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ABSTRACT: A polymerization filling of a base in character monomer (1-caprolactam)
was carried out using fillers with solid acid character and catalytic action such as g-
alumina and calcium phosphate. The properties and structure of the polymerization-
filled polycaprolactam obtained were studied. The following characteristics were deter-
mined: melting temperature, glass transition temperature, crystallization temperature,
tensile strength, and dynamic elastic modulus. The advantages of the polymerization
filling method are shown as compared to conventional methods for homogeneous pro-
duction of polycaprolactam. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 1255–1258,
1997

INTRODUCTION ties of polymerization-filled polycaprolactams pre-
pared using g-alumina and calcium phosphate.

The introduction of solid acids into 1-caprolactam
makes it possible to produce polycaprolactam via
polymerization, only because of the catalytic ac-

EXPERIMENTALtion of the surface acid sites.1,2 Thus inorganic
substances applied act as both catalysts in the
polymerization of the base in character 1-capro- The characteristics of calcium phosphate, g-alu-
lactam and fillers of the resulting polycaprolac- mina, and 1-caprolactam used throughout the ex-
tams. The activation of the monomer molecule is periments are given in a previous study.1,2 The
associated with its acid–base interaction with the polymerization filling process was carried out in
surface of the fillers applied. an open laboratory reactor at a temperature of

The heterogeneous polymerization reaction 523 K under nitrogen flow until the equilibrium
running with the participation of fillers with cata- concentration of the monomer (approx. 10 wt %)
lytic action is called polymerization filling and the was achieved. The reactor was supplied with a
resulting product a polymerization-filled polymer. screw stirrer, and the resulting composite mate-
The acid sites affect the kinetics and reaction rial was extruded into a water cooled bath. The
mechanism on one hand and the structure and samples were prepared through injection mold-
properties of the resulting polymer materials on ing. Some of them were annealed in a vacuum at
the other. 458 K (the temperature close to the crystalliza-

The present article aims to reveal some intrin- tion temperature of the polymer) for 20 h.
sic characteristics as well as structural peculiari- The following characteristics of the polymeriza-

tion-filled polycaprolactams (of the polymer itself
and of the composite material as a whole) wereCorrespondence to: V. M. Cheshkov.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071255-04 determined:
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Table I Characterization of Polycaprolactams

Heterogeneous Polymerization (Polymerization Filling)

g-Al2O3 5 wt % /
Ca3(PO4)2) g-Al2O3 g-Al2O3 Ca3(PO4)2 Homogeneous

Properties 30 wt % 5 wt % 10 wt % 20 wt % Polymerization

Molecular weight, Mhr1003 43 36 30 51 15–25
Melting temperature, Tm (K) 492 494 494 492 491–498
Glass transition 327 340 338 333 323–330

temperature, Tg (K) 344a 347 346 345
Crystallization temperature,

Tc (K) 454 457 457 456 420–440
Degree of crystallinity (%) 39 31 34 31 22–33

64 40 40 37
Tensile yield strength (MPa) 58 62 64 52 40–60
Dynamic elastic modulus, 76 59 65 82 55–60

Edr1002 (MPa) 132 79 84 120

a When two values are reported, the second one refers to annealed samples (458 K, 20 h).

1. melting temperatures, crystallization tem- spect to molecular weights, degree of crystalliza-
tion, and dynamic elasticity modulus, in spite ofperatures, and degree of crystallinity were

read from thermograms recorded with a a high percentage of filler. Data in the last column
refer to unfilled caprolactams. Introduction of fil-Perkin–Elmer DSC-2 type differential scan-

ning calorimeter under a heating rate of 10 lers to these caprolactams according to conven-
tional procedures often causes a deterioration ofK/min and nitrogen flow;

2. glass transition temperatures and dynamic the characteristics of the polymer. Abdurazakov
et al.9 reports that the introduction of 15% graph-elastic moduli were measured with a Me-

travib viscosimeter at a frequency of 7.8 Hz; ite to caprolactam produced by the conventional
method causes a decrease in the tensile strength3. tensile strength was measured with an FT-

10 type tension test instrument under a from 60 to 28 MPa. Reimschuessel4 established a
decrease in the melting temperature from 222 toloading rate of 5 mm/min;

4. crystallographic forms of the surface layer 204 K with a ZrF4 content of 15% while the crys-
tallization temperature drops from 440 to 423 K.(200 mm) and the bulk of samples were es-

tablished by X-ray diffraction analysis car- On introduction of 12.5% FeCl3 to the polycapro-
lactam the degree of crystallinity drops from 31ried out with a Dron-2 type diffractometer;

the surface layer was cut with a microtome; to 16%.10 The comparison of our data with these
data gives an additional confirmation to the effi-5. Molecular weights were measured by the

viscosimetric method using polymer solu- ciency of the present method of polymerization
filling.tions in m-cresol after centrifugation of the

filler. It is impossible to make a correlation between
all characteristics of the composite materials ob-
tained and the strength of the acid sites on the
inorganic surfaces. Data in Table I show that cat-RESULTS AND DISCUSSION
alysts with stronger acid sites yield polycaprolac-
tams with higher glass transition temperaturesTable I lists the features of the polymerization-

filled polycaprolactams obtained. The characteris- as compared to catalysts with weaker sites and
lower molecular weight. Thus the system with g-tics of polycaprolactams produced by conventional

methods of homogeneous polymerization are alumina containing acid sites of pKa Å 2.0 4 3.0
yields a polymer with molecular weight of 30,000–given for comparison.3–8 The fillers used are dis-

tinguished in respect to strength of the fillers’ acid 36,000 (depending on the filler amount) and Tg

Å 340 K; in the presence of calcium phosphatesites from pKa Å 2.0 to 4.8. The polymerization-
filled polycaprolactams are not inferior but are (pKa Å 3.3 4 4.8) the resulting polymer has a

molecular weight of 43,000 and TgÅ 327 K. In theeven superior to known polycaprolactams with re-
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(320–345 K) is attributed to segmental mobility
of the amorphous phase of the polymer; that is,
it presents the glass transition temperature.

Figure 3 presents diffraction patterns typical
of all samples of the composite material. Two
peaks are observed at 2u Å 20.27 and 23.67, char-
acteristic of a-crystal modification of polycapro-
lactam (bulk samples), and a peak at 2u Å 21.27,
characteristic of g* modification (surface layer).6

The latter is characteristic of the stable g-crystal
form of polycaprolactam as well, but its presence
should be accompanied by a peak at 2u Å 117,
which was not observed in our case. Another con-
firmation to the suggestion that the peak at 2u
Å 21.27 is provided by the presence of unstable
g* modification is the fact that it disappeared onFigure 1 Dynamic elastic modulus versus tempera-

ture plot of the polymerization filled pollycaprolactam annealing of the samples, which is not typical of
samples: (–n–) 10 wt % g-Al2O3; (–O–) 30 wt % the g form, while new peaks at 2u Å 20.27 and
Ca3(PO4)2; (– –O– –) 30 wt % Ca3(PO4)2, annealed. 23.67 appeared; that is, a g* modification to the a-

form transition occurred. The presence of various
crystal modifications can be attributed to varying
crystallization conditions under which the materi-case of the mixed catalyst the polycaprolactams

produced exhibit similar characteristics except for als are produced, the so-called ‘‘ad-wall’’ effect.
Another interesting phenomenon is the appear-the molecular weight, which is higher as com-

pared to single fillers. At the same time melting ance of a sharp peak at 2u Å 257 in all diffraction
patterns of polymerization-filled polycaprolac-and crystallization temperatures as well as the

degree of crystallinity of all polymerization-filled tams, which corresponds to an interplanar dis-
tance of 3.55 Å. This peak was not observed eitherpolycaprolactam samples are comparable.

All investigated samples showed a single peak in the diffraction patterns of filler–catalysts ap-
plied or in the patterns of known crystal forms ofof melting, regardless of the acidity of the filler–

catalysts applied. Its position (in the range 492– polycaprolactam. Hence, the appearance of this
unknown peak can be associated with the develop-494 K) is characteristic of the polycaprolactam

crystal a form, which is most stable thermody-
namically. Annealing (which is widely used in
practice) at T Å 458 K for 20 h led to a strong
increase in dynamic elastic modulus and degree
of crystallinity values. The glass transition tem-
peratures also increased to some extent.

Figure 1 illustrates some typical changes in dy-
namic elastic modulus of polymerization-filled
polycaprolactams (annealed and unannealed)
as a function of temperature. The most signif-
icant changes are observed in the range of glass
transition.

Figure 2 presents a tangent of the angle of me-
chanical loss versus temperature plots for an-
nealed and unannealed samples of the composite
material that point out the molecular mobility in
the crystalline and amorphous parts of the poly-
mer. Two main temperature transitions are ob-
served that are characteristic of polycaprolactams Figure 2 Tangent of the angle of mechanical loss ver-
produced by conventional procedures as well. The sus temperature dependence for polymerization filled
first one at 205–225 K is associated with the mo- polycaprolactam samples: (–n–) 10 wt % g-Al2O3;
lecular mobility of the amide groups not bound (–O–) 30 wt % Ca3(PO4)2; (– –O– –) 30 wt % Ca3(PO4)2,

annealed.through hydrogen bonds. The second transition
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tion in the process of polymerization filling but
affects the properties and structure of resulting
composite materials as well. The polymerization-
filled systems exhibited very good physicochemi-
cal and physicomechanical characteristics. Some
parameters (molecular weight, degree of crys-
tallinity, and dynamic elastic modulus) were su-
perior to that of polycaprolactams produced by
homogeneous catalysis. It is noteworthy to point
out that the polymerization filling yielded polyca-
prolactams of the most thermodynamically stable
a-crystal modification.

A new unknown interplanar distance of polyca-
prolactam crystal modifications was observed. It
was probably provided by the interaction of the
polymerizing 1-caprolactam with the filler sur-
face, resulting in a strong orientation of macro-
molecules toward the acid sites. The characteris-
tics of polymerization-filled polycaprolactams
were considerably improved on annealing.

Support was provided through the National Science
Foundation of the Ministry of Education, Sciences, and
Technology of Bulgaria, Contract X-338/1994.
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