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Abstract Crystalline entities formed
during anionic polymerization of
caprolactam (CL) in nonpolar
solvents were examined, mainly by
scanning electron microscopy and
wide angle X-ray scattering. The

be controlled by the efficiency of both
catalytic species (activator and
catalyst). Despite the large range of
particle sizes two typical morpho-
logies, namely — connected globules
evolving to large blocks and
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morphological development of these
entities is governed by the complex
interaction between the competing
polymerization and physical pro-
cesses like phase separation and
crystallization. The effect of the
efficiency of catalytic systems on their
interaction, the mechanisms of the
phase separation and the crystal
growth under topological restrictions
set by the phase separation are
discussed. Under reaction conditions,
for these ones favouring high polymer
yields, the final morphology of the
polycaproamide (PCA) particles can

macroporous powders are obtained
using more or less efficient catalytic
systems, respectively. An adequate
selection of the catalytic pairs allows
to control the particles’ size and their
internal morphology, which is
important for certain specific
applications of PCA.

Key words Anionic polymerization of
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ization induced phase separation —
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macroporous powders — fused
agglomerates

Introduction

This paper is concerned with the formation and morpho-
logical development of PCA particles formed by anionic
polymerization of caprolactam (CL) in nonpolar solvents.

The anionic polymerization of CL in solvents is a con-
venient process because it occurs with high rates at temp-
eratures well below the melting point of PCA and leads to
high molecular weight polycaproamide, characterized by
high molecular homogeneity in the form of fine dispersion
[1]. This form facilitates its purification easily and is very
suitable for different processing procedures, such as flame
spraying, electrostatic coating, paste production, dispersions

and lacquer binders, techniques of spinning, to give fila-
ments, and of dyeing. Polycaproamide (PCA) particles
thus obtained are crystalline entities and their shape and
size are influenced by the synthesis parameters, e.g. nature
of solvent, monomer/solvent ratio, temperature, stirring
rate, and the type, concentration and the ratio of catalytic
components. Although, this process is well known for
many years [2] neither the typical morphologies nor the
link between these morphologies and the parameters men-
tioned above have been investigated in detail. A literature
survey reveals the influence of one or more of these fac-
tors on the morphology of PCA-particles. Using different
catalytic systems and/or solvents, PCA-particles with sizes
varying from a few microns to more than 1 mm have been
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obtained [3-12]. Usually, the formation of particles has
been associated with polymer precipitation, which occurs
during the polymer synthesis. However, taking into ac-
count the variety of the morphologies obtained, an alter-
nate route involving the occurrence of liquid-liquid, and
liquid—crystal phase separation might be considered. Early
work in polymer solution crystallization proved that both
kinds of phase separation could occur in poor solvents
[13]. A high activation energy is needed for crystallization
and usually liquid-liquid demixing will precede solid—
liquid demixing even if solid-liquid demixing is favored
thermodynamically [ 14, 15]. In addition, the deformation
of polymer chains under the shear field, which usually
accompanies the polymerization in solution, effectively
shifts the binodal to higher temperatures, allowing liquid—
liquid-phase separation to occur [16].

In the present paper, a more detailed analysis of the
interaction between the competing polymerization and
phase separation processes on the morphology of PCA
particles is presented. An emphasis is placed on the influ-
ence of the catalytic system (its efficiency) on the interac-
tion between the chemical and phase-separation processes.
The findings are discussed by comparing with those ob-
tained in systems, such as thermally induced phase separ-
ation and ternary systems polymer/solvent/nonsolvent.
The analysis of the resulting morphologies may be a useful
tool not only in understanding the competition between
chemical and physical processes involved here, but it can
also give some qualitative information about the relative
efficiency of the different catalytic systems.

Experimental
Materials

RedAI® 3.5 M solution of sodium bis-(2-methoxyethoxy)
aluminium hydride in toluene (Fluka), isophorone diisocyan-
ate (IDI) (Aldrich), hexamethylene diisocyanate (HDI)
(Fluka), 2,2 4-trimethylhexamethylene diisocyanate (THDI),
N,N'-diisopropylcarbodiimide (DICI), and N,N’-dicyclo-
hexylcarbodiimide (DCCI) (Fluka) were used as received.

N-acetylcaprolactam (NAcCL) was prepared, accord-
ing to the literature [17], by heating equimolar amounts
of acetic anhydride and CL in benzene to reflux fol-
lowed by vacuum distillation (b.p. 125-126°C/17 mm,
ng’ = 1.4890).

The purification of caprolactam (technical grade,
Fibrex S.A. Savinesti, Romania) and of ethylbenzene was
described elsewhere [ 10]. Carbon dioxide (CO,) was puri-
fied by passing it through concentrated sulfuric acid and
phosphorus pentoxide deposited on glass wool.

Polymerization

The polymerization prodedure and the workup of
polymers were detailed in our previous papers [10, 12].
Sodium caprolactamate (NaCL) or sodium dicaprolac-
tam-bis(2-methoxyethoxy) aluminate (RedNaCL) catalysts
were prepared at 77°C, by reacting CL with metallic
sodium (the exact amount of sodium was measured by
extruding a thin cylindrical piece of metal through a calib-
rated glass tube) or with RedAl (pipetting the required
volume), respectively. When the reactions were completed —
as indicated by complete dissolution of metallic sodium
and cessation of hydrogen formation — the temperature
was quickly raised to 130 °C and the reaction mixture was
equilibrated at this temperature. At the reaction temper-
ature, the activators were added under nitrogen and stir-
red. The flow of nitrogen was stopped and a continuous
stream of CO,, used as activator for part of the experi-
ments, was passed through the solution at a rate of
30 ml/min. The moment at which active compounds were
added was considered as “zero” time of polymerization.
The polymerization conditions are given in Table 1.

Characterization methods

All characterizations, i.e. polymer yield, particle size distri-
bution, mercury porosimetry, SEM photos, and WAX-
curves, were performed by following the already described
methods [10, 12].

Results and discussion

Polymerization

Anionic polymerization of CL occurs by the activated
monomer mechanism [197]. The propagation, occurring by
a two-step mechanism, involves the acylation of the lactam
anion by the N-acyllactam end-group, followed by fast
proton-exchange with monomer:



F. Dan and C. Vasiliu-Oprea

485

Anionic polymerization of caprolactam in organic media

The result of the above reactions is the incorporation
of one linear monomer unit into the polymer chain and
regeneration of both active species.

The high rate of anionic polymerization is due to the
fact that both reacting species are highly reactive: the
activated monomer, i.e. lactam anion, with increased nu-
cleophilicity and the growth centre, i.e. N-acyllactam
group, with enhanced acylating ability [20].

The overall process is influenced by the initiation step.
The initiation is related to the absence of the N-acyllactam
groups at the beginning of polymerization. Consequently,
the following two limiting situations are possible: (a) acyla-
tion of the lactam anion by the lactam monomer (self-
initiation or non-activated polymerization); and (b) use of
preformed N-acyllactams or their precursors (acyl halides,
anhydrides and isocyanates). In the case (a), the formation
of N-acyllactam groups (i.e. “tadpole form” dimer, struc-
ture (1) occurs slowly because the lactams are moderately
efficient acylating agents and a considerable induction
period characterizes the self-initiation. Instead, using the
preformed N-acyllactams (structure (2)) of at least the
same reactivity as N-acyllactams chain-end, polymer-
ization starts directly with the propagation reaction.

0 0

0
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HN (CHZ)scﬁ Rc{iﬁ
(1) (2)

Between the two boundaries, the length of the induc-
tion period can be controlled by a suitable choice of
activating compounds. Several classes of reactants are able
to activate the polymerization. These reactants can be
divided into two main groups depending on the proveni-
ence of the acyl residue of N-acyllactam initiating species,
namely from the activating compound or from the poly-
merizing lactam. The first group is derived from less react-
ive (towards lactam or its anion) acylating compounds
such as esters, lactones, and amides. The second one com-
prises substances with the general structure (3) (or theirs
precursors) such as: N-acylamidines, ketene imines, or-
ganophosphorus lactams, alkylsilyl lactams, imino chlo-
rides, etc. [21]. The common feature of all these activating
compounds is that at least two stages of initiation are
required to produce the true initiating species [22].

The use of different catalytic systems to control the
morphological development of PCA particles has the ad-
vantage that all the other parameters of synthesis can be
kept at their optimal values with respect to polymer yield

0
X_Cﬁ
(3)

and degree of polymerization. Throughout this work, the
conditions for the synthesis (except for the nature of cata-
Iytic components) were kept identical.

In Table 1 the data concerning the efficiency of cata-
lytic systems, the course of polymerization, and the final
morphology are given. For the sake of simplicity, we
qualitatively divided both catalytic species in two main
classes, namely quick and slow, in accordance with their
effect on the overall rate of polymerization. Thus, taking
into account the above classification of activators, quick
activators are all compounds able to suppress the induc-
tion period (i.e. preformed N-acyllactams or their precur-
sors, which react fast with CL). All other activating
compounds are designed as slow activators and in this
case, the initiation is the rate-determining step of poly-
merization. The catalysts are classified in accordance with
their relative nucleophilicity. Thus, caprolactamates of al-
kali metals are referred to as quick and those obtained by
reacting CL with alkali metal aluminium alcolates are
considered as slow catalysts, respectively. It is believed
that the last catalysts, with electron-donating substituents,
decrease the nucleophilicity of the lactam anion by co-
ordinating the aluminate with the lactam carbonyl oxygen

to effectively delocalize the negative charge, structure (4)
[237:

R
|
Na® N—C=-0 @ Al-N—C—0| R : OCH,CH,0CH,
l
R
(4)

The slower reaction of this reduced activated monomer
with the N-acyllactam affects the reaction rate. Retar-
dation of this reaction was also ascribed to side reac-
tions that occur in the reaction medium, giving rise to
2-methoxyethanol [24] and to a certain measure to
hexamethyleneimine, both strong inhibitors of anionic
polymerization.
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Table 1 Influence of the catalytic system on the separation time of polymer, t,, polymer yield, and particle size®

Code Cat. Act. Time Yield® £t Particles
[min] [s]
Shape Size

[um]
a0 Na (met.) NAcCL 20 90.5 8 B —
al Na HDI 20 94 10 B —
al0® Na HDI 60 8.7 5 FA 4-60
all® Na HDI 40 87.5 48 FA 200-1600
al29 Na HDI 40 76.4 76 FA 100-800
bl RedAl HDI 20 54.6 53 FA 900-1500
b2 RedAl THDI 20 64.7 61 FA 600-1000
b3 RedAl IDI 20 73.5 72 FA 150-600
cl Na CO,P 30 44 162 FP 2.8-21
c2 Na DICI 40 55 354 P 18-210
c3 Na DCCI 40 58 417 P 30-285
dl RedAl DICI 60 48 598 P 16-190
d2 RedAl DCCI 60 53 670 P 30-225

Abbreviations: B, blocks; FA, fussed agglomerates (granules); P, powders; and FP, fine powders.
3 Reaction conditions: solvent, ethylbenzene (EB); temperature, 130-135°C; initial concentration of CL-3 mol/l; catalyst concentration,
3.3-3.5% mol/mol CL; activator/initiator ratio, 1 [eq. N-acylCL/mol catalyst].

® Calculated from conversion of CL into polymer.

9 The period of time between the starting of polymerization and the moment when the reaction medium becomes translucent.

9 Polymerization temperature, 40 °C.

 Concentration of 2-pyrrolidone, 1.7 and 3.4% mol/mol CL for samples all and al2, respectively.

) Catalyst concentration, 7.0 mol%/mol CL.

Consequently, four situations are expected depending
on the pairs of active species used to promote the polym-
erization, i.e. (a) quick—quick; (b) quick—slow; (c) slow—
quick; and (d) slow—slow activator/catalyst pairs, respec-
tively. The first letter from the sample designation code in
Table 1, indicates in order the above presented pairs.

As expected, using quick—quick catalytic combina-
tions, the time needed for phase separation to occur, t,, is
very short. In addition, the polymer yields approach those
obtained in bulk polymerization. On the contrary, phase
separation occurs after a long period and low conversions
are obtained using slow—slow and slow—quick activator/
catalyst systems. An intermediate position seems to char-
acterize the quick—slow pairs.

The above-mentioned differences have to be related to
the effect of the efficiency of the catalytic system on the
competition between chemical and phase-separation pro-
cesses. Under a given set of reaction conditions, the overall
polymerization rate decreases with decreasing catalytic
efficiency. A low ratio of initiation and propagation rate
favours fast decay of catalytic components due to side
reactions. Unlike the polymerization rate, the catalytic
system efficiency does not directly affect the kinetics of
physical processes. In this case, the physical termination
[25], implying the occlusion of the acyllactam-type chain
ends and of linear amide anions inside the polymer crystal-

line phase, is expected due to low reaction temperatures
and the presence of a poor solvent. Conversely, at high
ratios of initiation and propagation rate both the con-
sumption of the catalytic species and the physical termina-
tion can be limited allowing to obtain high polymer yields.

Morphology

Table 1 shows that the polymer morphology is strongly
affected by the efficiency of the catalytic system. Polymer
particles with sizes varying in a very large range, from
blocks to fine powders have been obtained. However, it
appears that PCA particles obtained using activator/cata-
lyst pairs having similar efficiencies present similar mor-
phologies.

Quick-slow activator/catalyst systems

The typical morphologies obtained using these catalytic
systems are described first because of their intermediate
position with respect to both the efficiency of the catalytic
system and the average size of the obtained particles.

In all experiments, irregularly shaped granules with
a great variation of size and length/diameter ratio were
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Fig. 1 Low magnification of PCA granules showing the change of
shape and size of the primary particles, from an irregular shape with
broad distribution to an approximate spherical one concomitantly
with decreasing activator efficiency. In Figs. 1-3 micrographs (A), (B)
and (C) correspond to the samples b1, b2 and b3 in Table 1

obtained. However, in spite of these differences the gran-
ules have the same morphology, namely fused agglomer-
ates of a great number of small individual particles, as is
shown in Figs. 1A-C.

Using the same catalyst the chemical structure of the
activator (its efficiency) affects the granule sizes even if the
activators belong to the same chemical class [11], e.g.
aliphatic diisocyanates (samples b1-b3 in Table 1). Thus,
concomitantly with increasing activator efficiency (i.e. de-
creasing the time of polymer separation) the average size of
granules increases (see Table 1).

In addition, the irregular shape of the individual par-
ticles in the granules changes into a more regular one with
decreasing activator efficiency. Using more efficient ac-
tivators, the polymerization occurs faster increasing both
the polymer concentration in the reaction medium and the
number of polymer-rich domains. This favors the coales-
cence of liquid droplets giving rise to bigger irregular
particles, with a cactus-like structure, as shown in Figs. 2A
and B.

Not only the size and external shape but also the inner
structure of the particles forming the aggregates is affected
by the activator efficiency. Figures 3A—C show that the
morphology of individual particles gradually changes, pas-
sing from well-developed spherulitic structures to roughly
spherical globules when the activators used were HDI,
THDI, and IDI, respectively. Well-developed three dimen-
sionally spherulitic structures, with lamellac radiating
along the spherulite radius and having a densely packed
core and an open morphology towards the periphery, are
shown in Figs. 2A and 3A. Figure 3B also displays the
less-developed lamellae or stacks of lamellae sticking out
of the surface of the individual particles which compose the
PCA-THDI granules. In both cases, it seems that a quanti-
ty of the polymer is transferred from the homogeneous
medium to the already separated polymer. The growing
chains, which appear at different moments in the homo-
geneous medium, are captured by the existing particles
and form lamellae by direct deposition from the solution.
Consequently, these morphologies do not totaly reflect the
liquid—liquid phase separation that takes place during
polymerization.

As is seen in the inset of Fig. 3C, through mechanical
dispersion of the PCA-IDI granules the individual par-
ticles (globules) can be easily distinguished Schaaf et al.
[26] suggested that the globules could be obtained more
easily than single crystals from most crystallizable poly-
mers, especially from those that are the least soluble.
The globules are hard and dense, characterized by a low
porosity, a very small number of them being broken by
mechanical dispersion. The majority are roughly spherical,
with diameters in range of 2-20um, and a relatively
small number have irregular shapes. Figure 3C shows a
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Fig. 3 High magnification of the individual particles, which compose
Fig. 2 Medium magnification of the individual particles composing PCA granules, showing details of the external surface. In the insets
the granules showing the alteration of their structure, from a well- @ three dimensional spherulite (A) and a general view of the indi-
developed spherulitic structure to a compact and dense globular one, ~ vidualised globules, obtained through mechanical dispersion, (C) are
concomitantly with decreasing activator efficiency presented
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magnified section of the surface of PCA-IDI granules. It
reveals a great number of agglomerates especially small
globules. This morphology is achieved when small viscous
globules touch an already solidified bigger globule. The
spherical particles show a smooth external surface which is
unusual for radial growth of polymer lamellae (Figs. 3A
and B). In this case, it appears that the surface of droplets is
the preferred nucleation and growth site.

Clearly, the shape of fused aggregates suggests the
occurrence of a liquid-liquid phase separation. The ini-
tially homogeneous solution demixes after a period of
time, t, (depending on the concentration of polymer and its
degree of polymerization) into a polymer-rich phase and
a solvent-rich phase. Most likely, the polymer-rich phase is
in the form of liquid-like droplets [10]. At the very begin-
ning of phase separation, separated translucent droplets
can be visualized. After that, within a very short time, the
aspect of the reaction medium suddenly changes due to
chemical and physical processes involved. As the polym-
erization proceeds inside the droplets, the viscosity in-
creases but also polymer crystallization is expected
because of the undercooling. Under shear the droplets
collide with each other, just before solidification occurs,
giving rise to granules (fussed agglomerates).

The morphological differences found can not only
be ascribed to the activator efficiency but also to the
manner in which the growth of chains is started. Thus,
when almost all chain initiator molecules start growing
simultaneously, as probably in the case of IDI, the homo-
geneous solution demixes in more uniform domains. Be-
cause the reaction rate is relatively low there is enough
time for the monomer to be transferred into the polymer-
rich phase.

Quick-quick catalytic systems

Table 1 shows that in this case polymer yields are compa-
rable with those obtained in anionic bulk polymerization
and that phase separation occurs very quickly. Because
some of the activators are the same as in the previous
section, the differences can be related to the higher propa-
gation rate. The enhanced lactamate nucleophilicity fa-
vours a rapid increase both of the degree of polymerization
and polymer concentration. Even if translucent separated
droplets can be seen, due to the high polymer concentra-
tion they rapidly collide. The coalescence continues form-
ing larger and larger aggregates, which ultimately adhere
to the walls of the reaction flask, Fig. 4A, or on the axle of
the stirrer. A very small amount of polymer is obtained as
particles, Fig. 4B. These probably appear in a late stage of
polymerization when the monomer concentration in the
reaction medium is low.

Fig. 4 Scanning electron micrographs (sample al in Table 1) show-
ing (A) the foam-like structure of the polymer deposited on the
reaction flask walls and (B) PCA particles formed in the last stages of
polymerization. Note the well developed spherulitic structure of
PCA particles

Decreasing the concentration of catalytic species and/
or initial monomer concentration results in a drastic de-
crease in polymer yield but the morphology is not affected,
i.e. in all cases the polymer was deposited on the walls of
the reaction flask. This means that a high concentration of
catalytic species is required to prevent the polymerization
from being suppressed by side reactions and by physical
termination. The only possibility to prevent deposition
is to decrease the reaction temperature (sample alO in
Table 1). As expected, by decreasing the temperature the
polymer yield also decreases (below 10% at 40 °C).

In order to verify whether the found morphological
differences, between the two described classes, are related
to the propagation rate, a new experiment was carried out
by adding a small amount of 2-pyrrolidone to the reaction
mixture. Using catalytic amounts of 2-pyrrolidone a de-
crease of the rate of propagation is expected because
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2-pyrrolidone is more acidic and more reactive in the
transacylation reactions (e.g. Eq. (2)) than caprolactam
[27]:

0]

0]
I °o . 0 I

Indeed, in the presence of 2-pyrrolidone, granules
(fused agglomerates) with sizes varying in a wide range and
conversions between those obtained using NaCL and Red-
NaCL as initiators, have been obtained (samples all and
al2 in Table 1).

Slow-quick (and/or slow) catalytic systems

In these classes, the initiation is the rate-determining step
of polymerization. Using the same catalyst (e.g. sodium,
salt of caprolactam, NaCL) it is expected that not only the
chemical structure of the activator but also the manner in
which the growing centres are formed, i.e. instantaneously
or stepwise, will influence the final morphology of par-
ticles. The investigated activating compounds form the
active growing centres stepwise in the reaction medium
and are able to act for varying periods as chain initiators.
We suppose that the differences between the morphologies
of PCA particles obtained in the presence of aliphatic
diisocyanates and of those using less reactive compounds
could be related to the above-mentioned pathways of
growing centre formation.

Scanning electron micrographs of the PCA powders
taken at low magnification (Figs. SA and B) reveal that
these particles do not result from an agglomeration pro-
cess, as previously was described for the efficient catalytic
systems. Under former reaction conditions, alwas-pow-
dery particles were obtained. The finest powders were
obtained when CO, was used as an activator. It suggests
that the chain initiator species are faster generated in the
reaction medium. In this case, the phase separation pro-
cess appears to yield elongated flat “disk”-like irregular
shaped powders, as is illustrated in Fig. SA. The shape of
the particles become more spherical with increasing ¢, i.e.
when DCCI was used to activate the polymerization
(Fig. 5B). As is seen in these figures, both the powders
display a rough external structure. The solidified
polymer forms a continuous structure giving the powder
physical cohesion, while the solvent which fills the empty
spaces forms a continuous liquid phase with the reaction
medium.

Both the PCA-CO, and PCA-DCCI powders are
highly porous (containing especially macropores), as is
shown in Figs. 6A and B, respectively. As is seen in Table 2,

o) 0

Fig. 5 Low magnification scanning electron micrographs of the
PCA powders (note that the powders do not represent fused aggre-
gates). In the inset of (B) a closer view of an individual powder is
presented. In Figs. 5 and 6 micrographs (A) and (B) correspond to the
samples c1 and ¢3 in Table 1, respectively

PCA-CO, powders contain the lowest mesopore fraction
(only 3.44% from the total pore volume) while PCA-DCCI
powders contain the highest mesopore fraction (23.48%)
[12]. The pore volume distribution of PCA-DICI is



F. Dan and C. Vasiliu-Oprea

491

Anionic polymerization of caprolactam in organic media

Table 2 Physical properties of

PCA powders derived from Sample BET Total pore volume  Porosity” Pore-size distribution®

BET and mercury intrusion area [%]

methods [m?/g] BET Mercury Mesopores Macropores

[cm3/g] intrusion [%] [%]
[em®/g]

PCA-CO, 58 1.37 1.45 77.7 3.44 96.56
PCA-DICI 3.19 0.75 1.06 66.3 8.27 91.73
PCA-DCCI 1.76 0.415 0.40 62.6 23.48 76.52

) Bvaluated by equation: P%

(1 — do/d) x 100%.

® macropores, ¥ > 25 nm; mesopores, 1 < r > 25 nm; and micropores, r < 1 nm [28].

intermediate between the two above-mentioned distribu-
tions. It appears that PCA-CO, powders have the highest
pore volume as well as specific surface area. A more dense
structure is characteristic for the PCA-CO, sample, as
compared to the PCA-DCCI powders, even if their struc-
ture is similar, i.e. a connected network type. The network
structure is a fibrillar one, with fibrils interconnected to
each other. Some fibrils can also form bundles of fibrils
and these could ensure “the resistance skeleton” of the
whole particle. It is evident from Figs. 6A (inset) and 6B
that both the individual fibrils and bundles of fibrils can be
connected to two or more similar fibrils/bundles thus
giving rise to the final network morphology.

Using these activating compounds, after the polymeriz-
ation is started in the homogeneous medium the viscosity of
the reaction mixture gradually increases, mainly due to the
formation of salts of some of the products [29]. When the
concentration of generated active centres (i.e. N-acyllactam
groups) becomes significant, the growing of chains also
occurs, and a faint opalescence appears indicating the oc-
currence of phase separation. The demixing process is ini-
tially dominated by liquid-liquid-phase separation forming
polymer-rich and -poor regions. The connectivity of the
polymer rich-phase is rapidly interrupted by shear forces
and by an increase of the interfacial tension, resulting in
droplet-type morphology. In this stage we can assume that
each droplet has the consistency of a viscous semiliquid
medium. Considering now the droplet itself as an isolated
system, phase separation will proceed within each droplet. If
the droplet has a composition, that a slight increase of
polymer concentration is able to induce spinodal demixing,
bicontinuous structures of both segregates phases are ob-
tained. Because the reaction temperature is well below
(about 70-80°C) the melting point of the polymer, the
polymer-rich phase will crystallize, and the phase separ-
ation process will be discontinued. The solidified polymer
forms a continuous structure giving the powder physical
cohesion, while the solvent which fills the empty spaces
forms a continuous liquid phase with the reaction medium.

This does not mean that the chemical process is sup-
pressed at least as long as the lactamate anions exist in the

Fig. 6 High magnification scanning electron micrographs of the
PCA powders showing the macroporous structure (interconnected
network). In the inset, a closer view, showing structural details, is
presented

reaction medium. In this stage, new initiating molecules
are gradually generated and the polymerization proceeds.
Subsequently, there are three possible polmerization sites,
namely in the homogeneous phase, inside of the particle,
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and on the surface of particles. Overall, polymerization is
expected to proceed predominantly inside and at the sur-
face of large particles, in concordance with the high poros-
ity and extended surface of the powders and with the high
affinity between the already separated polymer, monomer,
and catalytic species. However, the polymerization reac-
tion occurring in the homogeneous phase is not negligible.
Most likely, a fraction of oligomeric chains, soluble in the
reaction medium, is absorbed inside or on the surface of
separated particles. In Figs. SA and B two frequently
observed deviations from the general shape of the pow-
ders, i.e. small particles and asymmetric powders can be
identified. The competition between the growth of pow-
ders by the absorption of soluble growing chains onto
pre-existing particles and the formation of new particles in
the homogeneous medium, allows the formation of the
observed small particles. When the soluble growing chains
are absorbed on the external surface of particles, the sub-
sequent polymerization may lead to asymmetric powders.
The asymmetric powders or even double or triple particles
(especially in the case of PCA-DCCI powders) may result
from coalescence, when one particle is already solidified
and another just segregates.

Wide-angle X-ray diffraction

The crystalline structure of the PCA particles was investi-
gated using WAXS. The X-ray intensity diffraction pat-
terns, for PCA granules (quick-slow) and PCA powders
(slow-quick) catalytic systems are depicted in Figs. 7A and
B, respectively. All the investigated samples contains pre-
dominantly the o crystalline phase, a small fraction or

v crystalline phase being also present. However, compar-
ing these figures the differences in the shape of patterns are
evident. It is clear that the efficiency of the catalytic system
can influence both the morphology and the crystalline
structure of PCA particles. Thus, the intensity of the peaks
corresponding to the crystallographic plane a,(002, 202) is
always stronger as compared to those corresponding to
the crystallographic plane o;(200) when the polymeriza-
tion was initiated using quick-slow activator/catalyst sys-
tems (PCA granules). Moreover, it should be noted that
the intensity of the peaks in the o,(200) plane gradually
decreases with increasing activator efficiency (i.e. in the
case of more developed spherulitic structures). It seems
that at high polymerization rates and in the presence of
solvent the growth of crystals in the o;(200) plane could be
retarded. In contrast, the X-ray diffraction patterns corre-
sponding to PCA powders show that the intensity of the
peaks in the crystallographic plane o;(200) is stronger than
those from the crystallographic plane o,(002, 202). Also,
the half width of the reflection peaks from the crystallo-
graphic plane o;(200) is lower as compared with the
corresponding one from the plane a,(002, 202), i.c. a more
perfect crystalline arrangement and larger crystals are de-
veloped in the direction perpendicular to the o;(200) plane.

There exists a physical relationship between the two
peaks because both originate from the a-phase crystals. In
case of three-dimensional order, the intensities of the two
peaks should be the same [30]. In the specific investigated
systems, complex kinetic and rheological factors could
induce small rotations of the unit cell around the normal
to the plane 002, N, or around the normal to the plane
200, N0, during the synthesis of PCA granules or pow-
ders, respectively.

Fig. 7 WAXS powder
pattern; sample code refers to
Table 1. (A) granular PCA,;
and (B) powdered PCA. In the
inset, the effect of orientation
on the ratio between the areas
of two peaks is illustrated

1 — perfect orientation;

2 — rotation about N, ,; and
3 — rotation about N,
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A general view

Anionic polymerization of CL in nonpolar solvents is
a complex process. It combines the main features of the
heterogeneous phase polymerization of lactams with some
characteristic features of precipitation and/or dispersion
polymerization of vinyl monomers. On the other hand,
with respect to the physical processes, i.e. liquid-liquid
phase separation and liquid—crystal transformation, the
anionic polymerization of CL rather resembles the ther-
mally induced phase separation of crystalline polymers in
poor solvents.

To our knowledge all phenomena that occur during
the anionic polymerization of CL can be best described in
terms of polymerization-induced phase separation (PIPS).
In the PIPS method, phase separation and polymerization
occur simultaneously. The PIPS method has been mostly
applied to polymer systems, such as polymer blends
[31, 32] and polymer-dispersed liquid crystals (PDLCs)
[33, 34]. Chan and Rey have theoretically studied the
polymerization-induced phase separation in a monomer-
solvent system [35]. Despite numerous differences at the
molecular level, many quantitative similarities seem to be
common among them.

A hypothetical phase diagram showing the expected
boundary situations for the investigated system is present-
ed in Fig. 8. Because in this figure the concentration, C is
taken to be the solvent volume fraction, the reaction point
remains in the same place during polymerization, but it
can be thrust in the unstable (or metastable) region of the
phase diagram or can remain below the solid-liquid line.
The phase separation processes that occur after the reac-
tion point is moved in the miscibility gap strongly depend
on the type of the miscibility gap and its position in the
miscibility gaps.

Solid-liquid demixing will occur at low solvent (high
polymer concentrations) and at high nonsolvent concen-
trations. At high polymer concentrations (case 1) crystalli-
zation takes place first giving rise to supramolecular
assemblies such as spherulites. At low polymer concentra-
tions (case 5) solid—liquid demixing can give rise to the
formation of individual lamellac or immature spherulites.

For liquid-liquid demixing three types of phase separ-
ation mechanisms can be distinguished. At high polymer
concentrations (between binodal and spinodal lines), phase
separation takes place by nucleation and growth of a poly-
mer poor phase and a spongy structure can be obtained
(case 2). At intermediate polymer concentrations, spi-
nodal-demixing processes give rise to bicontinuous net-
work structures (case 3). At low polymer concentrations
(between the binodal and the spinodal) phase separation
takes place by nucleation and growth of a polymer rich
phase and polymer spheres can be obtained (case 4).

Temperature, T, (°C )

Solvent volume fraction, C, (% )

Fig. 8 Schematic representation of the variation in the phase dia-
gram with an increase of polymerization degree during CL polym-
erization. Both the liquid-liquid miscibility gap and solubility curve
(the border of the solid-liquid miscibility gap) are shown indepen-
dently. Initially, the solution is composed of small molecules of
solvent, monomer and catalytic species. The dots at coordinates
(C;,T;) represent the reaction points. Since all points are above the
liquid-liquid lines (a), the solutions are homogeneous. With polym-
erization the liquid-liquid lines gradually shift upward and towards
the right side of the phase diagram. Two possible situations, namely
when the liquid-liquid lines are located below (b) or overtake (c) the
liquid—crystal lines are also illustrated. Depending on the position of
the reaction points, these can be thrust inside the liquid-liquid
miscibility gap or can remain in the solid—liquid miscibility gap. In
the inset, a typical phase diagram of a thermally induced phase
separation of a crystalline polymer in a poor solvent is presented

The efficiency of the catalytic system plays a determin-
ing role on the kinetics of polymerization also controlling
the molecular weight of the polymer. Consequently, it is
expected that the liquid-liquid line(s) will be shifted more
or less on the phase diagram, according to the efficiency of
the catalytic system. This means, that the reaction point, in
coordinates (C, T'), may be located in different regions of
the phase diagram by changing the catalytic components.

The influence of the efficiency of catalytic systems on
the final morphology of PCA particles is schematically
illustrated in Fig. 9. In almost all cases the obtained
morphologies can be ascribed to a “cascade of phase
transitions” [14]. Thus, the crystalization process is usu-
ally preceded by a liquid-lilke phase separation form-
ing a polymer-rich phase. These polymer-rich domains
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Quick

CATALYST

Slow

Y

Slow wick

ACTIVATOR

Fig. 9 Schematic representation of the influence of the efficiency of
the catalytic system on the morophology of the anionic PCA obtained
in a nonpolar solvent: (a) large blocks formed by the coalescence
of a large number of semiliquid droplets; (b) granules (fused agglom-
erates); (c) and (d) powders. & polymer phase; B solvent phase

constitute the preferable place where the chemical and
physical processes will take place.

As is seen in Fig. 9 two main morphologies have been
obtained, in accordance with the manner in which the
growth of chains is started. When polymerization is started
without any induction period ((a) quick—quick and (b)
quick-slow activator/catalyst pairs), the polymer is ob-
tained in the form of fused aggregates. Here depending on

Table 3 Influence of the

the nucleophilicity of caprolactam anions either granules
(using catalysts which decrease the nucleophilicity of lac-
tam anions) or large blocks (using the common catalysts)
are formed. In these cases, liquid-liquid demixing takes
place by nucleation and growth of a polymer rich phase,
followed by crystallization of polymer-rich droplets. The
morphological differences found concerning the individual
particles which compose the PCA-granules (samples
b1-b3 in Table 1) could also be explained taking into
account the position of the reaction point with respect to
liquid-liquid lines during polymerization. If it will remain
all the time inside the metastable region, as in the case of
PCA-IDI (sample b;) smooth and almost spherical glob-
ules are obtained. Using more efficient activators (samples
b2, and b3) the phase separation may start in the meta-
stable region, but due to the fast chemical reactions, the
reaction point can be thrust outside this region and the
phase separation will proceed in the liquid—crystal region
of the phase diagram.

In contrast, when initiation is the rate-determining step
of polymerization and the chain-initiating species appear
gradually and are able to act for a longer period in the
reaction medium (slow—quick (c) and slow-slow (d) ac-
tivator/catalyst pairs), powdery polycaproamides are ob-
tained. In this case, spinodal decomposition, giving rise to
interconnected network-type morphology, followed by
rapid crystallization of the polymer-rich phase takes place
within the already separated polymer-rich droplets. Using
the slow catalysts, the only difference with respect to the
catalyst efficiency seems to be the period of time until the
occurrence of the phase separation, which is longer using
slow catalysts (samples d1, and d2 in Table 1). In addition,
no polymer is obtained at temperatures below 100°C
using slow—slow catalytic systems.

catalytic system on the size Code Cat./Act. Particles distribution
distribution of PCA particles
dso — S GDSY (1 + CVo)d
[pm]
bl RedAl/IDI 277.49 1.88 1.97 —
bll bl(grinded) 12.57 — — 1.64
cl Na/CO, 9.79 1.392 1.72 —
c2 Na/DICI 51.56 — — —
c3 Na/DCCI 71.19 2.17 1.68 —

Abbreviations: S4, particle span distribution; GDS, geometrical standard deviation; CV,
coefficient of variation; o, standard deviation; d, number-average particle diameter

¥ Evaluated by the equation Sy = (d,o — doo)/dso [36].

® Evaluated by the equation GDS = (dg,/d,¢)'* [37].

where d; (i = 10, 16, 50, 84, 90) stands for the diameter corresponding to i% on the cumulative
volume distribution (i.e. i% of the mass is in particles smaller than d;).

9 Evaluated by the equation CV = ¢/d (¢ = 8.12, d = 12.57 [10]).

9 According to ref. [37], 1 + CV = GDS.
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From Table 1 it appears that, the size of particles
increases gradually with increase of the catalytic system
efficiency (i.e. decreasing the time of polymer separation).
This is not true because except for the powders, the gran-
ules (fused agglomerates) are composed of a large number
of small, more or less spherical particles. Most likely, the
blocks deposited on the walls of the flask are also formed
by coalescence of a great number of semiliquid droplets. In
other words, by increasing the efficiency of the catalytic
system both the time of phase separation and average size
of the individual particles decrease as is shown in Tables
1 and 3.

size distribution slightly increases with the increase of
particle average size.

There is still a need to investigate the effect of other
catalytic systems, solvents and temperatures on the final
morphology of PCA particles. The use of other more
powerful tools such as light-scattering and time-resolved
X-ray scattering could provide supplementary information
about the formation of PCA particles.
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As is seen in Table 3, despite the wide range of particles’
size their size distributions are close enough. However, the
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