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ABSTRACT: In situ intercalative polycondensation is
applied for the preparation of polyamide (PA) n,6—clay
nanocomposites, namely poly(ethylene adipamide) (PA
2,6), poly(hexamethylene adipamide) (PA 6,6), and poly
(dodecamethylene adipamide) (PA 12,6). For this purpose,
two different polymerization routes are considered; a low-
temperature melt polymerization technique and the con-
ventional solution-melt one. Under the specific experimen-
tal conditions, lack of clay exfoliation is detected through
XRD measurements, which is proved irreversible even
when twin-screw extrusion is attempted as an additional

step. The resulting PA n,6—clay structures are found de-
pendent on the diamine moiety length; more specifically,
an intrinsic interaction between the polyamide monomer
and the organoclay surfactant is indicated. An ion
exchange occurs between the two competitive species, that
is, diamine and surfactant cations, leading to flocculated
clay structures. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
116: 3291-3302, 2010
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INTRODUCTION

Polymer-layered silicate nanocomposites are a class
of materials that has attracted the interest of the aca-
demical and lately the industrial world, owing to
their exceptional properties. Clay minerals, which
play the role of the filler in this composites family,
are layered aluminosilicates consisting of stacks of
negatively charged two-dimensional sheets. Optimal
properties for the nanocomposites, such as mechani-
cal, thermal, barrier, and flame retardant, are
obtained when the sheets are randomly dispersed in
the polymer matrix so as to gain a large contact area
with the matrix."” To achieve the aforementioned
dispersion, pristine clays containing inorganic cati-
ons, such as Na™, K, and Ca®", need to be compati-
bilized with polymer matrices. Clays become orga-
nophilic through an ion exchange reaction between
the alkali and an organic surfactant cation, most
commonly primary, secondary, tertiary, or quater-
nary alkylammoniums."™ The surfactant type
defines the interlayer spacing: quaternary ammo-
nium salts enlarge more the silicate spacing than pri-
mary, while aromatic content further increases it.
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Additional parameters governing the dispersion of
the sheets within the polymer are the type of
silicate and its swelling potential associated with the
cation exchange capacity (CEC, meq/100 g), ener-
getic/thermodynamic factors associated with the
layer structure, the method and the processing con-
ditions, the type of matrix, as well as its molecular
weight.">*~

Focusing on poly(hexamethylene adipamide) (PA
6,6), one of the most widely used linear polyamides,
several studies have been reported on the formation
of PA 6,6-organoclay nanocomposites via melt
blending."*"® The high temperature profiles often
result in decomposition of nanofiller surfactant, due
to Hofmann elimination reaction, which evolves
chemical species such as a-olefins and amines prone
to catalyzing degradation of the polymer.'*' An al-
ternative method for the production of PA 6,6—clay
nanocomposites is in situ intercalative polyamida-
tion, which constitutes in polymerizing the mono-
mers diamine-diacid or their derived salt in the
presence of the nanofiller, and yields—by definition
of the method—nanocomposites characterized by a
finer dispersion of the nanofiller, resulting in
advanced materials properties. The relevant tech-
nique has been extensively and successfully applied
on polyamides of aminoacid or lactam starting
monomers, such as polycaproamide (PA 6)."'® Dis-
similarly, the application of in situ intercalative
polyamidation when starting monomers are either
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diamine—diacid equimolecular solution or their dry
salt is rare in published literature.'”>

Based on the limited literature on in situ intercala-
tive polyamidation, the achievement of exfoliated
structures seems to be case sensitive, depending on
the nature of matrix,'® polymerization conditions,'®
montmorillonite type, as well as the surfactant
used.'”'® Indeed, Goettler and Joardar'® reported the
formation of PA 6,6—clay nanocomposites via in situ
solution-melt (SM) polycondensation, highlighting
the dependence of fully exfoliated structure on the
absence of ionic exposure during polymerization.
The latter would be ideally achieved—as therein
proposed—by inserting the organoclay in the melt
state of the polymerization following water removal.
Song et al."” similarly formed exfoliated PA 6,6-clay
nanocomposites through melt polycondensation of
the relevant diamine-diacid salt, via modifying first
the pristine clay with aminocaproic acid. Apart from
a suitable surfactant, the use of a low CEC clay was
preferred, to avoid inhibition of the surfactant spa-
tial arrangement because of its high concentration,
on the intercalation of growing polymer. Neverthe-
less, in some cases, flocculated structures were
derived, which were attributed to thermal degrada-
tion of the organoclay surfactant and to the subse-
quent irreversible diminishment of the clay inter-
layer spacing. Finally, Wu et al.'” reported on the
formation of exfoliated poly(decamethylene dodeca-
namide) (PA 10,12)-organoclay nanocomposite by
melt polycondensation of the relevant PA salt,
although the obtained XRD spectrum might evi-
dence partial aggregation of clay sheets, based on a
residual peak corresponding to interlayer spacing
shorter than the initial one.

This article is oriented in the synthesis of PA n,6—
clay nanocomposites via in situ polycondensation.
The effect of the polyamide type (PA 7,6) on clay
dispersion is investigated, in parallel with the type
of clay (pristine or variably organomodified). The
polyamidation is initially carried out in a small scale,
with the application of a low-temperature melt
(LTM) polycondensation technique, which has been
patented in the past by Papaspyrides et al. in coop-
eration with DuPont, Delaware.?’?® The relevant
process proceeds in the absence of solvents using as
starting material dry PA salt and operates in the vi-
cinity of the melting point of the salt. This technique
comprises two stages, proceeding first under autoge-
nous pressure conditions to compensate and reduce
the loss of volatile diamine from the reaction compo-
sition. The second stage comprises venting under
constant nitrogen flow, so as to continuously evacu-
ate the reactor from water vapor.”> Therefore, this
technique ensures polyamide grades of sufficient
molecular weight and end group balance. Especially,
for the case of polyamide nanocomposites, this tech-
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nique may bear the advantage of avoiding any side
effects derived from elevated polymerization tem-
peratures, such as thermal degradation of polyamide
matrix, and mainly decomposition of organoclay
surfactants. Moreover, the case of PA 6,6—clay nano-
composite is scaled up and the application of the
conventional SM polycondensation process is further
studied in combination with a final extrusion step
(SME).** In both polyamidation routes applied, the
potential for clay dispersion is investigated, associ-
ated with the different polymerization conditions
and ultimately with the inherent structure of poly-
amide monomers.

EXPERIMENTAL
Materials

Diamines of variant aliphatic content were used,
namely ethylenediamine (ETD), hexamethylenedi-
amine (HMD), and dodecamethylenediamine
(DMD). Adipic acid (AA) and ethanol were used
and the reagents were all of analytical grade (Merck,
Germany). Cloisite® Na, an unmodified montmoril-
lonite with a CEC of 92.6 meq/100 g, was supplied
by Southern Clay Products (Gonzales, USA) and is
denoted as MT. Nanofil® 848 and Nanofil® 9 are
organoclays based on natural montmorillonite of
95.0 meq/100 g CEC, modified with octadecylammo-
nium chloride (25% w/w) and octadecylbenzyldime-
thylammonium chloride (30% w/w), respectively,
and were provided by Siid Chemie AG (Moosburg,
Germany). Nanofil® 848 is herein denoted as OMT1
and Nanofil® 9 as OMT2. All nanofiller concentra-
tions reported hereafter are calculated with respect
to inorganic content.

Polyamide monomers

The preparation of polyamide salts involved com-
bining the diamines with adipic acid in exactly mo-
lecular proportions, by bringing together ethanol sol-
utions of equivalent amounts of the reactants [eq.
(1), n =2, 6, 12]*3%

HOOC — (CH,), — COOH + H,N — (CH,),, — NH,
— ~00C — (CHy), —COO~ -" H3N — (CHy),, — NH; ™.
1)

The formed salts precipitated, were filtered, thor-
oughly washed, and the sediments were dried for
4 h at 50°C in vacuo. The salts were then dry blended
with nanofillers (2.5% w/w) to form homogeneous
mixtures. Especially, for the case of PA 6,6 salt, a
hybrid organoclay-containing monomer was addi-
tionally prepared, based on previous works by
Papaspyrides and Kampouris®? on catalyst
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incorporation in PA monomers through coprecipita-
tion. In particular, OMT1 (2.5% w/w) was dispersed
either in HMD or AA solution, followed by the
addition of AA or HMD solution, respectively.
Accordingly, we prepared the following monomer
grades: 6,6-MT, n,6-OMT1 (n = 2, 6, and 12), 6,6
OMT2, 6,6-OMT1/CP salts, while CP denotes the
coprecipitation procedure.

PA 1,6 nanocomposites via low-temperature melt
polycondensation process

An anhydrous low-temperature process was applied
to polymerize the salt grades prepared.*** Each
monomer grade was loaded in a glass tube, which
was fitted in a stainless steel laboratory reactor
(50 mL capacity, Parr Instrument), ensuring the ab-
sence of oxygen by purging the reactor with inert
gas. The polymerization was performed at 200°C in
a two-stage process, first under autogenous pressure
conditions for 1 h (Ppax = 5 bar) and in sequence
under N, flow (500 mL minfl) for 15 min, maintain-
ing the temperature in the range of 200-225°C. The
produced grades were extracted from the reactor as
colorless solids (Table I).

PA 6,6 nanocomposites via solution-melt polycon-
densation process and subsequent extrusion

A solution-melt polymerization process was further
applied for the preparation of PA 6,6-based nano-
composite grades, in a stainless steel large-scale lab-
oratory reactor (2 L capacity, Snap Tite). The first
stage comprised heating and stirring an aqueous so-
lution (50% w/v) of the monomer grade (T = 225°C,
t = 90 min, Ppax = 30 bar, ® = 450 rpm), whereas
the second stage consisted of venting the reactor, in
parallel with N, flow (500 mL min ') and mainte-
nance of the temperature in the range of 225-240°C
for 40 min. The produced grades (Table I) were
extracted from the reactor as colorless solids (desig-
nated as SM), subsequently extruded in a twin-screw
corotating intermeshing extruder (designated as
SME) (Thermo Fisher Scientific, T = 255-290°C, o =
150 rpm, in vacuo) and pelletized.

Heat treatment of organoclays

The organoclays were subjected for comparison rea-
sons to thermal treatment at the same T-t profiles
applied in the described polymerization processes,
in which each organoclay was involved. Accord-
ingly, OMT1 and OMT2 (5 g) were heat treated at
the T-t profile of LTM polycondensation, while
OMT1 was additionally heat treated at the T—t pro-
file of SM one. The derived organoclays are desig-

TABLE I
Monomers and Respective Polyamide—Clay Grades

Monomer grade (2.5% w/w) Polymer grade (2.5% w/w)

Low-temperature melt polycondensation (LTM)

2,6-OMT1 PA 2,6-OMT1 (LTM)
6,6-MT PA 6,6-MT (LTM)
6,6-OMT1 PA 6,6-OMT1 (LTM)
6,6-OMT1/CP PA 6,6-OMT1/CP (LTM)
6,6-OMT2 PA 6,6-OMT2 (LTM)
12,6-OMT1 PA 12,6-OMT1 (LTM)

Solution-melt polycondensation (SM) and subsequent
extrusion (SME)

6,6-OMT1 PA 6,6-OMT1 (SM)
and (SME)
6,6-OMT1/CP PA 6,6-OMT1/CP

(SM) and (SME)

nated as HT_OMTI(LTM), HT_OMT2(LTM), and
HT_OMT1(SM).

Treatment of organoclay with diamines aqueous
solutions

To investigate any ion exchange interaction, as dis-
cussed later, OMT1 was dispersed in ETD, HMD,
and DMD aqueous solutions. In all dispersions, the
amine cation concentration was in excess over
the organoclay, equivalent to 25 times the CEC of
the inorganic material. The dispersions were vigo-
rously stirred for 1 h. The sediments were filtered,
thoroughly dried in vacuo and ground, and are des-
ignated as OMTI1-ETD OMT1-HMD and
OMT1-DMD,q.

aqs aqrs

Characterization

Fourier transform infrared spectroscopy

Infrared spectra were recorded using a Biorad Exca-
libur FTS 3000MX spectrometer at frequencies from
4000-400 cm™' with a resolution of 4 cm™'. The
spectra were obtained from pastilles of the polyam-
ide spread onto KBr crystals.

Solution viscometry

Intrinsic viscosity of synthesized polyamides [n] was
measured in m-cresol at a concentration of 0.5 g dL ™'
in an Ubbelohde viscometer at 25°C. The [n] value
was obtained by the single-point measurement equa-
tion proposed by Solomon and Ciuta®*:

1

[Tﬂ = E 2(nsp —In nrel)v (2)

where C is the solution concentration (g dL ™), Nsp
the solution specific viscosity, mMya the solution
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relative viscosity. The deviation of the mean values
was derived through duplicate measurements.

Differential scanning calorimetry

Thermal properties of synthesized polyamides were
determined by DSC measurements in a Perkin Elmer
DSC4 from 30 to 300°C with a heating rate of 20°C
min ' under nitrogen flow. Crystallinity (X.) % was
calculated from the endothermic curves according to

eq. (3):

AH,,
Xc - A—I_Io%a (3)

where AH,, (cal g~ ') represents the actual heat of
melting and AH, is a reference value corresponding
to the heat of melting for 100% crystalline polymer,
taken as 50.45 cal g~ '.%*

Wide angle X-ray diffraction

All grades were characterized by means of X-ray dif-
fraction. WAXD spectra were collected from a Sie-
mens powder D-5000 Diffractometer equipped with
a Cu Ka; radiation (A = 15405 A), operating at
40 kV, 30 mA. The diffraction analysis was per-
formed in the range of 2°-30° (20) for polyamide
crystals characterization and 2°-10° for clay disper-
sion investigation.

RESULTS AND DISCUSSION

PA 1,6 nanocomposites via low-temperature melt
polycondensation process

In the following section, the synthesis of PA n,6—clay
nanocomposites was assessed by a low-temperature
melt polycondensation process in a small scale to
investigate the influence of nanofiller type and poly-
amide repeating unit on clay dispersion. At first, the
synthesized polyamides formation was verified qual-
itatively and quantitatively. The FTIR spectra [Fig.
1(a)] indicated the presence of amide bonds in all
PA n,6-nanocomposite cases: all grades gave absorp-
tions at 3300 cm ! (amide I, hydrogen-bonded NH
vibration) and 1640 (amide I, C=0 stretch).?* More-
over, based on the obtained WAXD profiles [Fig.
1(b)], typical polyamide structures were observed
for all different matrices. More specifically, a triclinic
lattice (a-form) with the chains in fully extended zig-
zag conformation was verified for PA 6,6- and PA
126-based grades, exhibiting two diffraction peaks
at 20 ~ 20.3° (d ~ 44 A ) and 2@ 24.0° d ~
3.7 A) indicative of such structure.®*® Meanwhile, PA
2,6-OMT1(LTM) XRD spectrum indicated a mixture
of a-form and b-form, as the diffraction peaks were
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displaced at 20 = 21.7° (d = 4.1 A) and 2@ = 22.8°
d=39A), tending to converge to a single one.*

Regarding the thermal properties of synthesized
PA n,6-clay grades, the melting points were found
to decrease with diamine methylene content increase
(Table II), while the highest melting point (T,=
324.21°C) was observed for PA 2,6-OMT1, owing to
the high density of amide bonds and thus hydrogen
bonding network. For the same reason, PA 2,6-
OMT1 presented the highest crystallinity (X, % =
48.4), while PA 6,6 and PA 12,6 matrices were char-
acterized by decreasing values due to the higher ali-
phatic content.®® The intrinsic viscosity values
ranged from 0.50 to 0.62 dL g ' (Table II), indicating
the formation of low-molecular-weight polyamides
in all different matrices, corresponding in the case of
PA 6,6 grades to M, varying from 6300 to 8000 g
mol~'. These values are satisfactory considering the
short reaction time and low reaction temperatures
applied” and suitable to study the influence of
nanofiller type and polyamide repeating unit on clay
dispersion, as is the goal of this study. The highest
intrinsic viscosity ([n] = 0.62 dL gfl) was observed
in the case of PA 12,6 matrix due to lowest volatility
of the diamine component, and thus less disturbance
of the reaction stoichiometry. Finally, the clay con-
tent was determined by ashing to be 2.36% w/w for
PA 2,6-OMT1, 2.62% w/w for PA 6,6-OMT1, and
2.42% w/w for PA 12,6-OMT1, being close to the
theoretical concentration of 2.5% w/w and confirm-
ing the efficient nanofiller incorporation in the poly-
amide matrices.

Focusing on the influence of nanofiller type (pris-
tine, OMT1, OMT2) on clay dispersion, a structural
analysis of the formed polyamide salts through XRD
was initially performed before polymerization. The
spectra obtained revealed that in the PA 6,6-organo-
clay coprecipitate salt, the contained silicate was
structurally modified, as evidenced by a shift of the
nanofiller initial diffraction peak (denoted as dyp)
from 20 = 5.0° to 20= 6.6°, that is, to higher angle
than the original one of OMT1 (Fig. 2). More specifi-
cally, the relevant angles increase corresponds to a
significant decrease of silicate interlayer spacing,
from 182 to 13.6 A, occurring during coprecipita-
tion, independently of OMT1 dispersion medium
(HMD or AA ethanol solution). On the contrary, in
the dry blend case, no silicate sheet collapse
occurred, as anticipated.

Turning to the polymerized grades based on PA
6,6 matrix, it can be readily seen in Figure 3 that, de-
spite the different kind of clay used in each grade
and the use of dry blend or coprecipitate starting
material, silicate sheets failed to completely exfoliate
in the polyamide matrix. Interestingly, the in situ
polymerized grades yielded XRD spectra, character-
ized by an identical feature: the achievement of the
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Figure 1 Indicative (a) FTIR and (b) XRD spectra of PA n,6—clay grades obtained by low-temperature melt polycondensa-
tion (LTM) and solution-melt polycondensation followed by extrusion (SME) process. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

same d-spacing value (d = 13.6 A at 20= 6.6°) in all
grades and, respectively, a remarkable decrease of
clay interlayer spacing in all organoclay cases,
except for the unmodified clay, where intercalation
occurs, but at the same d-spacing value of 13.6 A at
20= 6.6° (Fig. 3). Furthermore, it is noteworthy that
when the starting material is 6,6-OMT1/CP, the
deriving polyamide yields the same XRD spectrum
as in the case of its monomer [Fig. 2 vs. 3(a)], prov-
ing that the structural modification induced during
coprecipitation of the monomer, that is, sheet col-
lapse, was irreversible.

Similar residual peaks indicating flocculated clay
structures have been already reported in the litera-
ture concerning in situ polymerizations of polyam-
ide—organoclay in the case of diamine-diacid reac-
tants. Nevertheless, they either have not been
further evaluated' or they have been attributed to
thermal degradation of organoclay,'” which is antici-
pated—especially in melt intercalation processes—
due to elevated temperature profiles applied in poly-
amides cases. However, in our experimental cases,
the latter is rather avoided because of benign
temperature-time profile. Even more, we also

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Characterization of PA 17,6-OMT1 Grades Prepared

BOUSSIA ET AL.

Thermal analysis

Solution viscometry

T, (°C) AHy (cal g) X % [n] (AL g™ ")
Low-temperature melt polycondensation
PA 2,6-OMT1 (LTM) 32421 + 0.13 24.44 = 0.57 484 + 1.1 0.58 + 0.08
PA 6,6-MT (LTM) 265.42 * 1.48 15.69 = 1.22 31.1 £ 24 0.50 = 0.02
PA 6,6-OMT1(LTM) 263.82 + 0.66 10.96 + 0.09 21.7 = 0.1 0.58 = 0.02
PA 6,6-OMT1/CP(LTM) 264.77 + 0.98 11.13 + 1.12 221 +22 0.56 = 0.01
PA 6,6-OMT2(LTM) 263.15 = 0.25 11.96 = 0.39 237 £ 0.8 0.53 = 0.03
PA 12,6-OMT1 (LTM) 236.86 = 0.45 9.39 + 0.68 18.6 = 1.3 0.62 = 0.07
Solution-melt polycondensation and subsequent extrusion
PA 6,6-OMT1(SME) 261.07 = 2.41 8.84 + 0.37 175 = 0.7 1.02 = 0.05
PA 6,6-OMT1/CP(SME) 260.27 * 1.49 8.59 + 0.46 17.0 = 0.9 1.60 = 0.07

experimentally confirmed this by performing heat
treatments of the organoclays under similar condi-
tions applied in the polymerization processes. The
derived XRD spectra are presented in Figure 3 for
comparison reasons, where it is evidenced that dur-
ing the specific experimental conditions there is no
collapse of the organoclay sheets due to surfactant
degradation, as no shift of the dyy peak to higher
angles was observed, apart from a decrease of peak
intensity due to some anticipated loss of
crystallinity.*”

Turning to the effect of the polyamide type (PA
n,6-based grades) on clay dispersion, the XRD spec-
tra [Fig. 4(a)] showed that for the shorter diamine
ETD flocculation of the silicate occurred, correspond-
ing to smaller d-spacing (13.3 A) than in HMD case
(13.6 A) (Table III). On the other hand, DMD led to

intercalation of the silicate by the polyamide, as indi-
cated by the increased interlayer spacing after poly-
merization (21.0 A) compared to initial silicate
d-spacing (18.2 A).

PA 6,6 nanocomposites via solution-melt polycon-
densation process and subsequent extrusion

In this section, we focused on PA 6,6—clay nanocom-
posite case and applied a solution-melt polyconden-
sation process similar to the predominant industrial
process for PA 6,6 production, including a final step
of twin-screw extrusion.* The monomer grades sub-
mitted to this process were 6,6-OMT1 dry blend salt
and 66-OMT1 coprecipitate salt, and the polymer-
ized grades are presented in Table I. Polyamide for-
mation was again verified through the FTIR spectra

Intensity (au.)

—OMTI
——0i=00TT salt

= ti-OMT1 AP salt

]

28 (degrees)

Figure 2 XRD spectra of PA 6,6-clay monomers derived from coprecipitation (6,6-OMT1/CP) and dry blending (6,6—
OMT1). For comparative reasons, the nanofiller spectrum is presented. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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Figure 3 XRD spectra of PA 6,6—clay grades (2.5% w/w) obtained by low-temperature melt polycondensation (LTM)
process, (a) PA 6,6-OMT1(LTM), PA 6,6-OMT1/CP(LTM), (b) PA 6,6-OMT2(LTM), and (c) PA 6,6-MT(LTM). For com-
parative reasons, the nanofillers and derived heat-treated spectra are presented. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 4 XRD spectra of (a) PA 1n,6-OMT1 grades (2.5% w/w) obtained by low-temperature melt polycondensation

(LTM) process and (b) OMT1-ETD,,, OMT1-HMD,

aqs

agr and OMT1-DMD,,. For comparative reasons, the nanofiller spec-

trum is presented. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

obtained and indicatively presented for PA 6,6-
OMT1(SME) [Fig. 1(a)], as both grades gave absorp-
tions at 3300 cm ™' (amide I, hydrogen-bonded NH
vibration) and 1640 cm ' (amide I, C=O stretch).?*
The obtained WAXD profiles as indicatively pre-
sented for PA 6,6-OMT1(SME) [Fig. 1(b)] indicated a
typical triclinic lattice (o-form) with the chains in
fully extended zigzag conformation,® as previously
discussed. The melting points and crystallinities
were determined and found slightly lower than re-
spective PA 6,6-OMT1 via LTM process, due to

Journal of Applied Polymer Science DOI 10.1002/app

faster crystallization conditions after extrusion (Table
II). The intrinsic viscosity values indicated the for-
mation of average molecular weight polyamides (Ta-
ble II), being higher than LTM process due to more
intense reaction conditions and subsequent extru-
sion. Finally, the nanofiller incorporation was veri-
fied by ashing, and the content was determined to
be 2.39% w/w for PA 6,6-OMT1(SME) and 2.76%
w/w for PA 6,6-OMT1/CP(SME).

Turning to the nanocomposite structure obtained,
based on the XRD spectra of both grades (Fig. 5), the
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TABLE III
XRD Features of Prepared PA 1,6—Clay Grades and Organoclay OMT1 After Treatment
with Diamine Aqueous Solutions
Polyamide grades
Clay d-spacing (A) PA grade d-spacing (A) Ad (A)
Low-temperature melt polycondensation
PA 2,6-OMT1(LTM) 18.2 13.3 —4.9
PA 6,6-MT (LTM) 12.9 13.6 +0.7
PA 6,6-OMT1 (LTM) 18.2 13.6 —4.6
PA6,6-OMT1/CP(LTM) 18.2 13.6 —4.6
PA 6,6-OMT2 (LTM) 20.0 13.6 —6.4
PA 12,6-OMT1 (LTM) 18.2 21.0 +2.8
Solution-melt polycondensation and subsequent extrusion
PA 6,6-OMT1 (SM) and/or (SME) 18.2 13.6 —4.6
PA 6,6-OMT1/CP (SM) and/or (SME) 18.2 13.6 —4.6
Organoclay treatment with diamine aqueous solutions
Clay d-spacing prior treatment (A) Clay d-spacing posttreatment (A) Ad (A)
OMT1-ETDaq 18.2 13.3 —-49
OMT1-HMDaq 18.2 13.6 —4.6
OMT1-DMDaq 18.2 16.2 -2.0

same picture as in LTM polycondensation is encoun-
tered. The residual peak at 20= 6.6° (d = 13.6 A) is
persistent, regardless of the polymerization process
applied and/or the monomer nature (dry blend or
coprecipitate) (Table III). In other words, the dimin-
ishment of the silicate interlayer from 18.2 to 13.6 A
seems to be insensitive to polymerization scaling up,
where more intensive stirring conditions should
enhance silicate dispersion. Even more, Figure 5
reveals that a final process step of twin-screw extru-
sion did not improve the latter, showing the irre-
versible character of flocculation under the specific
experimental conditions, polyamide matrix, and
organoclay combination.

Organoclay-PA n,6 interaction mechanism

Based on the above observations, an intrinsic interac-
tion between the PA salt constituent diamine and
the clay/organoclay is assumed, as there is a lack of
exfoliation in all experimental cases described, com-
bined with dependence of the achieved silicate inter-
layer distance on the PA salt diamine length (). To
confirm the diamine-surfactant interaction, we used
an aqueous solution technique resembling the typi-
cal organophilization routine, in which different dia-
mines were left to interact with a specific organo-
clay; as it can be clearly observed in the XRD
spectra of the resulted products [Fig. 4(b)], the sili-
cate interlayer spacing changes in respect to the dia-
mine length, verifying the previously quoted results
of the PA n,6 grades (Table III).

The two species involved in the indicated interac-
tion, that is, PA salt diamine and organoclay sur-
factant, are competitive ions and can participate in
ion exchange reactions, especially when a suitable
environment of sufficient ionic mobility is pro-
vided. Pertinent ion exchange reactions usually
occur in solutions, but have also been reported in
solid state,®® indicating the spontaneity of such,
when reactivity and/or thermodynamic conditions
are fulfilled. The described ion exchange reaction is
driven by the chemical resemblance of the involved
moieties and defined by their size and extent of
functionality. More specifically, the bisfunctionality
and small size of salt diamine cations favor the
replacement of the monofunctional, large surfactant
ones, as the more bulky the cation, the lower its
degree of stabilization; as a consequence, proto-
nated HMD replaces the organoclay surfactant or
even the sodium cations in all PA 6,6-based grades,
resulting in a hexamethylenediammonium-modified
clay with sheets ionically bonded from both sides
(Fig. 6) and characterized by a d-spacing value
locked at 13.6 A.

Indeed, in short diamines like HMD and ETD, the
described ion exchange leads to an irreversible
diminishment of the d-spacing due to strong electro-
static interactions between the counter ions of the
diamines and the clay layers, thus inhibiting any sig-
nificant intercalation, even if twin-screw extrusion is
attempted as a final step in PA 6,6 matrix (Fig. 5).
On the other hand, when a longer chain diamine
(DMD) is wused, the achieved d-spacing of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 XRD spectra of (a) PA 6,6-OMT1 and (b) PA 6,6-OMT1/CP grades (2.5% w/w) obtained by solution-melt poly-
condensation (SM) process and relevant extrudates (SME). For comparative reasons, the nanofiller and derived heat-

treated spectrum are presented.
www.interscience.wiley.com.]

dodecamethylenediammonium-modified clay is high
enough to accommodate the growing, during poly-
merization, PA 12,6 chains. The latter observation
derives from the increased d-spacing value (21.0 A)
obtained in the PA 12,6-OMT1(LTM) case versus
OMT1-DMD,, (16.5 A) [Fig. 4(a) vs. Fig. 4(b)]: the
interlayer spacing achieved in the former case
corresponds to intercalated PA 12,6 chains, whereas
in the latter corresponds to DMD configuration
between the silicate sheets, in contrast with
the OMT1-ETD,q and OMT1-HMD,4 grades, where

Journal of Applied Polymer Science DOI 10.1002/app

[Color figure can be viewed in the online issue, which is available at

d-spacings seem locked in the range of 13.3-13.6 A
(Table III).

CONCLUSIONS

This article aimed at the synthesis of PA n,6-clay
nanocomposites, namely PA 2,6, PA 6,6, and PA
12,6, via in situ polycondensation. For this purpose,
two different polymerization routes were consid-
ered; a low-temperature melt polycondensation and
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Figure 6 Indicative schematic depiction of cation
exchange mechanism between the surfactant of organoclay
and PA 6,6 salt diamine. ® = NH;, O = COO7,

polyamide salt methylene groups,
s = surfactant tallow. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

P g —

a solution-melt one followed by extrusion. Both tech-
niques resulted in polyamides with adequate prop-
erties to assess the nanocomposite formation poten-
tial. The obtained grades exhibited a collapse of
silicate interlayer spacing despite the different poly-
merization attributes, such as temperature profile,
aqueous environment, and shear existence, which
proved irreversible even when melt intercalation
through extrusion was attempted as a final step.

3301

Furthermore, dependence of the resulting PA n,6-
clay structures on the diamine constituent of PA
monomer was found. The research findings revealed
an intrinsic interaction between the salt diamine and
the surfactant cations; a pertinent mechanism was
proposed, according to which an ion exchange
occurs between these two competitive moieties, due
to the bisfunctionality and small size of salt diamine.
This silicate interlayer collapse proved to be irrevers-
ible in short diamine salts, like PA 2,6 and 6,6 salts,
as the small interlayer spacing was insufficient to
accommodate the growing polyamide chains. On the
contrary, in the case of longer diamine salts, like PA
12,6 salt, the resulting interlayer spacing was
adequately high to allow for the polyamide to inter-
calate and expand the silicate sheets, yielding inter-
calated nanocomposite structure.

The authors thank Siid Chemie AG and Rockwood Additives
Ltd. for providing the nanofillers used. Prof. A. Tsolomytis
contribution on organic chemistry issues is deeply
appreciated.
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