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SYNOPSIS 

Polycaproamide granules were obtained by anionic polymerization of caprolactam in ethyl- 
benzene, using the sodium bis( 2-methoxyethoxy)aluminium hydride/isophorone diisocyan- 
ate catalytic system. Under these conditions, polymerization occurs heterogeneously and 
the nature of the particle growth seems to be essentially a microbulk one. The most suitable 
reaction conditions were established. The morphology of the granules was investigated by 
scanning electron microscopy. These granules result from the coalescence of a great number 
of small, spherical particles. The coalescence occurs during solidification of the separated 
polymer. Numerous globular formations were observed at  the surface of the particles. The 
particles were individualized through mechanical dispersion and measured, and the average 
number of particles composing the aggregates was calculated. Using wide-angle X-ray scat- 
tering and differential scanning calorimetry technics, the crystalline structure of the granular 
polycaproamide was studied. It contains almost entirely the a phase. The heat of fusion 
decreases slightly as compared with that corresponding to the anionic bulk polycaproamide. 
A schematic mechanism containing the stages involved in the obtaining of the granular 
polycaproamide is proposed. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Anionic polymerization of caprolactam (CL) in the 
presence of the sodium salt of caprolactam and car- 
bon dioxide in xylene was first reported by Chrzczo- 
nowicz.',' Later, different catalytic systems and sol- 
vents were used to obtain granular or powdered 
poly~aproamide.~-~ These forms are very convenient 
for many processing procedures, such as: flame 
spraying, electrostatic coating, pastes production, 
dispersions, and lacquer binders. Due to its extended 
surface, powdered polycaproamide may be also ap- 
plied as an adsorbent. The polycaproamide obtained 
in hydrocarbon solvents exhibits high-molecular- 
weight homogeneity and relatively high average 
molecular 

* To whom correspondence should he addressed. 
Journal of Applied Polymer Science, Val. 62, 1517-1527 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/101517- 11 

The chemical structure of the solvent-prepared 
polycaproamide is different from that corresponding 
to the anionic polycaproamide obtained in bulk. 
Bulk polymerization occurs at high temperatures, 
in a polar solvent (molten caprolactam which acts 
as a solvent of the polymer) and in a very strong 
basic media. Under these conditions, complex side 
reactions are favored. They include hydrogen ab- 
straction from the C - H bonds situated in the a -  
position with respect to amide carbonyls, the acyl- 
ation reaction of a-C anions of N-acylcaprolactam 
leading to various @-ketoimides and @-ketoamides, 
and subsequent Claisen-type condensation reactions 
of these compounds.''-'' At high temperatures the 
amide groups may interchange and the local over- 
heating can cause thermal degradation of the mac- 
romolecules and decarboxylation reactions. Con- 
densations and disproportionations are also possible, 
favoring the appearance of new macromolecules both 
during the propagation stage and following the es- 
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tablishing of the monomer-polymer equilibrium. 
Furthermore, when approaching the end of the re- 
action, as the monomer is depleted, hydrogen ab- 
straction can lead to branching.13 As a result of the 
above-mentioned reactions and of some other side 
reactions, the polymers are branched or even cross- 
linked and are characterized by increased molecular 
inhomogeneity. 

The anionic polymerization in solvents takes 
place mainly heterogeneously, in a mixture consist- 
ing of a “solvent” (CL) and a nonsolvent (the hy- 
drocarbon). The liquid medium facilitates the 
transport of monomer and components of the cat- 
alytic system to the growing macromolecules. Thus, 
immediately after the initiation, i.e., in the first 
stages of the process, the macromolecules grow 
faster. They have greater chances to grow in the 
homogeneous liquid phase than the macromolecules 
beginning to grow later, when the concentration of 
CL decreases and the medium becomes a poorer sol- 
vent. This favors a more rapid precipitation of the 
chains, and when their number is significantly high 
the formation of aggregates may occur. These ag- 
gregates influence the diffusion phenomena and 
hinder the access of the CL anion to the growing 
macromolecules. The result is the premature stop- 
ping of the reactions; consequently, the conversion 
and the average molecular weight are diminished as 
compared with those corresponding to bulk poly- 
merization polymers. The mild temperatures and the 
decreased basicity limit the side reactions leading 
to branched polymers. Thus the obtained macro- 
molecules possess a regular structure and their mo- 
lecular weight distribution is more homogeneous. 
The polymer contains a considerable fraction of 
macromolecules with high molecular weight and a 
small amount of macromolecules with lower molec- 
ular weight. The last ones are formed in the later 
stages of polymerization when the reaction medium 
contains monomer in low  concentration^.'^ 

The differences between the above-mentioned 
processes, bulk and solvent anionic polymerization 
of CL, may determine not only differences in mo- 
lecular weight distribution and/or in the chemical 
structure of the macromolecules but also in the fine 
morphologic structure (porosity, density, crystalline 
forms, crystallinity). However, only few reports on 
the morphology of granular or powdered polyca- 
proamide are available. 

The present paper is concerned with the mor- 
phology of granular polycaproamide obtained by 
anionic polymerization of CL initiated with sodium 
bis(2-methoxyethoxy)aluminium hydride and acti- 

vated with isophorone diisocyanate (IDI) in ethyl- 
benzene (EB). 

EXPERIMENTAL 

Materials 

RedAl 3.4M solution of sodium bk(2-methoxy- 
ethoxy)aluminium hydride in toluene and ID1 (Ald- 
rich) were used as received. CL (technical grade; Fi- 
brex S.A. Savinesti, Romania) was twice recrystal- 
lized from benzene and dried in vacuum at 50°C. 
EB (technical grade; Carom S.A. Borzesti, Romania) 
was distilled with metallic sodium and benzophen- 
one, stored over CaHz and redistilled at  reduced 
pressure just before polymerization. 

Synthesis of Granular Polycaproarnide 

The polymerization was carried out in a 150-mL 
glass flask fitted with thermometer, mechanical 
stirrer, reflux condenser, and inlet for dry nitrogen. 
The reaction flask was placed in a paraffin oil bath 
and the temperature in the thermostat was main- 
tained within +l”C. In a typical synthesis, CL (6 g) 
was dissolved in 18 mL EB at 80°C and subsequently 
RedAl (1.9 mL) was added. When the reaction was 
completed-as indicated by no hydrogen evolving- 
the temperature was quickly raised to 130°C and 
the activator (IDI, 0.25 mL) was added. After 20 
min the polymerization was stopped by cooling, and 
the reaction mixture was transferred into methanol. 
The polymer was filtered, purified by extraction in 
a Soxhlet with methanol, and dried at 50°C and 50 
Pa for 24 h. 

Characterization 

Average molecular weights were determined by vis- 
cometry using the following relati~n’~: 

Viscosity measurements were carried out in an 
Ubbelhode viscometer with capillary no. 1 (Schott 
& Gen Mainz) in 85% formic acid as solvent at 25 
+- 0.05”C and at a concentration of 0.5 g/dL. Flow 
times were recorded as an average of three runs. 

Scanning electron photomicrographs were ob- 
tained using a JEOL JSM 840 scanning electron 
microscope. The surface of the investigated samples 
was coated with platinum before examination. 
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Differential scanning calorimetry (DSC) analyses 
were performed with a General 4.0 D DuPont 2100 
system, at  heating and cooling rates of 10 and 5"C/ 
min, respectively, under nitrogen atmosphere. 

Wide-angle X-ray scattering measurements were 
made with a HZG-4A/2 diffractometer. The scat- 
tering curves were taken in the 8-32O interval using 
the step-scanning mode with the step of 0.1". 

RESULTS AND DISCUSSION 

Polymerization 

The anionic polymerization of CL proceeds by a two- 
step propagation mechanism. The propagating cen- 
ter is a cyclic amide linkage of the N-acylcaprolac- 
tam. To this, the monomer anion, "activated mono- 
mer," adds and rapidly opens the ring at  the chain 
end and replaces it with another caprolactam mol- 
ecule. The cycle is completed when the -N in the 
chain abstracts a hydrogen proton to form another 
active caprolactam anion. 

The propagation is initiated through N-acyllac- 
tam species. These can be synthetized in situ or pre- 
formed and then added to the reaction system. The 
presence of the exo-carbonyl group attached to the 
nitrogen in N-acylcaprolactam increases the reac- 
tivity of the amide ring structure toward nucleophilic 
attack by the lactam anion. 

Since the nucleophilic attack of lactam anion to 
the N-acyllactam group of activator is the rate-de- 
termining step,I6 the overall polymerization rate and 
furthermore the sequence of events occuring during 
the polymerization process can be controlled by a 
suitable choice of the catalytical system (activator 
and initiator). Thus, the polymerization rate increases 
with increasing the electrophilicity of the exo-cyclic 
carbonyl C-atom of N-acylcaprolactam'7~'9 (this being 
related to the chemical structure of the residue, R, 
attached to it) and with increasing the nucleophilicity 
or dissociation degree of the lactam salt.*' 

In this report, the RedAl/IDI catalytic system was 
used. This system is suitable for the anionic poly- 
merization of CL in solvents, i.e., it joins the lower 
nucleophilicity of initiator-"the reduced lactam 
salt"21 (structure A) formed after monomer depro- 
tonation-with the increased electrophilicity of 
endo-carbonyl group of N-(carbamoy1)caprolactam 
formed in situ through the reaction between CL and 
isocyanate. Also, the reduced hydride being soluble 
in the solvent, the local overheatings and conse- 
quently the side reactions are limited. In addition, 
by using diisocyanates against monoisocyanates, a 

theoretical 2-fold average molecular weight could be 
obtained. 

The polymerization begins in a homogeneous 
medium. The time period characterizing homo- 
geneity is related to the synthesis parameters (e.g., 
a t  130"C, about 60-140 s). Following this period, 
the reaction medium becomes translucent and 
after a very short period of time, below 4 s, this 
one becomes clear and white dispersed grains can 
be observed. 

The influence of the most important reaction pa- 
rameters (temperature, initial concentration of CL, 
amount of catalyst, and activator/catalyst ratio) on 
the conversion and degree of polymerization was in- 
vestigated. As shown in Table I, both characteristics 
are strongly related to the synthesis parameters. 

Both conversion and the degree of polymerization 
increase with the increase in the temperature. How- 
ever, in the 80-120°C temperature range, the values 
of these characteristics increase significantly, while 
for temperatures higher than 120°C they present 
only slight increases. 

In the presence of large amounts of solvent, the 
concentrations of both monomer and catalytic sys- 
tem decrease and consequently the overall poly- 
merization rate decreases too. In addition, the re- 
action medium becomes a poorer solvent for the 
growing macromolecules, this favors a rapid precip- 
itation and solidification of the polymer. Thus, the 
conversion increases with increasing the CL con- 
centration in the reaction medium. The degree of 
polymerization increases with increasing CL con- 
centration passing through a maximum value (cor- 
responding to about 3.3 mol CL/1). The decrease of 
the polymerization degree for higher monomer con- 
centration values is related to the characteristics of 
the reaction medium, these being close to those cor- 
responding to bulk polymerization. As a conse- 
quence, the high amount of catalyst used in this in- 
vestigation induces a considerable decrease in the 
degree of polymerization. 

Due to some factors, such as the reduced degree 
of dissociation of lactam salt, polar impurities from 
solvent, lower concentration of CL, etc., the anionic 
polymerization performed in solvents requires large 
amounts of catalyst. The conversion increases sig- 
nificantly with the increasing of the catalyst 
amount up to about 5.4 mol % RedAl/mol CL. Sub- 
sequently, increasing the catalyst amount deter- 
mines only a slight increase of the conversion. On 
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Table I 
Ethylbenzene 

Reaction Conditions and Some Characteristics of Anionic Polycaproamide Obtained in 

Reaction Conditions 
~~ 

Temperature [CLI [RedAl] [ IDI]/[RedAl] Yield" 
Sample No. ("C) (mol/L) [(mol %)/(mol CL)] [(equiv NCO)/mol] 60) p," 

1. 80" 3.0 3.5 1.0 16.5 78 
2. 90" 3.0 3.5 1.0 30 113 
3. 105' 3.0 3.5 1.0 50.4 176 
4. 120 3.0 3.5 1.0 67 212 
5. 130 3.0 3.5 1.0 70.5 225 
6. 140 3.0 3.5 1.0 72 237 
7. 130 1.75 3.5 1.0 26 137 
8. 130 2.25 3.5 1.0 62.5 203 
9. 130 4.55 3.5 1 .o 79.5 190 

10. 130 3.0 1.98 1 .o 45 210 
11. 130 3.0 5.4 1.0 78.8 189 
12. 130 3.0 6.6 1.0 81.4 153 
13. 130 3.0 3.5 0.25 48 195 
14. 130 3.0 3.5 0.5 67.7 268 
15. 130 3.0 3.5 0.67 73.5 287 
16. 130 3.0 3.5 2.0 64 146 

Polymerization time, 20 min, except as noted. 
Calculated from the conversion of CL to polymer. 
Viscometric average polymerization degree. 
' Polymerization time, 60 min. 

the other hand, the degree of polymerization ini- 
tially increases passing through a maximum value 
a t  about 3.5 mol % RedAl/mol CL; for higher cat- 
alyst concentrations, the polymerization degrees 
strongly decrease. 

In contrast to the bulk polymerization (charac- 
terized by an optimal activator/catalyst = 1 
due to the lower degree of dissociation of the capro- 
lactam salt in nonpolar media, the optimal activator/ 
catalyst ratio we determined was < 1. Within the 
studied limits of the activator/catalyst ratios, both 
conversion and the degree of polymerization pass 
through a maximum, whose position corresponds to 
a ratio of about 0.67 equiv NCO/mol Red Al. 

It thus appears that the most adequate reaction 
conditions we found were the following: tempera- 
tures above 120°C, concentrations of CL in the range 
of 2.6-3.8 mol CL/L, catalyst concentrations in the 
range of 2.8-3.6 mol % RedAllmol CL, and an ac- 
tivatorlcatalyst ratio in the 0.6-0.7 equiv - NCO/ 
mol RedAl range. 

Morphology 

The external surface of the granules was investi- 
gated using scanning electron microscopy. The 

synthetized granules have the diameter predomi- 
nantly in a range of 250-500 pm and a small frac- 
tion (below 5% by weight) is outside this range. 
Highly asymmetric and irregularly shaped particles 
are obtained as illustrated in Figure l(a). As shown 
more clearly in Figure l(b), these represent, in fact, 
agglomerates of a great number of small particles. 
Some granules depict voids in their structure, as 
shown in Figure l(b), their external surface being 
also highly irregular. In addition, the external 
surface of the individual particles composing the 
granules is also irregular. As shown in Figure l(c- 
f), the external surface of the particles exhibit a 
great number of needlelike and globular formations. 
The needlelike formations from Figure l(c,d) are 
crystals of pure, unremoved caprolactam. 

Through mechanical dispersion of the granules, 
the particles can be easily individualized [Fig. 2(a)]. 
As shown in Figure 2(b,c), following the mechanical 
milling their surface becomes smoother, the above 
mentioned needlelike and globular formations being 
removed. 

The particles are hard and dense, characterized 
by a low porosity, and a very small number were 
broken by mechanical milling. The majority are 
spherical, with diameters in a range of 2-20 pm, and 
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Figure 1 SEM of granular powders (sample no. 5 in Table I )  : (a, b )  low magnification 
showing the irregular shape of granules (note the voids in the structure); (c, d )  medium 
magnification showing the rough external surface of the particles (note the globular for- 
mations and the pure caprolactam crystals) ; (e, f )  high magnification showing the details 
of particles’ surface. 

a relatively small number reach up to 40 pm in di- 
ameter or have irregular shapes. 

Particle size distribution was evaluated through 
a mathematical processing of the data yielded by 
direct measurements on photomicrographs. Func- 
tion of their diameters, all particles were divided 
into 11 dimensional classes. 

The class interval was determined according to 
the following relation: 

i = & X 8 X (D,,, - Dmin) (1) 

where D,,, is the diameter of the greatest measured 
particle (D,,, = 44 pm); Dmin is the diameter of the 
smallest measured particle (Dmin = 1 pm). Solving 
eq. (l), one obtains the value of i = 3.44 pm, and 
the value i = 4 pm was adopted for further calcu- 
lations. The histogram from Figure 3 shows the fre- 
quency of diameters in each interval. It is evident 

that the diameters are grouped around the interval 
from 4 to 16 pm and that there are relatively few 
very bulky particles. 

The average diameter was calculated by statistical 
processing of these data.23 As arbitrary average di- 
ameter the value of Do = 13.5 pm was used, and 
subsequently the average diameter was calculated 
from the relation: 

C ni.D: 1 
X -  

N I 
D = D o +  

where ni is the number of particles of a dimensional 
class, i; Dl = Z(Di - Do), where I can be 10, 100, etc., 
depending on the number of decimals with which 
the data are considered; N is the number of measured 
particles ( N  = 207). 

Dispersion of selection was calculated from the 
following relationship: 
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number of particles that compose a granule with a 
given diameter was calculated using the following 
relation: 

Figure 1 (Continued from the previous page) 

The data and the steps involved in the calculation 
of average diameter are shown in Table 11. Using 
eqs. (2) (3), the values of D = 12.57 pm for the av- 
erage diameter, s2 = 65.98 for dispersion of selection, 
and s = 8.12 for the standard deviation were ob- 
tained. 

To estimate the number of particles composing 
the granules, we have assumed the following sim- 
plifying hypothesis: all particles and granules are 
spherical, the diameter of all particles is equal to 
the above calculated average diameter (B  = 12.57 
pm), and the particles are systematically arranged. 
The systematic arrangement of spheres within a Figure 2 SEM of individualized particles obtained 
given volume is possible in 10 distinct ways. Car- through mechanical milling of granules: (a) low magni- 
responding to these, there are four distinct values 
of the Porosities, namely: 0-476,0-3954, 0.30197 and 
0.2595 for the cubic, orthorombic, tetragonal sphen- 
oidal, and rombohedral systems, re~pectively.~~ The 

fication; ( b )  high magnification showing the external sur- 
face of one particle; ( c )  high magnification showing the 
external surface of a large particle (note the dense struc- 
ture). 
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which compose a granule with a given diameter is 
very important, thousands or tenfold thousands. 

This number strongly increases with increasing 
the diameter of the granules. However, taking into 
account both the simplifying hypothesis and the ob- 
served voids of the granules it can be assumed that 
the real number of particles is closer to that calcu- 
lated, considering high porosity values. 

I Differential Scanning Calorimetry I 
The thermal behavior of polycaproamide granules 
was measured by DSC (Fig. 4). At heating, the melt- 
ing temperature starts at 195.04"C, giving an en- 
dothermic peak with the enthalpy AH = 70.07 J/g 

8 ,2 16 20 zr, 28 32 36 40 44 at  205.33"C. Thus, the anionicpolycaproamide ob- 
tained in solvent is a semicrystalline polymer. The 
degree of crystallinity can be calculated from eq. (5). 

H 
PARTICLES SIZE (Diameter) [ pml 

Figure 3 
the granular powders. 

Size distribution of particles which compose 

D 3  
0 3  

n = (1 - p )  x 4 (4) 

where p represents the porosity corresponding to 
different arrangements of stacked particles, Dg is 
the diameter of the granules, and D is the average 
diameter of particles (D = 12.57 pm). The calcula- 
tion results for granules having diameters in a range 
of 250-500 pm are summarized in Table 111. It is 
evident from Table I11 that the number of particles 

x, = x 100 (%) 
AH, 

where X ,  is the degree of crystallinity; AHi is the 
heat capacity of the investigated sample, i; and AHf 
is the heat of fusion for 100% crystalline polycapro- 
amide, i.e., 189 J/g.25*26 The calculated value X ,  
= 37.4% is slightly lower than that corresponding 
to the anionic bulk polycaproamide. This behavior 
is related to the strong undercooling which hinders 
the development of crystalline structures. At cooling, 
crystallization starts a t  177.66"C, giving an exo- 
thermic peak with the enthalpy AH = 47.04 J/g. 

Table I1 
Polyamidic Grains 

Data and Steps Involved in the Calculation of Average Diameter of the Particles that Form the 

D, ~ 13.5 
[ Pml I Pml n, 4 (W ni 0: ni(D3" 

D, = 
Classes Boundary Classes Middle 

0.1-4 
4.1-8 
8.1-12 

12.1-16 
16.1-20 

24.1-28 
20.1-24 

28.1-32 
32.1-36 
36.1-40 
40.1-44 

2 
6 

10 
14 
18 
22 
26 
30 
34 
38 
42 

19 
48 
42 
49 
22 
10 
6 
3 
3 
1 
4 

-3 
-2 
-1 

0 
1 
2 
3 
4 
5 
6 
7 

9 
4 
1 
0 
1 
4 
9 

16 
25 
36 
49 

Sums 

-57 
-96 
-42 

0 
22 
20 
18 
12 
15 
6 

28 

171 
192 
42 
0 

22 
40 
54 
48 
75 
36 

196 



1524 VASILIU-OPREA AND DAN 

Table I11 
Arranged Particles Composing Them 

Correlation between Grain Diameters and the Number of Spherical and Systematically 

Systematic Arrangement of Spheres and Their Porosities 

Tetragonal 
Grain Diameter Cubic Orthorombic Sphenoidal Rhombohedra1 

[ W I  (0.476) (0.3954) (0.3019) (0.2595) 

250 4,132 4,756 5,492 5,825 
300 7,123 8,219 9,490 10,066 
350 11,311 13,052 15,070 15,985 
400 16,885 19,482 22,495 23,862 

500 32,979 38,051 43,936 46,605 
450 24,041 27,739 32,029 33,975 

Sphere diameter is 12.57 pm. 

Wide Angle X-Ray Diffraction 

Figure 5 shows a representative X-ray diffraction 
curve of granular polycaproamide. The presence of 
solvent seems to have no effect on the crystallization 
form. The prepared polymer contains almost entirely 
the a-phase. The peak from the crystallographic 
plane a2 = 24O (002, 202) (Miller indices are given 
in parentheses) is more intense than the peak from 
crystallographic plane a1 = 20.3" (200). However, a 
small fraction of polymer crystallized in y phase: y1 
= 2 1 . 6 O  (002). 

On the Formation of Granular Polycaproamide: 
A Possible Model 

To propose an adequate model on the steps involved 
in the obtaining of granular polycaproamide, it is 

Temperature loci 

35.95-c I I i 
- 0.1257r/g 

HEAT1 NG 

4 

0 

U 

I - 

- -0.75- 
P 
I 

- 
-1.25 - * 

-1.50- 

COOLING - 
I I 1 1 I l I l I I  41 05 1/g I 1  -0. b 
30 50 70 90 I10 130 150 170 190 210 230 250 

Temperature IOCI 

Figure 4 
during heating and cooling. 

DSC diagram for granular polycaproamide 

necessary to take into account both the events oc- 
curing in the anionic bulk polymerization (more in- 
vestigated) and the specific features owing to the 
presence of solvent in the reaction medium. In the 
bulk polymerization, the process starts in a homo- 
geneous medium; after a short period of time the 
viscosity increases strongly, due to polymer forma- 
tion. As the polymerization proceeds, the polymer 
solidifies, the temperature being below the melting 
temperature of the polymer. This step is followed 
by polymer crystallization. The INTRODUCTION un- 
derlined the most important features of the anionic 
polymerization of CL in the presence of a solvent. 

As shown in Figure 6, the polymerization starts 
in a homogeneous liquid phase (step I in Fig. 6). 
Chain growth starts in a relatively polar medium. 
The duration of this step is strongly related to the 
reaction temperature and to the efficiency of the 
catalytic system. It decreases with increasing both 

26' (DEGREES) 
Figure 5 
polycaproamide. 

Typical X-ray diffraction curve for granular 
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I. CHAIN STARTlNG AND 
HONOGENEOUS 
POLYMER IZ AT10 N 

11. POLYMER SEPARATION 
AS VISCOUS PARTICLES 

111. PARTICLES COALESCENCE 

Symbols : M - caproloctom ; 'D -caprolactomate anion ; -- 
R+ -N-corbomoylcoproloctam ; R- -growing 
macromolecule, 

Figure 6 
proamide. 

Schematic illustration of stages involved in the obtaining of granular polyca- 

the temperature and the efficiency of the catalytic 
system. 

Apart from other activators, in which N-acyl- 
caprolactam growing centers are formed stepwise 
in the reaction medium (e.g., COP,  esters, carbo- 

diimides, N,N-disubstituted ureas), by using pre- 
formed N-acylcaprolactams or acylating reagents 
that react very quickly with CL (e.g., acid chlorides 
or isocyanates) the polymerization seems to occur 
as a particular case of dispersion polymerization. 
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(Dispersion polymerization may be defined as the 
polymerization of a monomer dissolved in an or- 
ganic liquid to produce an insoluble polymer in 
the form of colloidal dispersion. In a classic pro- 
cess, the colloidal stability of the resulting parti- 
cles is provided by the absorbtion of an amphi- 
philic stabilizer or a dispersant that is present in 
the organic medium on the surface of the polymer 
 particle^.)'^ 

In the case of the anionic polymerization of CL 
in solvents, if the polymerization in homogeneous 
medium proceeds, changes in medium composition 
decreases the solubility of the growing macromol- 
ecules. This favors a quicker precipitation of poly- 
mer to form nuclei. These primary particles may 
undergo aggregation to form colloidal particles 
(small droplets). Though in this process the sta- 
bilizers or the dispersants are not present in the 
organic medium, one can assume that precipitated 
macromolecules are oriented with the activator 
hydrofobic alkyl residues toward the organic non- 
polar medium and with the N-acyllactam growing 
centers toward the inside of the (more polar) par- 
ticles. Thus the external nonpolar groups could 
determine, to a certain extent, the stability of these 
primary particles. However, a small fraction of 
initially separated droplets can then collide and 
coalesce to form larger droplets, as shown in Figure 
2(a). The monomer and the reduced lactam salt 
are absorbed from the solution by the dispersed 
polymer phase once it forms, and subsequently al- 
most all of the polymerization process takes place 
within the monomer-swollen particles (step I1 in 
Fig. 6). In this way the nature of particle growth 
is essentially a microbulk process. Progressive 
polymerization inside droplets leads to an increase 
in viscosity, and the dimension of particles in- 
creases with the increasing of conversion. This 
step is also confirmed by the appearance of the 
“sudden freezing” of the external surface of the 
particles obtained by mechanical dispersion of 
granules [Fig. 2(b,c) 1. 

Subsequently, two phenomena occur practically 
simultaneously: on further collision droplets adhere 
to one another in the form of fused agglomerates 
(due to the increasing of both viscosity and particle 
dimensions when the hydrophobic residues are not 
able to assure the stability of the particles); and they 
solidify (due to the important undercooling, i.e., 
about 70°C below the melting point of the polymer) 
(step I11 in Fig. 6). Polymerization can also occur 
mainly on the external surface of the particles. The 
globular formations could appear in this stage by 
addition of the monomer and the catalyst from sol- 

vent to the growing centers located close to the ex- 
ternal surface. 

Finally, the solidified polymer crystallizes (step 
IV in Fig. 6), and the structure of the granules is 
established. 

In terms of phase separation, in the investigated 
process, the following phenomena take place: liquid- 
liquid (L + L) phase, liquid-crystal (L -+ C) for- 
mation, and respectively. Because 
the events from step I1 to step IV occur in a very 
short period of time, one could accept that phase 
and crystal morphology appear in combination. In 
these circumstances, the phase morphology arises 
first, within which subsequent crystallization then 
creates the crystal morphology. 

CONCLUSIONS 

The anionic polymerization of CL in EB as solvent 
initiated with NaH2[ 0 ( CH&0CH3 JzAl and acti- 
vated with ID1 was studied. Conversions in the range 
of 16-82% and degrees of polymerization in the 
range of 78-280 were obtained. The following op- 
timum reaction conditions were determined tem- 
peratures up to 120°C, initial CL concentration of 
2.6-3.8 mol /L, catalyst concentration in the range 
of 2.8-3.6 mol % RedAl/mol CL, and an activator/ 
catalyst ratio in a range of 0.6-0.7 equiv NCO/mol 
RedAl. 

The polymer results as granules having diameters 
in the range of 250-500 pm. These represent a con- 
glomerate of particles having diameters in a range 
of 2-40 pm, and were formed through the aggrega- 
tion of particles during the solidification of the 
polymer. The most important steps in granule for- 
mation are: the growth of the macromolecules in the 
homogeneous medium, the precipitation and the ag- 
gregation to form viscous droplets, progressive po- 
lymerization inside the droplets, their aggregation 
and solidification, and finally the crystallization of 
polymer. All the above-mentioned processes occur 
rapidly and partly overlap. The nature of particle 
growth is related to the nature of the catalytic sys- 
tem. For the investigated system, almost all poly- 
merizations took place within the monomer-swollen 
particles. The hydrophobic residues of the activator 
may increase the stability of the particles for a short 
period of time, after polymer separation. 

The polycaproamide obtained by such an ap- 
proach is a semicrystalline polymer. It contains al- 
most entirely the a-phase. 
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