, the solubility is 0.0002 g
per g of PPA. In PBO synthesis with 14 wt % of polymer
in PPA, the initial concentration of TA is 0.124 g per g of
PPA.22,23 Most TA exists in the solid phase until it is close
to a complete conversion. As dissolved TA is converted
to benzoxazole in the course of the reaction, solid TA
continuously dissolves to maintain its solubility level in
PPA. TA with average particle diameter of less than 10 µm
has to be used to make high-molecular-weight PBO.17,24

The large surface area of micronized TA enhances the
dissolution rate of the solid particles and ensures the
complete conversion of the monomer for the polymeri-
zation reaction.

Unusual Structure of PBO Oligomer
Several PBO oligomer samples were isolated during the
course of a polymerization reaction, and some distinctive
findings were made. At a given time, conversion of
DADHB was always higher than that of the other mono-
mer, TA. A significant amount of phosphorus was found
in the oligomer even after repeated water washings. The
amount of residual phosphorus decreased as the conver-
sion of reactants increased, as is illustrated in Table 1.
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IR and 13C NMR spectra of the PBO oligomer did not
show carboxylic acid. A PBO oligomer structure with both
chain-ends capped with one type of functional group was
proposed. The fact that the ratio of DADHB conversion
to TA conversion decreases as the polymerization pro-
gresses is also consistent with the suggested structure. The
remarkable structure of the PBO oligomer was further
supported by the MS of its condensation product with
benzoic-carboxy-13C acid. The only products detected by
MS were benzoic-carboxy-13C acid end-capped PBO com-
pounds of up to five TA molecules plus six DADHB
molecules, as shown in Figure 2. We are the first to fully
characterize and report this unique oligomer structure,

although the predominance of one type of end-group has
been suggested for a heterogeneous step-growth polym-
erization.12

The average number of repeating units in the PBO
oligomer can be determined by chain-end functional
group analysis.25 Chain-end DADHB functional groups
were converted to fluorobenzoxazoles.

The average number of repeating units was measured
by the amount of fluorine incorporated in the polymer.
This approach is good for PBO with Mh n of less than 12 000
g/mol. For high-molecular-weight polymers, degradation
of chain-end functional groups or impurities in the
monomers can cause significant deviation in Mh n deter-
mination.

A Remarkable Polymerization Mechanism
The unusual structure of the PBO oligomer and extremely
low solubility of TA in PPA led to an unprecedented
polymerization mechanism, as is shown in Figure 3. TA,
with the carbonyl group activated through anhydride
formation, reacts with DADHB to form the dimer, 4-[2-

FIGURE 2. MS of the product from isolated PBO oligomer and benzoic-carboxy-13C acid. Only benzoic-carboxy-13C acid end-capped PBO
compounds with up to five TA plus six DADHB were detected.

Table 1. Conversion of Monomers and Residual
Phosphorus in Oligomer during PBO Polymerization

reaction
time (h)

DADHB
conversion

TA
conversion

phosphorus in
oligomer (%)

5.0 0.67 0.50 6.4
7.1 0.74 0.61 5.8
8.7 0.82 0.66 3.4

10 0.90 0.79 3.0
14 ∼1 0.93 1.2
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(5-amino-6-benzoxazolol)]benzoic acid (2). The chance of
the o-aminophenol end of 2 finding a TA anhydride (TAA)
to react with is very low due to the extremely low
concentration of TAA in PPA. The carboxylic acid end of
2 can readily react with the solvent, PPA, to form the
anhydride, 3, which then reacts with DADHB to generate
the trimer, 2,2′-(1,4-phenylene)bis(5-amino-6-benz-
oxazolol) (4).

Compound 4 must encounter a TAA to produce the
tetramer, 5. Compound 5 has the same fate as 2. The
probability that 5 will form an anhydride with PPA and
then react with DADHB or an oligomer end-capped with
DADHB is much higher than its probability of encounter-
ing a TAA. The proposed mechanism explains why only
oligomers end-capped with DADHB are detected. This
reaction pattern continues until the concentration of the
unreacted DADHB functional group is comparable to that
of soluble carboxylic acid anhydride. IR and NMR spectra
of the isolated oligomer did not show any esters or amides,
or their hydrolysis products. The result is consistent with

Hodd’s suggestion that the benzoxazole ring-closure reac-
tion is fast in the presence of an acid catalyst.26

In linear polymerization A-A plus B-B, one must
precisely adjust the stoichiometric balance of the bifunc-
tional monomers. The number-average degree of polym-
erization Xhn with stoichiometric unbalanced r at complete
conversion is

With 5 mol % excess of one monomer, the maximum Xhn

is about 20. Surprisingly, high-molecular-weight PBO was
obtained even when TA was in excess.27,28 This unusual
phenomenon is explained by the extremely low solubility
of TA in the reaction medium, PPA. Only TA species that
dissolve in PPA participate in PBO polymerization at a
given time. As polymerization progresses, dissolved TA is
consumed and solid TA gradually dissolves to maintain
the TA solubility level at the reaction temperature. TA is

FIGURE 3. Proposed PBO polymerization mechanism, in which one of the monomers has limited solubility in the reaction medium.

Xhn )
(1 + r)
(1 - r)
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“spoon-fed” to the reaction medium until TA content is
at or below its solubility limit in PPA. Excess solid TA does
not participate in the reaction, and, therefore, high-
molecular-weight PBO is obtained at high DADHB func-
tional group conversion. On the other hand, only low-
molecular-weight PBO was obtained when excess DADHB
was used. As with conventional A-A plus B-B step-
growth polymerization with stoichiometric imbalance, the
Xhn is limited by the conversion of the DADHB functional
group at complete TA conversion.

Polydispersity Index in a Heterogeneous
Step-Growth Polymerization
Ravindranath discussed the polydispersity index (PDI) of
a heterogeneous step-growth polymerization, where the
solubility of A-A is limited, as a function of unreacted B
functional groups.12 For a case in which the weight ratio
of dissolved A-A to reaction mixture (R) was 0.01,
calculated PDI was around 2 at above 60% conversion of
B functional groups.

Two PBO oligomer samples were isolated and then
end-capped with p-fluorobenzoic acid. The fluorine con-
tents of the products suggested an n of 33.5 and 50 in
structure 1, which corresponded to an Mh n of 8 × 103 and
12 × 103 g/mol, respectively. Since analysis of the polymer
solution samples showed essentially no residual DADHB
monomer, conversion of DADHB functional groups was
97% and 98% based on the n values. Light-scattering
results of the two samples showed an Mh n of 16 × 103 and
22 × 103 g/mol, with 10% experimental error.29 Molecular
weight determination data indicated that PBO, a step-
growth polymer in which one of the monomers has very
low solubility in the medium, has a PDI of about 2. The
experimental results are consistent with Ravindranath’s
calculation.

A Novel Apparatus for Molecular Weight
Control
Molecular weight control in linear polymerization is
crucial in achieving the balance of mechanical properties
and processibility. The two most common methods for
molecular weight control are the adjustment of the
concentration of the two monomers so that they are
slightly nonstoichiometric and the addition of a small
amount of a monofunctional monomer. However, ac-
curate transfer of the monomers into a reactor can be
challenging, especially when appropriate solvents cannot
be used to rinse the weigh containers.

Because of the unique structure of PBO, the isolated
PBO oligomer molecular weight can increase again when
PBO is redissolved in PPA, followed by the addition of TA.
This phenomenon triggered an unprecedented plant-scale
design for linear polymer molecular weight control.22,30 TA
is short-loaded at the beginning of the polymerization
reaction to generate an oligomer mixture end-capped with
DADHB. The reaction mixture is then pumped through a
twin-screw extruder. A slurry of TA in PPA is added to the
extruder through a syringe pump, as is shown in Figure

4. The molecular weight of PBO, which is monitored by
the viscosity of the polymer solution exiting the extruder,
is adjusted by controlling the amount of TA added to the
oligomer mixture. This novel method works very well for
producing the PBO polymer with controlled molecular
weight, which is critical in fiber spinning.

Concluding Remarks
This Account reviews the unique features of a heteroge-
neous step-growth polymerization reaction in which one
of the monomers has limited solubility. An unprecedented
polymerization mechanism is proposed that accounts for
the fact that only one type of functional group is detected
at the oligomer chain-ends and that a high-molecular-
weight polymer is obtained even when one of the mono-
mers is in excess. Limited monomer solubility is practically
equivalent to the continuous addition of a monomer
during a polymerization reaction. A good understanding
of this relatively unexplored field will enable us to take
advantage of its unique characteristics to design chemistry
and equipment to achieve our objectives. The polymeri-
zation apparatus described herein for controlling polymer
molecular weight, the remarkable high degree of branch-
ing obtained in hyperbranched polyesters that makes use
of a phase-separation phenomenon, and the system for
governing blend morphology development in a polyure-
thane/PE blend are some examples. A different dicar-
boxylic acid can be added to the isolated PBO oligomer
or through the syringe pump in the apparatus to make
segmented block copolymers. More examples that take
advantage of the uniqueness of heterogeneous step-
growth polymerization are expected to emerge in the
future.

The author thanks Britton Kaliszewski and Ann Birch for their
help in manuscript preparation.
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