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ABSTRACT: Nanostructured polymer composites (NPC) based on polyamide 6 (PA6) are prepared by activated anionic ring-opening

polymerization (AAROP) of mixtures of e-caprolactam (ECL) and organically treated montmorillonite (o-MMT). The polymerization

is performed in bulk, at 165�C, i.e., below the melting point of the resulting APA6, the reaction time being in the range of 10–15

min. The o-MMT content is varied in the 0.5–10% range. X-ray diffraction (XRD) and transmission electron microscopy (TEM)

show that exfoliated NPC can be produced with clay loads of 0.5–1.0%. Larger clay amounts lead to various degrees of intercalation

of the MMT layers. FT-IR imaging proves that all NPCs contain MMT aggregates with sizes in the 10–20 mm range. The formation

of the matrix crystalline structure is followed directly by performing AAROP of an activated ECL/o-MMT blend in a synchrotron

beamline. Irrespective of the o-MMT type and concentration, it is the a-PA6 that forms first and in larger amounts. The c-PA6 poly-

morph can be found in predominating amounts only after melting and recrystallization of the already produced polymer matrix.
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INTRODUCTION

Nanostructured polymer composites (NPCs) display significant

improvement in important properties of the matrix polymer

such as mechanical strength and stiffness, thermal stability and

heat distortion temperature, flame retardancy, and gas barrier

performance.1,2 This makes them very useful in applications

related to automotive parts, household electrical appliances, and

food-packaging films.3 As repeatedly recognized, the improve-

ment of the properties of NPCs largely depend on their nano-

scale structure, which includes: (i) homogeneous and random

dispersion (exfoliation) of silicate layers; (ii) adequate interac-

tions between the specific polymer molecules and the silicate

platelets’ surface; and (iii) appropriate influence of inorganic

layers on the polymer conformation and morphology. For semi-

crystalline polymer matrices, in the latter case, the reinforcing

silicate layers can induce polymorphism thus affecting the whole

set of NPC properties.4

NPCs based on polyamide 6 (PA6) and montmorillonite

(MMT) were developed and industrially manufactured by

Toyota Research Group in 1985 and have rapidly gained indus-

trial importance. Fully exfoliated PA6/MMT nanocomposites

called also “hybrids” with best properties were first produced by

ring-opening polymerization of e-caprolactam (ECL) in the

presence of organically treated MMT (o-MMT), i.e., by creating

the polymer matrix in situ.3,5,6 As standard preparative method

Toyota scientists adopted the acid-catalyzed hydrolytic polymer-

ization of ECL, no matter that it was quite slow (11–13 h per

batch) and required maintaining the reaction mixture in the

melt at 240–260�C.7 They also tested an alternative method,

namely the activated anionic ring opening polymerization of

ECL (AAROP) but abandoned it by the late 1980s due to insuf-

ficient control on its rate and on the exfoliation in the final

NPC.3 It was, nevertheless, recognized that the AAROP could

take place at temperatures far below the melting of the resulting

PA6 (typically in the 150–180�C range) at rates being 1032107

greater than of the hydrolytic process.8

Nowadays the preparation of neat PA6 by AAROP is well stud-

ied and understood.9,10 Strong bases such as metal caprolacta-

mates are most often employed as initiators of the process and

imide-group containing compounds (e.g., acyl lactams), as acti-

vators.11,12 Changing the activator amount or its chemical com-

position not only influences the AAROP rate but also can result

in PA6 materials with linear or star-shaped macromolecules

possessing unusual mechanical and rheological properties,13 as

well as in flame retardant properties without any addition of

fillers.14
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There exist, however, only few studies on the PA6–MMT nano-

composites prepared by AAROP. Thus, according to Liu et al.15

both pristine and organically treated MMT (o-MMT) were

unsuitable for AAROP of ECL due to their severe inhibiting

effect on the initiator–activator complex. Moreover, in view of

the study of Yeong et al.,16 the dispersion of o-MMT in ECL is

expected to be poor due to insufficient H-bonding between

them leading to impossibility for the monomer to penetrate the

galleries of the clay and form exfoliated NPCs. Reportedly, in

order to obtain PA6/MMT hybrids via AAROP one has to

employ intercalation by ECL of pristine MMT in water followed

by time- and labor-consuming drying procedures before poly-

merization.17,18 Copolymer PA6/PA12–MMT nanocomposites

were also prepared very recently using pristine Na-MMT clay.19

Homoionic MMTs of the types Ca-MMT, Ba-MMT, and Mg-

MMT were prepared from Na-MMT and used as fillers for PA6-

based NPCs obtained by either AAROP or melt-mixing proce-

dures.20 In all cases, small fraction of exfoliated platelets was

detected by TEM, tactoid splitting being weaker in melt-blended

NPCs than in those by AAROP.

The influence of the clay reinforcements on the matrix poly-

morphic structure in PA6/MMT nanocomposites has been

extensively reviewed.4,21 It has been repeatedly recognized that

in the presence of MMT platelets the c-PA6 polymorph is pre-

dominantly formed.22–25 Evidence was provided that, even when

both c- and a-crystals are present, the former ones are closer to

the platelets’ surface than the latter ones, corroborating the

actual influence of clay on the preferred nucleation of c-crys-

tals.26,27 c-PA6 crystals have been shown to appear first during

slow cooling from the quiescent melt before the development of

a-crystals upon further cooling.28 Several authors have reported

that a-form crystals may be predominant over c-crystals in the

presence of MMT only under special conditions, depending on

thermal history, and thermo-mechanical treatment.29,30

It should be noted that all of the above structural studies were

made on PA6–MMT systems obtained either by the hydrolytic

polymerization pathway or by melt processing. In both cases,

the processing is carried out above the PA6 melting tempera-

ture. To the best of our knowledge, so far, there have been no

systematic studies on the structure and morphology in NPCs

prepared by solid-state AAROP, i.e., below the melting point of

the matrix. Hence, in this study, we report on the preparation

and properties of PA6-based NPCs obtained by solid-state

AAROP of ECL in the presence of two commercial organically

treated MMT brands. The main objective was to discuss the

structural evolution in the composites (e.g., clay dispersion and

PA6 polymorph content) as the solid-state AAROP advances

and to try to relate it with the nanoclay type and concentration.

EXPERIMENTAL

Materials

The e-caprolactam monomer (ECL) with reduced moisture

content suitable for AAROP (AP-Nylon
VR

caprolactam) was

delivered from Br€uggermann Chemical, Germany. Before use,

it was kept under vacuum for 1 h at 23�C. As polymerization

activator, Bruggolen C20P
VR

from Br€uggermann Chemical, Ger-

many (C20) was used. According to the data sheet of the man-

ufacturer, it contains 80 wt % of blocked di-isocyanate in ECL.

The supposed chemical structure of C20 is presented in

Scheme 1. The initiator sodium dicaprolactamato-bis-(2-

methoxyethoxo)-aluminate (80 wt % in toluene) was pur-

chased from Katchem and used without further treatment

(Dilactamate
VR

, DL, Scheme 1).

The nanoclay brands employed in this study were Cloisite 15A

(CL15A) and Cloisite 20A (CL20A) manufactured by Southern

Clay Products. They both represent natural MMT modified by

dimethyl dihydrogenated tallow quaternary ammonium chloride

and contain up to 2% of moisture. According to manufacturer’s

data, CL15A has a slightly higher modifier amount (125 meq/

100 g versus 95 meq/100 g of CL20A) resulting in organic con-

tents of 43 and 38%, respectively, measured by TGA. Both

nanoclyas were dried for 2 h at 110�C in an oven and then im-

mediately used.

Preparation of PA6–MMT Composites by In Situ AAROP

About 0.5 mol of ECL are molten in a 250 mL flask at 110�C
under nitrogen flux and then the desired amounts of nanoclay are

added at once. The mixture is energetically stirred at the same

temperature until complete clay dispersion that took times typi-

cally up to 90 min. Then, 1.5 mol % of DL and 0.75 mol % of

C20 are added. Upon homogenization, the reactive mixture is rap-

idly transferred into a rectangular mold (120 3 80 3 1.5 mm),

which is then placed between the plates of a hot press heated at

Scheme 1. Schematics of the chemical reactions and compounds in AAROP: C20, Bruggolen C20 (activator); DL, dicaprolactamato-bis-(2-methoxye-

thoxo)-aluminate, R 5 OCH2CH2OCH3 (initiator); ECL, e-caprolactam; APA6, anionic polyamide 6. The structure of DL is according to Ref. 33. The

structure of C20 is based on own analyses.
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165�C applying a mild pressure of 10 MPa. After 15 min, the tem-

perature is gradually decreased at 10� min21 demolding the sam-

ple at 35–40�C. All NPCs thus prepared displayed a degree of

monomer conversion in the 97–99% range determined by Soxhlet

extraction with methanol to constant weight.

Characterization Techniques

Most of the wide-angle X-ray scattering patterns (WAXS) in

this study were registered at the Soft Condensed Matter Beam-

line (A2) of HASYLAB, Hamburg, Germany using synchrotron

radiation with a wavelength fixed to 0.15 nm. The sample-to-

detector distance was set at 90 mm, the diffraction patterns

being registered by means of a MARCCD two-dimensional de-

tector of Rayonix. The samples were studied in transmission

mode with an exposure time of 25 s. A sample holder with

incorporated heaters and cooling with compressed air was used

allowing for controlled heating–cooling cycles in the 30–300�C
range. For the in-beam AAROP study, a mixture of ECL with 1

wt % of CL20A was prepared as previously explained. Then, the

initiator and activator were added and 0.4 g of the resulting

mixture was placed into an aluminum capsule. The latter was

affixed on the holder right in the optical path of the X-rays and

the polymerization was performed in the synchrotron beamline.

An Imago multichannel processor and program controller of

JUMO GmbH (Germany) were used to regulate the sample

temperature in heating and cooling. The difference between the

read-out and real temperature was found to be 3–4�C at the

heating rate of 20�C/min applied in this study. Corrections for

background scattering, irradiated volume, and beam intensity

were performed for each 2D pattern. For further data process-

ing, a commercial software package was used.31 Peak-fitting was

applied in the linear WAXS patterns obtained after integration

in the range between scattering angles 2h of 3 and 40�. For

some samples, a D8 diffractometer with h/2h goniometer of

AXS Bruker was employed with Cu Ka 5 0.154 nm for taking

of linear WAXS patterns at room temperature.

The FT-IR microscopy studies were performed in a Spotlight

300 IR (Perkin-Elmer) microscope with a dual mode array de-

tector allowing for IR imaging and single-point spectra in the

4000–750 cm21 range with a resolution of 5.0 lm. For this

analysis, slices with a thickness of 12 lm were produced from

the sample in a Leitz 1401 microtome (Wetzlar, Germany) using

a glass blade.

Selected PA6/o-MMT nanocomposites were observed by TEM

using a Zeiss 902A microscope, coupled with CCD camera

Orius 1100. The observations were done on ultrathin sections

(ca. 80 nm) cut at about 2120�C with a Leica FC6 ultra micro-

tome equipped with diamond knife. Before the observation, the

sections were stained with RuO4.

RESULTS AND DISCUSSION

The Polymerization Process

The chemistry of the activated anionic ring-opening polymer-

ization (AAROP) of ECL is well-known since the early 1970s.

Scheme 1 gives an idea of the accepted reaction mechanism

summarized in a number of reviews.9–11 Thus, AAROP, in this

study, is initiated by the basic DL—an organo-aluminum

compound that contains a stabilized caprolactamate anion. It is

believed that in DL the lactam anion is with decreased nucleo-

phility due to coordination of the Al atom with the lactam car-

bonyl oxygen leading to delocalization of the negative charge.32

This makes DL a slower AAROP initiator as compared to the

simple sodium caprolactamate.

The activator C20 contains two preformed imide links C(O)–N–

C(O), in the presence of which polymerization starts directly

with the propagation reaction.33 Having in mind the amount of

activating imide groups in C20 and the initiating caprolactamate

anions in DL, the mole ratio of C20:DL was always at 1:2. After

a number of optimization experiments, the AAROP temperature

was set to 165�C, which produced the neat APA6 samples or the

PA6/o-MMT composites with 97–99% degree of conversion

within 15–20 min depending on the DL and C20 concentration.

The average viscometric molecular weight Mv of the neat APA6

was determined by intrinsic viscosity measurements in 97% sulfu-

ric acid at a concentration of 0.2 g/L with a suspended level

Ubbelohde viscometer thermostatted at 25�C. Using the Mark–

Houwing equation with K 5 4.1023 and a 5 0.7 for PA6,34 Mv

values in the range of 32,000–35,400 were obtained. This confirms

the preparation of a high molecular APA6. The APA6/MMT com-

posites were not completely soluble in sulfuric acid. Having in

mind that the clay did not affect the time duration or the chemis-

try of AAROP, the molecular mass of the APA6/o-MMT compo-

sites is expected to be close to that of the neat APA6.

To further confirm the high molecular weight of the resulting

APA6 composites, the sample containing 1% of CL20A was sub-

jected to DSC in heating mode at 10� min21. A melting peak at

221.2�C was obtained showing an enthalpy of melting

DHm 5 95.1 J/g corresponding to a crystallinity index of 46.4%.

The value of the enthalpy of fusion of a 100% crystalline PA6

DH1m
� �

was taken as 204.8 J/g.35

Nanoclay Dispersion Prior and After AAROP

The evolution of the basal peak of neat o-MMT from CL20A

and CL15A (curves 1a and b), in their mixtures with ECL

(ECL:o-MMT 5 98:2 wt %) after different homogenization

times at 110�C is shown in Figure 1. Curves 2–4 with both o-

MMT types were produced with samples taken after 10, 30, and

90 min of mixing, cooling down to room temperature, and

obtaining the WAXS pattern at 30�C. After mixing for 90 min,

the catalytic system comprising 1.5 mol % of DL and 0.75 mol

% of C20 is added and the reaction mixture is transferred to a

mold where AAROP takes place at 165�C. Curves 5a and b are

the WAXS patterns of the final NPCs.

As seen from Figure 1, the two neat o-MMT display different

positions of the 001 basal peak corresponding to 25.5 Å

(CL20A) and 30.5 Å (CL15A). This is in good agreement with

the lesser amount of organic modifier in the former MMT type

determining a smaller height of the galleries. Both nanoclay

brands display also peaks in the 2h range of 6–7� (12.5–13 Å)

corresponding to the d001 of certain amounts of pristine MMT,

not intercalated with organic modifier. Judging from the

decrease and eventual complete disappearance of the basal peaks

of organically modified and pristine MMT, as the mixing time

ARTICLE

1230 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39274 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


increases [Figure 1(a), curves 2–4], it can be concluded that

melt mixing of the ECL/CL20A system results in a complete dis-

persion to single nanoclay platelets. This was not the case with

the ECL/CL15A mixtures [Figure 1(b), curves 2–4]. Until the

90th min of the mixing duration, the CL15A basal peak at 3.5�

persisted showing a constant intensity and a shift toward larger

2h values as compared to the neat nanoclay. Hence, it can be

concluded that CL15A was not completely dispersed into single

platelets during its mixing with ECL. A possible explanation of

this fact can be the larger amount of organic modifier in this

nanoclay brand that impedes its full dispersion in the relatively

hydrophilic ECL. Notably, during the first 10 min of melt mix-

ing of the ECL/2% CL15A system, a shift of the basal peak is

observed corresponding to a gallery height decrease of 5 Å. This

observation could be related to conformational changes of the

long chain organic modifier or even to removal of some of it

from the nanocly galleries. Logically, after AAROP in this sys-

tem, an intercalated PA6/MMT composite is formed.

In spite of the fact that 2 wt % CL20A was completely dispersed

in the molten ECL, the AAROP of this mixture resulted in a

NPC that displayed a broad, low-intensity peak between 3–4�

(curve 5a). Its presence suggests that the full dispersion of the

clay in ECL before AAROP is not a guarantee for the produc-

tion of fully exfoliated composite. Apparently, the polymeriza-

tion may cause partial inverse aggregation of MMT platelets.

The intensity of the respective diffraction peak, however, is

comparable to the noise levels of the diffractometer used. To

enable more rigorous structural conclusions, synchrotron WAXS

experiments were performed.

Figure 1. WAXS patterns of ECL/MMT mixtures (2/98 wt %) containing

(a) ECL–CL20A and (b) ECL–CL15A after various mixing times at 110�C:

2 – 10 min; 3 – 30 min; 4 – 90 min; 5 – sample 4 after AAROP. Curves

1a and 1b present the patterns of the two neat MMT brands. WAXS pat-

terns are obtained in a D8 diffractometer at 30�C. Curves are shifted

along the y-axis. For more details, see the text. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. WAXS patterns of PA6/o-MMT composites (low s-values region)

containing different amounts of: (a) CL20A and (b) CL15A. The numbers

to curves correspond to the MMT concentrations in wt % in respect to

APA6. The Lorentz-corrected patterns are shifted along the y-axis for

clearness. Exfoliated MMT is observed with CL20A and CL15A concentra-

tions of 0.5 and 1.0%.
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Figure 2 shows the low s-values region of WAXS patterns of

PA6/o-MMT composites, in which the CL20A and CL15A vary

in a broad range. To enable comparison, the WAXS profile of

the neat PA6 is also presented (curves 1a and 1b). It can be

seen that irrespective of the Cloisite brand, the NPCs with 0.5%

(curves 2a and 2b) and 1.0 % of clay (3a and 3b) do not dis-

play basal reflection and can be therefore considered exfoliated.

As expected, increasing the MMT content led to aggregation

and formation of intercalated PA6/MMT composites. Thus, the

composites with 2 and 3% CL20A show a broad reflection with

d001 of 20–29 Å corresponding to basal long spacings of silicate

layers with different stages of intercalation (curves 4a and 5a).

This reflection is somewhat more intense in the systems con-

taining CL15A (curves 4b and 5b). AAROP of ECL in the pres-

ence of 5 and 10% of CL20A produced composite materials

(curves 6a and 7a) with increasing aggregation of clay layers

showing gallery heights of 23 and 20 Å , respectively. In these

two profiles, the d001 reflection of the pristine MMT at ca. 13 Å

is also observed.

Figure 3. TEM images of PA6/CL20A NPCs with different amounts of

MMT: (a) - 0.5%; (b) - 1.0%; (c) - 3.0%; (d) - 5%. The scale bar in all

images corresponds to 100 nm. With 0.5 and 1.0% single MMT lamellae

are observed; higher clay loads result in intercalated tactoid structures.

Figure 4. FTIR gray scale maps of a PA6/CL20A NPC with 1 wt % of MMT. White corresponds to 100% MMT, black – to 100% PA6. (A) Minimum

threshold of the MMT band sensitivity; (B) Fixed higher threshold of the MMT signal; (C) FTIR spectra (% transmission versus wavelength) taken in

selected points of the microscopic image. The numbers of the spots and of the spectra coincide. Micron-size agglomerations are observed even in samples

exfoliated according to WAXS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The WAXS profiles in Figure 2 allow the conclusion that exfoli-

ated NPCs (hybrids) via AAROP can readily be produced with

clay concentrations below 2 wt %. Intermediate amounts of 2

and 3% lead to intercalated PA6/MMT materials, whereas clay

loads of 5 and 10% CL20A resulted in pronounced aggregation

of the MMT component—both organically treated and pristine.

Therefore, the dispersion of the reinforcements in NPCs pro-

duced by solid-state AAROP follow the same trend as in the

composites obtained by the hydrolytic method.

Contrary to some earlier studies,15,17 no inhibition effect of o-

MMT upon the AAROP was observed. This fact can be

explained with the above-mentioned (Scheme 1) delocalization

of the negative charge of the caprolactamate anion in DL that

makes it a slower initiator but, apparently, more stable to deac-

tivation by acidic species than the commonly used simple ECL

anion. In addition, DL was proved to be more stable to mois-

ture,33 which makes it more useful under industrial conditions.

The TEM images of selected PA6/CL20A composites with

increasing MMT content (Figure 3) are in conformity with the

WAXS studies. The samples with 0.5 and 1.0 wt % of MMT dis-

play homogeneous and random distribution of single silicate

platelets with thicknesses close to 1 nm. In the NPCs with 3

and 5% clay, the distribution of the mineral component is still

homogeneous, however stacking into thicker, sheet-like tactoide

aggregates is observed.

The TEM images in Figure 3 visualize areas of only 1 lm2. That

is why an attempt was made to evaluate the micron-scale ho-

mogeneity of the exfoliated NPC with 1 wt % of CL20A. Figure

4 shows the gray scale maps of a FT-IR microscopic image of

this nanocomposite over an area of 200 3 165 lm. The

Figure 6. WAXS patterns of PA6/o-MMT composites in-beam melting af-

ter 5 min at 260�C and cooling down to 30�C. The numbers to curves

correspond to the MMT concentrations in wt % in respect to APA6. For

more information see Tables I and II.

Figure 5. Synchrotron WAXS profiles of as-prepared PA6/o-MMT compo-

sites (2h region above 5�, irradiation at 30�C) containing different amounts

of: (a) CL20A and (b) CL15A. The numbers to curves correspond to the

MMT concentrations in wt % in respect to APA6. The patterns are shifted

along the y-axis for clarity. Predominant a-PA6 polymorph is observed in

all composites with the exception of the APA6/CL20A systems with 2 and

3% MMT. For more information see Tables I and II.
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mapping is based on the IR band of non-associated OH-group

of MMT at 3631 cm21 (white) and the Amid 1 C5O band of

PA6 at 1668 cm21 (black).36 The image in Figure 4(A) is pro-

duced with maximum sensitivity in respect to the MMT signal.

In the Figure 4(B), this sensitivity is decreased by 12%, which

eliminates the weak signals of the finely distributed MMT com-

ponent and visualizes only the aggregates with sizes of above 2–

3 lm. The comparison of these two images shows that in this

exfoliated NPC at micrometer length scale there exist several

domains in the 15–20 lm range representing MMT aggregates.

The number of each spot in Figure 4(B) corresponds to the FT-

IR spectrum number in Figure 4(C). As expected, between the

domains of aggregation (spots 1 and 2), no signal for the OH-

groups of MMT can be resolved. At the same time, clear OH-

peaks at ca. 3650 cm21 are observed in spots 3–6 confirming

their relation to the MMT component. This means that in

NPCs with well-dispersed inorganic nanoclays considered exfoli-

ated at nanometer length scale, micrometric aggregates may be

found if large enough sample areas are observed. This aggrega-

tion may limit the improvement of the mechanical properties of

the NPCs especially if relatively hard matrices as PA6 are used.37

Crystalline Structure of the PA6 in the Presence of MMT

The presence of silicate layers in the PA6 matrix is known to

influence the conformation of polyamide molecules and their

arrangement. It modifies the overall crystallinity index as well as

the amount of a- and c-polymorphs, which could change the

whole set of NPC properties. MMT type, its content and the

temperature of the AAROP (or that of some subsequent anneal-

ing) are the most important factors that control the crystalline

structure of the matrix PA6.

Figure 5 displays the linear WAXS profiles in the 2h range of 5–35�

of as-prepared PA6/o-MMT composites comprising the two Cloi-

site brands that vary in the range between 0.5 and 3 wt %. The

AAROP was performed at 165�C as indicated in the

“Experimental” section. The pattern of the neat matrix prepared

under the same conditions is also presented for comparison. It can

be seen that in the NPCs with 0.5 and 1 wt % of CL20A [Figure

5(A)] and in all CL15A modified samples [Figure 5(B)], the mono-

clinic a-PA6 polymorph is predominant, as is in the neat PA6. The

a-PA6 characteristic reflections with 2h values of 19.7 and 23� cor-

respond to the a200 e a002/202 crystal planes formed between adja-

cent chains by van der Waals forces or H-bonds, respectively. In the

NPCs with 2 and 3%, CL20A larger amounts of c-PA6 are

observed. This polymorph displays two almost coinciding peaks

for the c001 and c200 crystal planes that appear between the reflec-

tions of the a-polymorph. In addition, these two samples reveal

clear c020 reflections around 2h 5 10� (b-axis is the chain axis).

Deconvolution of all WAXS profiles in Figure 5 was performed

as indicated previously38,39and the results for total crystallinity,

content of a- and c-PA6, as well as of the relation between the

two crystalline forms were calculated (Tables I and II). In all

as-prepared NPCs (with the exception of the samples with 2

and 3% of CL20A), the ratio a/c> 1. The total crystallinity

index of the NPCs in this series does not depend on the MMT

type or concentration, which was reported previously in both

anionic17 and with melt-blended40 PA6-MMT composites. In

this study, the total crystallinity remains in the range of 44–

49%, which is close to that of the neat PA6 (46%). It is the a/

c that changes significantly—from 2.5 with the neat PA6 to

1.5––1.0 for the majority of the NPCs studied. In all these

Table II. Influence of the CL15A Content on the Crystalline Structure of the PA6 Matrix

CL15A
content
(wt %)

As prepared After annealing at 200�C After melting and recrystallization

Crystallinity
(%) a (%) c (%) a=c

Crystallinity
(%) a (%) c (%) a=c

Crystallinity
(%) a (%) c (%) a=c

– 46.0 32.5 13.5 2.41 50.9 36.0 14.9 2.42 49.1 33.9 15.2 2.23

0.5 46.0 24.5 21.5 1.14 49.1 30.4 18.7 1.63 47.9 10.1 37.8 0.27

1.0 46.7 23.6 23.1 1.02 48.2 29.1 19.1 1.52 48.8 9.6 38.2 0.25

2.0 42.9 23.2 19.7 1.18 44.0 27.6 16.4 1.68 43.1 13.0 30.1 0.43

3.0 44.4 27.0 17.4 1.55 46.2 27.8 18.4 1.51 50.0 9.2 40.8 0.23

Table I. Influence of the CL20A Content on the Crystalline Structure of the PA6 Matrix

CL20A
content
(wt %)

As prepared After annealing at 200�C After melting and recrystallization

Crystal-linity
(%) a (%) c (%) a=c

Crystallinity
(%) a (%) c (%) a=c

Crystallinity
(%) a (%) c (%) a=c

2 46.0 32.5 13.5 2.41 50.9 36.0 14.9 2.42 49.1 33.9 15.2 2.23

0.5 45.1 27.3 17.8 1.53 47.8 26.2 21.6 1.21 41.0 9.2 31.8 0.29

1.0 48.8 26.9 21.9 1.23 45.2 28,4 16.8 1.69 42.9 7.6 35.3 0.22

2.0 48.9 21.3 27.6 0.77 50.2 32.1 18.1 1.77 49.3 13.9 35.4 0.39

3.0 45.4 17.5 27.9 0.63 49.0 22.4 26.6 0.94 49.7 8.7 31.0 0.28
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samples, the two reflections of the a-polymorph are very sym-

metric. This finding suggests unconfined crystallization both

along the plane formed by H-bonded chains and the plane of

the van der Waals forces. Such an observation disagrees with

previous results41 obtained with a melt-blended PA6–MMT

composite. In such systems, the presence of MMT reportedly

always led to predominance of the c-PA6 crystals.18,26,27,40 The

presence of large c-PA6 amounts was even considered a proof

for exfoliation of the nanoclay.18 As evident from Figure 5 and

Tables I and II, in the exfoliated PA6/o-MMT samples with 0.5

and 1.0 wt % of clay produced via solid-state AAROP (i.e.,

below Tm of the forming PA6), both polymorphs are formed

but the amount of the a-crystals is larger or at least close to

that of the less stable c-form.

To clarify this apparent contradiction with the previous results

on PA6 polymorphism in the presence of MMT, PA6/o-MMT

composites with CL20A (Table I) and CL15A (Table II) were

annealed at 260�C (Figure 6) and at 200�C (Figure 7). These

tables and figures show evidence that in clay composites made

by solid-state AAROP of ECL it is the thermal history of the

sample and not the type or even the concentration of the

MMT component that governs the appearance of a predomi-

nant amount of the c-PA6 phase. Thus, annealing the NPCs

for short times at 200�C, i.e., above the temperature of Brill

transition, leads to an additional increase of the a-PA6 content

in all samples, including those with 2 and 3% of CL20A. The

a/c relation changes in favor of the c-polymorph reaching val-

ues around 0.3 only after melting at 260�C and recrystalliza-

tion of the matrix material. This observation agrees with all

previous systematic studies on the polymorphism in PA6/

MMT composites since they were performed in samples pro-

duced by methods involving melting of the matrix material—

in situ hydrolytic polymerization in the melt or melt com-

pounding of PA6 with MMT in an extruder or mixer. Evi-

dently, the MMT layers are really strong c-phase nucleating

agent only in the recrystallization of molten, already existing

PA6. In this study, the PA6 matrix was produced at 165�C, far

below its Tm. These conditions apparently do not impede the

formation of the more thermodynamically stable a-polymorph,

irrespective of the presence of exfoliated, homogeneously dis-

tributed silicate monolayers, proved in the NPCs with 0.5 and

1.0% o-MMT.

Figure 8 shows the evolution of the d-spacings in the two

polymorphs of the PA6 matrix as a function of the CL20A (a,

b) or CL15A content (c, d) in the as-prepared samples and

after melting at 260�C and recrystallization. It seems that in

the as-prepared samples the d-spacing of the a(200) and

a(002/202) reflections are less sensitive to the MMT concen-

tration than those of the c(001), c(200), and especially of the

c(020). This observation might have something to do with

the supposition that the c-PA6 is more likely to form at the

MMT/matrix interface.26,27 Melting and recrystallization

result in smaller fluctuations in the d-spacing values, slightly

stronger in the CL20A containing NPCs. This o-MMT brand

contains less organic modifier and therefore the nucleating

silicate layers might interact more directly with the matrix

PA6.

Evolution of the Matrix Nanostructure During In-Beam

Monitoring of AAROP

In order to explain more rigorously the genesis of PA6 poly-

morphs during the solid-state AAROP in the presence of o-

MMT, the evolution of the crystalline structure of ECL during

its transformation into PA6 was monitored. To the best of our

knowledge, such a measurement has not been performed so far.

Thus, a mixture of ECL/1 wt % of CL20A was stirred until

complete dispersion and then activated and initiated as

explained in the Experimental part. About 0.4 g of this mixture

was placed into an Al capsule similar to those used in DSC

measurements and tightly closed by cramping. It was attached

to a sample holder and irradiated with high intensity synchro-

tron X-rays in WAXS mode. The temperature was kept at

165�C in order to allow for the AAROP to take place in-beam.

Every 30 s 2D WAXS images were taken, the most representative

being shown in Figure 9, rows 1 and 2. It should be mentioned

that the Al foil of the capsule is transparent for the synchrotron

X-rays. The WAXS reflections of Al appeared at 2h> 38�, i.e.,

outside the range of the ECL and APA6 peaks. After AAROP

Figure 7. WAXS patterns of PA6/o-MMT composites after in-beam

annealing for 5 min at 200�C. The numbers to curves correspond to the

MMT concentrations in wt % in respect to APA6.
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completion, WAXS images were also obtained at 30�C
after annealing at 200�C and at 30�C after melting at 260�C.

Thereafter, the linear WAXS profile was produced and analyzed

(Figure 10).

Polymerization times in the 4–8 min range result in WAXS

reflections that can only be associated with structural transfor-

mations in the ECL monomer related to strong intensity

decrease and disappearance of certain diffraction peaks, espe-

cially above 2h 5 20�. At the same time, the group of reflections

in the 16–18� range presented from the beginning of the poly-

merization is maintained. It should be noted that the profiles in

Figure 10 at 4, 6, and 8 min are typical of low molecular

weight, fully crystalline samples without any diffuse scattering

of amorphous material. The latter appears in the sample with

10 min at 165�C, which is the first indication of polymer for-

mation. At the same time, this sample displays incipient Debye

rings of the a-polymorph (Figure 9) at 2h values of ca. 18 and

23� (Figure 10). At the 12 min of AAROP, the system does not

contain anymore the narrow crystalline ECL peaks between 8

and 16�, which could be considered a proof for polymerization

completion. Instead, this WAXS profile shows an amorphous

halo and the well-known structure with predominant well-

expressed a-crystals already known from Figure 5.

Figure 8. d-Spacings evolution of the PA6 matrix in NPCs reinforced by: (a) CL20A, as-prepared; (b) CL20A, recrystallized; (c) CL15A, as-prepared; (d)

CL15A, recrystallized. Open symbols relate to the crystalline planes of the a polymorph; solid symbols - to those of the c polymorph.

Figure 9. Synchrotron WAXS in-line monitoring of the structure evolution

during AAROP in an ECL/CL20A mixture (99:1) as a function of reaction

time at 165�C (top and middle rows), and the subsequent annealing of the

resulting NPC (bottom row). The utmost external circular reflection

belongs to the Al capsule in which the polymerization takes place.
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Extending the AAROP time to 15 min does not result in any

structural change in the PA6 matrix in this NPC, and neither

did the annealing at 200�C. It should be noted that, judging

from the intensity of the diffuse diffraction peak in the PA6 ma-

trix in Figure 10, the in-beam AAROP apparently produced

polymer of lower total crystallinity, as compared to the regular

NPC samples previously studied (Tables I and II). As to the

polymorph content, however, the in-beam solid-state AAROP of

an ECL/o-MMT mixture confirmed completely that it is the a-

polymorph that forms first and in larger amounts. As expected,

a well-expressed c-PA6 polymorph was produced only after

melting and recrystallization of the PA6 matrix in the presence

of the silicate component (Figure 10, 30�C after melting).

CONCLUSIONS

This study proves that PA6-based composites can be successfully

prepared by solid-state AAROP of ECL in the presence of 0.5 to

10% wt % of Cloisite 15A and Cloisite 20A clays representing

organically treated MMT. All neat APA6 and composite samples

were synthesized within the 10–15 min, with high molecular

weights and without any signs of catalyst system deactivation. It

was demonstrated that the composites with 0.5 and 1.0% clay

reinforcement can be considered exfoliated PA6/o-MMT

hybrids; higher clay loads result in materials with intercalated

(tactoid-containing) MMT domains.

Notably, even NPCs exfoliated at nanoscale as revealed by

WAXS and TEM are not completely homogeneous in terms of

clay distribution. The FT-IR imaging showed the presence of

clay agglomerates at micron scale.

Unlike the other methods for preparation of PA6/MMT nano-

composites including matrix melting, the solid-state AAROP

produced PA6 matrices with predominant concentration of the

a-crystalline phase. The latter was not affected by the type or

concentration of the MMT used but only by the thermal condi-

tions of AAROP.

It was demonstrated that under the conditions of this study,

predominantly a-PA6 is formed as a result of simultaneous po-

lymerization and solid-state crystallization (below Tm) and not

as a result of a phase transition. Significant amounts of c-PA6

could be formed in the NPCs only after melting and recrystalli-

zation of the already existing PA6 matrix.
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