Chem. Mater2006,18, 4393-4398 4393
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A new barrier-film chemistry is described in which two materials, namely a clay fabric film and a
polymer, are combined to form a composite with gas-barrier properties that are far superior to those of
the parent end members. Homoionic inorganic smectite clay fabric films of sodium montmorillonite and
synthetic lithium fluorohectorite were cast in self-supported film form, impregnated with liquid epoxy
resin and amine curing agent, and then cured to form the final epday fabric film composite. The
oxygen permeabilities of the epoxglay fabric film composites were lower by-3 orders of magnitude
in comparison to that of the pristine polymer and by43orders of magnitude in comparison to that of
the pristine clay film. This unprecedented reduction in oxygen permeability was attributed in part to the
high volume fraction £77%) of highly aligned and nonswellable clay nanolayers in the fabric film and
to the polymer filling of voids formed between imperfectly tiled clay platelet edges in the film. Mixed
organic-inorganic ion-exchange forms of clay fabric films made through ion-exchange reactions of
inorganic clay films form a heterostructure in which the outer regions of the film contain a swellable
organoclay phase and the interior regions retain the nonswellable inorganic clay barrier phase. The modulus
and glass-transition temperature of the polymer phase is not compromised upon formation of the clay
fabric film composites.

Introduction Organic-inorganic hybrid nanocomposites comprise a
relatively new class of polymeric materials with improved
propertiest® 1 The organic component usually comprises a
thermoset or thermoplatic polymer, whereas the inorganic
component is a layered silicate material, such as smectite
clay, a layered silicic acid, layered double hydroxides, or a
similar nanoparticle phase. The improvement in the properties
of the nanocomposites compared to the pristine polymers is
attributed mainly to the unique phase morphology and the

tween sheets of an engineering polymer with good strengthinterf"’lCiaI properties provided by the highly dispersed
nanoscale inorganic component. Consequently, loadings of

but poor barrier properties (e.g., high-density polyethylene, ) i : .
HDFE)E)l Howevgr ﬂor maﬁygappﬁ]cations X[rf)e )r/nar?gage only ~5 wt % exfoliated silicate nanoparticles in polymer
' f ! clay nanocomposite materials, for example, result in signifi-

between barrier polymers and engineering polymers does nOtcant enhancement in broperties. A wide variety of other
provide the desired level of barrier performance. Conse- prop ' y

quently, there have been many efforts to improve the layered materials are potentially well-suited for the formation
chemist’ry of barrier filme-° of organic-inorganic nanocomposites, because their lamellar

elements have high in-plane strength and stiffness and a high
* Corresponding author. E-mailpinnavaia@chemistry.msu.edu. aspect ratio. However, the smectite ng'g" montmo-
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The reduction of gas permeability of polymers and plastics
to small molecules is an important need for a vast number
of applications, such as food and beverage packaging, liquid
hydrogen storage and transportation, moisture- and air-proof
coatings, etc. A common approach to achieving a low
permeability in an engineering polymer is to sandwich a
nonengineering polymer with good barrier properties (e.g.,
polyethylene-poly(vinyl alcohol) copolymer, EVOH) be-
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materials of choice for polymer nanocomposite desigi? D230. Jeffamine D2000 (MW-2000,x = 33.1) was used for the

mainly because of their rich intercalation and ion-exchange preparation of the heterostructured mixed orgamorganic ion

chemistry, which allows them to be chemically modified and clay films, as described below. All other chemicals were purchased

made compatible with the polymer matrix. from Aldrich Chemical Co. and used without further purification.
The barrier properties of the polymeclay nanocompos- Preparation pf Hpmoionic and Mixed-lon Clay Fabr_ic Films._

ites have attracted the interest of the packaging and coatingd'& _montmorillonite (grade PGW, Nanocor Inc.) with a cation-

indust d I studies h f d d lopi exchange capacity (CEC) of 120 meq/100 g was used for the
|n. ustry, ‘f"” several stu IPTS ave oF:use on developing neV\f)reparation of homoionic sodiurnmontmorillonite clay films. A
high-barrier nanocomposite materials!®?434 The gas

-~ . : . synthetic Li*—fluorohectorite clay (FH, Corning Inc.) with a CEC
permeability of a typical composite containing-3 wt % similar to that of the PGW montmorillonite was used for the
clay could be reduced to-%-fold, depending on the degree  preparation of homoionic lithiumfluorohectorite clay fabric films.
to which the clay nanolayers have been dispersed and Self-supporting Na—montomorillonite and Li—fluorohectorite
oriented in the polymer matrix. Recent studfesn the fabric films were prepared by evaporating a-2%0 wt % aqueous
structural and barrier properties of olefinic nanocomposites suspension of the clay on a flat surface at room temperature.
have shown the importance of the interfacial properties Depending on the clay content of the suspension, the thickness of
between the polymer and the organoclay surface. An oxygen-the film was 36-60 um.
barrier improvement as high as 300-fold was observed for ~Heterostructured mixed orgarimorganic ion clay films were
wax/LDPE-organoclay nanocomposites, provided that the Prepared by partial ion exchange of Naor Li*—clay films with

. o ... protonated Jeffamine D2000 diamine in ethanol (0.030 M). The
surface of the organoclay was appropriately modified with ; . , .

. contact time for ion exchange was varied from 5 min to 6 h. The
poly(ethylen_e glycol)-based Copolymers._Also, '_t was found washed clay films were dried in air at room temperature for 5 days
that_ large differences between the melting pom_ts of pqu- before use in forming composite films.
olefin systems (such as LDPE alone) and organic modifiers  preparation of Epoxy—Clay Fabric Film Composites and
result in significant decreases in barrier enhancement becausgpoxy—Clay Nanocomposites.Pristine glassy epoxy polymer
of phase separation that occurs upon recrystallization of thespecimens (disks) were prepared by mixing the epoxy monomer
polymer in the presence of an organoclay modifier that (EPON 826) with the curing agent (Jeffamine D230) at’60for
remains in the liquid state. ~30 min; liquid mixture was then outgassed at room temperature

In the present work, we report highly impermeable and cured onan aluminum disk mold by using an appropriate relief
polymer—clay composites formed by impregnating free- coat at 75°C for 3 h and at 12%C for an additiona3 h under
standing clay fabric films with polymer. The polymer used nltlrogen. The formed epoxy disks were polished to an average
in this study was a thermoset epoxy resin, of the type usedth'Ckness 0r~0.2 mm ¢-8 mL). o .
for the fabrication of lightweight gas-storage containers and For the preparation of the epoxglay composite film specimens,

the self-supported clay fabric films were dip-coated with a
aerospace components. The oxygen permeabilities measure oichiometric mixture of outgassed EPON 826 and Jeffamine

for the different epoxy-clay film composites were 23 diamine D230 and then cured to form flexible epesxyay
orders of magnitude lower than that of the pristine polymer composite films. The wetted film was suspended vertically to
itself. remove excess uncured resin. After being aged 1 day in air, the
partially cured composite was heated in an oven at®@or 3 h
Experimental Section and then at 125C for 3 h in anitrogen atmosphere to complete
the cure.

Materials. The epoxide resin was a diglycidyl ether of bisphenol
A (DGEBA), more specifically, Shell EPON 826 with an epoxy
equivalent weight of+182 g/equivalent.

Thin-disk specimens of epoxyclay hanocomposite containing
randomly oriented clay particles were prepared for comparison
purposes by mixing homoionic organoclays or mixed organic

0 CH, OH CH; o inorganic ion clays with the EPON 826 epoxy precursor and the
Hzc"\CH‘CHzf"O‘i}:@“"CHZ‘éH‘CHﬁP‘O‘S;@‘O‘CHFC'H}CHZ curing agent diamine D230 and curing the mixture in aluminum

’ ’ disk molds3-37
On the basis of the weight, thickness, and lateral dimensions of

The curing agent was a polyoxypropylene diamine of the type & Na —montmorillonite film prepared from a 3% (w/v) clay
NH,CH(CHs)CH,JOCH,CH(CHs)],NH, (x = 2.6), which was suspension, we found the bulk density of the film to be 2.0 §/cm
provided by Huntsman Chemicals under the trade name Jeffamine The specific density of Na-montmorillonite platelets is taken to

be 2.6 g/cr 38
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Figure 1. Optical images of (a and b) homoionic inorganic Na
montmorillonite clay fabric film with a thickness of 34m and (c and d) (B)
epoxy—clay fabric film composite with a thickness of 100n prepared 123 A
from the Na—montmorillonite clay fabric film.
Cu Ka X-ray radiation and a curved crystal graphite monochro-
mator, operating at 45 kV and 100 mA. Thermogravimetric analyses (A)
(TGA) of the clay films were performed using a Cahn TG System T . T : T T . T 1 T T
121 Analyzer. The clay films were ground to produce powdered 1 3 5 7 9 1
clays, which were heated to 80C at a rate of 5C/min under a 20 (degrees)

N, flow. The compositions of the clay films were determined by ‘ _ o
energy dispersive spectroscopy (EDS), CHN chemical analysis, andFigure 2. X-ray diffraction (XRD) patters of (A) homoionic Na-
thermal gravimetric analysis (TGA). Dynamic mechanical analysis Montmorilonite clay film and the heterostructured mixed"™N®2000"

. . ion-exchanged montmorillonite clay films formed after reaction times in
(DMA) tests were performed on a_2980 dy_namlc mechanic analyzer othanolic 0.03 M protonated D2000 of (B) 5 min, (C) 30 min, (D) 2 h, (E)
(TA Instruments) in the three-point bending mode at a frequency 6 h, and (F) 6 h. All mixed-ion films were washed with ethanol after ion
of 1 Hz and amplitude of 2@m over the temperature range25  exchange, except the film shown in part E.
140°C. The heating rate was°€/min. The pristine epoxy polymer
and the epoxy-clay film composite specimens were rectangular ric film composites were obtained by first modifying the clay
bars with dimensions 60 mm 13 mm x 3 mm. The latter were  film through partial ion exchange of the N#&ns (or Li* in
prepared by encapsulating a clay film & 3 mmthick epoxy  the case of flurohectorite) at the outer regions of the film with
specimen before final curing of the composite. Oxygen permeability protonated Jeffamine diamine D2000 ions, denoted D2000

measurements were performed on a Mocon Ox-tran 2/60 oxygen The XRD patterns of a Na-montmorillonite film after

permeability instrument with 100% oxygen as test gas. The . h . ith d D200giami
specimens tested were the pristine epoxy polymer disks and the'on_'exC angg reaction W't Pmto”ate . Iamlne
cations for different reaction times are shown in Figure 2.

epoxy-clay nanocomposite disks with an average thicknesso? © i 9t
mm (,\_,8 mL)’ and the epox—yc|ay fabric film Composites with an FIgUI’e 3 ShOWS the COI’rESpOﬂdlng pattemS fOf a Slml|al’ set

average thickness 6£0.10-0.15 mm. of Li*—fluorohectorite film samples. From the XRD patterns,
it can be seen that there is a gradual replacement of the
Results and Discussion inorganic cations by the organic D2006ations at the outer
Composition and Structural Properties of Clay Fabric regions of the film that results in the expansion of the clay

Films.The formation of self-supporting clay fabric films basal from~12.5 A for the inorganic clay to-30 A for
depends on the ability of the clay particles to form colloidal montmorillonite anc~53 A for fluorohectorite. The expan-
clay—water suspensions with a high degree of nanolayer sion in basal spacings is consistent with the intercalation of
exfoliation. Upon the evaporation of the suspensions on a the organic cation between some, but not all, clay layers. A
flat surface, the platelets align and overlap to form opaque significant fraction of the initial inorganic phase with a
(Li*—fluorohectorite) and semitransparent (Nanontmo-  spacing of~12.5 A remains after reaction time§®h and
rillonite) films. Optical images of a Na-montmorillonite 30 min for montmorillonite and fluorohectorite, respectively.
film (PGW) with a thickness of 3@m are shown inimages  The faster ion-exchange kinetics for the tifluorohectorite
a and b of Figure 1. The light brown clay film is smooth, can be attributed to the higher charge-to-radius ratio of the
continuous, flexible, and semitransparent. smaller initial exchange cation (L), which facilitates
Epoxy-—clay fabric film composites were prepared by im- solvation and osmotic swelling of the interlayers by the
pregnating the clay film with a stoichiometric mixture of the ethanol solvent.
epoxy resin and the Jeffamine diamine curing agent D230 and The powdered forms of Na-montmorillonite and Li—
then curing the mixture at 12%C. As shown by optical  fluorohectorite undergo complete ion exchange with DZ000
images ¢ and d in Figure, the composite films made from cations after reaction timeg 6 h and 30 min, respectively.
Na*—montmorillonite retain the monolithic properties of the Thus, it is clear from the XRD patterns for the clay films
initial film. Equivalent mixed organieinorganic ion clay fab- that the replacement of the inorganic by organic cations
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Figure 3. X-ray diffraction (XRD) patterns of (A) homoionic i
fluorohectorite clay film and of the heterostructured mixed-£D2000"
ion-exchanged films after reaction times in ethanolic 0.03 M protonated
D2000 of (B) 5, (C) 30, and (D) 30 min. All mixed-ion films were washed
with ethanol after ion exchange, except for the film shown in part C.

occurs starting from the outer surfaces of the films and

prpcegds _mwa,'rdj As is illustrated SChematlca”y _m Figure 4, Figure 4. Schematic representation of the structure of (A) homoionit-Na

this diffusion-limited exchange process results in a hetero- montmorilionite clay fabric film (N4 ions not shown), (B) a heterostruc-

structured mixed-ion monolith, wherein organic cations tureﬁi miX%d-ilon r|\lé—D20h00+ month;rillonittéf crl]ayfflabricéilm with f:J")r/] .
: exchanged platelets on the outer surfaces of the film and a central phase o

occupy EXChan_ge ?Ites On C'aY platelets at the eXternalNeff—montmorillonite, and (C) a cured epoxglay fabric film composite

surfaces of the film, inorganic cations occupy exchange sitesith exfoliated clay nanolayers at the outer surfaces of the clay film.

on the interior clay platelets, and a mixture of inorganic and

organic cations on the platelets are located between these

two homoionic clay phases. 100 1
The heterostructured nature of the mixed-ion clay films 1
is verified by chemical analysis using TGA, CHN, and SEM- 96 -
EDS methods. The TGA curves for the montmorillonite films i
in Figure 5 show that increasing the ion-exchange reaction
times increases the D200@ontent of the clay film. The = 921 ) (©)
TGA curves for the fluorohectorite mixed-ion films (not g 1
shown) were similar to those for montmorillonite, differing 88
only in a relatively higher D2000loading. Table 1 compares ] (A)
the bulk compositions of montmorillonite and fluorohectorite
flms determined by elemental CHN analysis with the 84 1 ®)

compositions found by the surface-selective SEM-EDS .
method. The SEM-EDS results show there are far more
D2000" cations at the surface of the film than is indicated
by bulk chemical analysis.

Barrier Properties of Epoxy—Clay Fabric Film Com- Temperature (°C)

osites.Our clayv fabric film approach to barrier composite Figure 5. Thermogravimetric analysis (TGA) curves for (A) homoionic
P y PP P Nat—montmorillonite clay film and heterostructured NaD2000" mixed-

formation .prowdes an exceptionally h'gh degree Of. (_;lay ion exchanged montmorillonite clay films formed after reaction times of
platelet alignment, as well as a very high volume-filling (B) 30 min, (C) 2 h, and (D) 6 h. All mixed-ion films were washed with

fraction of platelets. The bulk density of a pristine™Na  &thanol after ion exchange.

montmorillonite film (2.0 g/crf) is smaller than the specific  nanolayers. The high oxygen permeability of a pristiné Na
density of a clay nanolayer (2.6 g/éni® indicating that montmorillonite film (>6000 cn¥ mL/m? day) is consistent
approximately 23 vol % of the film is unoccupied by clay with the presence of a substantial void volume within the

80 T T T T T T T T T
0 200 400 600 800 1000
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Table 1. Compositions of Heterostructured Mixed
Organic—Inorganic lon Clay Fabric Films as Determined by
Elemental CHN and SEM-EDS Analysis

% D2000" exchange

time for D2000

samplé exchange CHN EDS
Na*, D2000"—montmorillonite 5 min 0.8 28
30 min 1.6 38
2h 2.8 50
6h 35 62
Li*, D2000" —fluorohectorite 5 min 4.7 Figure 6. Schematic illustration of polymer filling voids between clay
30 min 8.0 platelet edges in an epoxynorganic clay fabric film composite. The view

aEach sample was washed free of excess D2G@(0 prior to analysis is orthogonal to the oriented clay nanolayers.

12.4 A

film. Upon impregnating the fabric film with epoxy polymer,
however, we find that the oxygen permeabilities of the
resulting composites are-3 orders of magnitude lower than
that of the pristine epoxy polymer and—3 orders of
magnitude lower than that of the pristine clay films.
Reductions of this magnitude are unprecedented among all
known epoxy composites. We observed reductions in oxygen—
permeabilities of only 520% when Na&-, Li*-, and D2000- g
exchanged montmorillonite clays are dispersed according to.g
previously described methotdsn an EPON 826-D230 epoxy =
polymer at the 6 wt % level on a silicate basis. Recent g
advance¥ in the use of magnetic fields to align smectite £
clay layers in epoxy polymers promise to improve the barrier —
properties of the composites, but platelet alignments com-
parable to a clay fabric film are unlikely.

As shown by the oxygen permeability values in Table 2,
the reductions in permeability obtained for the clay composite
films are independent of both the width-to-thickness aspect

(1) VP

© /2

B)

(Ix2)

ratio of the clay €200 for montmorillonite vs~2000 for (Ix2)
fluorohectorite) and the nature of the exchange cation at the L
external surfaces of the film.The barrier properties of ! 3 5 7 9 1

polymer-clay nanocomposites normally are described in 20 (degrees)
terms of the Nielsof® tortuous path model or, more Figure 7. X-ray diffraction (XRD) patterns of (A) a heterostructured'Na

; i 2 D2000" mixed-ion montmorillonite clay film, (B) epoxyclay composite
preferably’ a refined version of that modéf” The Clay film prepared from the clay film in part A, (C) a heterostructuredti

fabric fiIm. structure responsiple for the barrier properties p200o- mixed-ion fluorohectorite clay film, and (D) epoxglay composite
observed in the present work is not expected to conform to film prepared from the clay film in part C.

the tortuous path model. In the case ofNand Li" clay

films, there is little or no intercalation of polymer between  In the case of the heterostructured mixed iorf NB2000"

the basal planes of the clay platelets, because the basafnd Li*—D2000" clay films, there is some intercalation and
spacing does not change upon polymer impregnation into exfoliation of the clay platelets at the D20G@ich platelets

the film. As is illustrated in Figure 6, the 23% void volume at the outer regions of the fabric film. As shown by the
of a Na"—montmorillonite fabric film most likely arises from  comparisons of diffraction patterns in Figure 7, evidence for
the imperfect tiling of the clay during film formation. The clay layer swelling by polymer in the mixed-ion films is
voids between the clay edges represent the volume that isprovided by the decreases in the relative intensities for the
filled upon polymer impregnation of the film. Experimen- diffraction peaks characteristic of the organoclay fraction of
tally, we find the thickness of a cured epoxiia— the film. However, the basal spacings for the inorganic clay
montmorillonite composite film to be consistent with the fraction at the centers of these films do not undergo an
penetration of the polymer into essentially all of the available expansion in basal spacing upon polymer composite forma-

free volume in the film. tion. Thus, the interior regions of the mixed-ion films share
Table 2. Oxygen Permeability Data for Epoxy-Clay Fabric Film Composites
thickness of clay thickness of epoxyclay fabric oxygen permeability
clay fabric film composition fabric film (mm) film composite (mm) ((cc mL)/(n? day))

pristine epoxy 0.20 98.9
Na*r—montmorillonite 0.060 0.11 <0.1
Na"—montmorillonite 0.035 0.10 0.97
Li*—fluorohectorite 0.065 0.14 1.2

Na"—D2000" montmorillonite 0.060 0.12 0.28

Li*—D2000" fluorohectorite 0.065 0.14 <0.1
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the same nonswelling fabric structure and same barrier6. In this case, the more appropriate barrier nanocomposite
mechanism as an inorganic clay film composite. model may be the one proposed by Béalyherein the
We do not expect the exceptionally high barrier properties polymer at the interface of the particle filler plays a dominant
of clay fabric film nanocomposites to conform to the parallel role in determining the barrier properties of the composite.
plate or torturous path model of NeilséhAlthough the clay Mechanical Properties of Epoxy-Clay Fabric Film
platelets are aligned parallel to each other in the fabric film, Composites.Mechanical testing data were obtained using
an insignificant fraction of the polymer occupies space the DMA three-point bending method and 3 mm thick epoxy-
between the clay platelets, as evidenced by the absence oflay fabric film composite specimens. Regardless of the
an expanded basal spacing for *Nanontmorillonite and composition of the clay fabric film, each specimen exhibited
LiT—fluorohectorite upon impregnation of the film by a storage modulus equal to or slightly larger than the modulus
polymer. Also, the central inorganic phase of the hetero- of the pristine epoxy polymer (e.g~2.8 GPa at 40C). In
structured mixed organieinorganic ion films do not undergo  addition, the glass-transition temperatures of the epakgy
swelling upon polymer formation. Instead, the high barrier film composites, which were determined from the maximum
properties of clay fabric films most likely arise from the in the tand vs temperature curves, was higher by42°C
filling of voids between platelet edges, as described in Figure compared to th&jy of the pristine polymer+84 °C). Thus,
clay fabric film composites do not compromise the mechan-

(38) Osman, M. A_; Mittal, V.; Lusti, H. RMacromol. Rapid Commun. ical properties of the polymer.
2004,25, 1145. '
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