Marquette University
e-Publications@Marquette

Chemistry Faculty Research and Publications Chemistry, Department of

1-1-2008

Polymerically Modified Layered Silicates: An

Effective Route to Nanocomposites

Jinguo Zhang
Marquette University

Evangelos Manias
Penn State University

Charles A. Wilkie

Marquette University, charles.wilkie@marquette.edu

Published version. Journal of Nanoscience and Nanotechnology, Vol. 8, No. 4 (April 2008): 1597-1615.
DOI. © 2008 American Scientific Publishers. Used with permission.


https://epublications.marquette.edu
https://epublications.marquette.edu/chem_fac
https://epublications.marquette.edu/chemistry
http://dx.doi.org/10.1166/jnn.2008.037

| g

Copyright © 2008 Amencan Scientitic Publishers
All nights reserved
Printed in the United States of America

Journal of
Nanoscience and Nanotechnology

Vol. 8. 1597-1615. 2008

Polymerically Modified Layered Silicates:
An Effective Route to Nanocomposites

Jinguo Zhang' *, E. Manias'-2, and Charles A. Wilkie®

' Department of Materials Science and Engineering, Pennsylvania State University, University Park, PA 16802, USA
? Department of Materials Science and Technology, University of Crete, 71409 Herakleion, Greece
*Department of Chemistry, Marquette University, Milwaukee, WI 53201, USA

Polymer/clay nanocomposites have been under an extensive investigation for about 15 years. Tragdi-
tional methods to modify the clay are usually limited to small organic cations, preferably cqntaln_lng
long alkyl chain(s), which are exchanged with the inorganic cations in the clay gallery. This article
provides a comprehensive review on the strategies for clay modification using polymeric surfac’tants
or polycations: from the synthesis of such surfactants, through the preparation of the polymerically
modified clays, and to the fabrication of the respective polymer nanocomposites and their properties.

Keywords: Review, Polymer Clay Nanocomposites, Polymer Layered-Silicate Nanocomposites,
Polymeric Surfactants, Novel Organoclays.

CONTENTS
1y TOSROUIRHAN < v 5 A S b s L b rme et e e il 1597
2. Synthetic Strategies for Polymeric Surfactamts. . ... ... .. .. 1599
2.1. One End Functionalized Polymeric Surfactant . .. .. ... .. 1599
2.2, a,w Functionaled Polymeric Surfactant . ... .. ... ... 1600
2.3. Polymeric Surfactants Containing
MUOIBPIECOUONS: Sovivi s B9m il s sow mprertre S b 1601
3. Oy MOBIRCIION 40 8 5050 2583 500008 55 mnmtie o 1603
4. Characterization ol Polymerically Modified IRV s e S s 1603
4.1. Thermogravimetric Analysis (TGA), .., .............. 1603
4.2. Morphology of Polymerically Modified Clay ... ..... ... 1604
5. Preparation and Morphology of Polymer Clay Nanocomposites 1607
6. NANOGCOMPOSItE PROPERICE : & v b 555 e n s e et esnas 1610
6.]: Mechanical PropertiCs ... oo imiiins it v oo bvan 1610
6.2. Thermal Stabilities . . .. .. ... ... ... i i 1610
B3, TS Propenties o oy e vo o b0 el R Lo S Do 20 1611
T CONRINBIOAS s alinlinasiss)le o sl bl anl fe be d e Uk 1613
Referenecs and MOBH. uommm s S0 dim i e abe b m g o 8 1614

1. INTRODUCTION

Well-defined polymer/clay composites are first reported
by Blumstein in the 1960's,! who polymerized methyl
methacrylate in the presence of a clay and found that
the resulting polymer had unusual properties. At the time
it was not known that these were nanocomposites and,
indeed, the term did not yet exist. In the early 1990’s,
researchers at Toyota prepared a polyamide-6 material by
polymerization of caprolactam in the presence of a mont-
morillonite clay and found a remarkable enhancement in
several properties.” This work was the genesis of the vivid
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research which now occurs throughout the world on Roly-
mer nanocomposites and it has sparked several reviews
and books on this subject.*? Pristine clays are hydrophilic
while most polymers are hydrophobic and thus, except a
few hydrophilic polymers.'“"‘_‘ most polymers are not com-
patible (miscible) with pristine Flﬁ.l)"S. To form polymer
clay nanocomposites, the immiscibility between the POIY'
mer and the hydrophilic clay must be overcome by'eu;her
modifying the polymer or, more frequ»::ntly and easier, by
modifying the clay. There are four different methods to

render organophilic properlie:? to tl}e clay: ' e
(1) ion exchange with organic cations (typically cationic

surfactants); 4 . ’
(2) covalent bond formation through a grafting reaction;

(3) direct adsorption of molecules; and
(4) a combination of two of the methods listed above.®

In-situ polymerization and melt intercalation are
the most common methods to fabricate polymer/clay
nanocomposites. The direct intercalation behavior of a
molten polymer into an organically modified clay was first
observed by Vaia et al. employing polystyrene and an
alkyl-ammonium modified montmorillonite.'* Melt blend-
ing, which is “greener’”’ than polymerization since it does
not involve organic solvents, has become the preferred
method to prepare polymer clay nanocomposites—also
due to its lower barrier incorporation in industrial pro-
cessing. As pointed out by Giannelis,*'S the morpholoy
of polymer/clay composites: phase separated (immisci-
ble also known as a microcomposite), intercalated, and/or
exfoliated (also known as delaminated) is determined by
the nature of the polymer and clay functionalizations
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and their interactions and, in the presence of favorable
interactions, nanocomposite formation can be achieved
without the use of solvent.'®'” An exfoliated polyamide-
6/MMT nanocomposite, for example, can be ecasily
fabricated by melt blending polyamide-6 with an appro-
priate organically-modified clay. where the modifier con-
tains only one long aliphatic chain.'* "' If polystyrene
is used as the matrix, an intercalated nanocomposite can
be obtained by melt blending only when the clay is
modified by an onium salt containing two long aliphatic
chains;**** whereas phase separated microcomposites are
formed when a single aliphatic chain is used or a polar
benzyl group is present.”* For non-polar polyolefins. such
as polyethylene and polypropylene. immiscible structures
are typically obtained by melt intercalation with com-

R |

compatibilizer o promote polymer intercalation s
nanocomposite formation for PE and PP, rcr-pccli\'d)‘..m
results 1n a two-step (masterbatch) process, where o
should be taken on the extent of maleic anhydride (MAH)
or maleic anhydnte funcuonahzauon of PE or PP: as et
been pointed out betore by Mamus:®” o low MAH oo
tent does not promote nanocomposite formation, while oo
high MAH content leads to immiscibility between the nest
(unfunctionahized) polvmer and the masterbatch.

To avord the MAH tuncuonalized polymer, Slsniﬁ-
cant efforts have been focused on modifying pristine
“surfactants™ beanng
ammonium or phosphomum canons. The usual surfsc-
tants used tor 1onic exchange with pristine clay contaia
one or two !tillf_' l.“\\l chinns, which contain between iz

LL’I}\ using PE or PP |H||_\||||_'||L'

and I8 methylenes and these generally have a moleculs
weight of about 500 g/mol. The molecular weights of paly-
meric/oligomeric (hereafter called polymeric) surfactants
are based on the same aliphatic chemistry but are much
longer and larger. around 5000 g/mol and sometimes eves
above 10.000 g/mol. These high molecular weight “surfac-
tants” are not soluble 1in water, which is the best solvent for
dispersing the pristine clay. A mixture of THF, or another

mon organically modified clays.”** Removing the edge
hydroxyl groups can improve the nano-dispersion,” and
lead to the formation of an intercalated system: the same
edge hydroxyls also offer possibilities for further mod-
ification of the clays by silane-surfactants, and it has
been shown that semi-fluorinated silanes can effectively
promote miscibility between PP and montmorillonite.”’
In most cases, PE-g-MAH or PP-g-MAH is used as a
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organic solvent. and water is often used to disperse the
clay in order to permit the cation exchange reaction. The
cations 10 be inserted into the clay are usually quater-
nary ammonium cations. either formed on the backbone*?
of the polymeric surfactants or pendant on the surfactant
backbone, or can be a terminal functional group of the
polymer.** Independent of the location. the resulting poly-
merically modified clays (PCN-P) usually show a highly
expanded gallery space and can be melt mixed with var-
ious homologous polymers to form nanocomposites with
good nano-dispersion.™

This review focuses on the strategies to prepare different
polymeric surfactants bearing cations, and on the respec-
tive clay modifications and polymer/clay nanocomposite
formation through intercalation methods. Some properties
of the polymer clay nanocomposites based on such poly-
merically modified clay will also be discussed.

2. SYNTHETIC STRATEGIES FOR
POLYMERIC SURFACTANTS

Based on theoretical arguments, Balazs*® predicted that
inorganic nanoparticle dispersion in polymer matrices

could be realized by increasing the aliphatic chain length
of the organic modifier. Despite the quantitative shortcom-
ings of that theoretical approach (a higher fidelity theory*
is needed to capture the response of real experimen-
tal systems), it did put forward the qualitative energetic
arguments invoked in the approach of the polymerically
modified clays. and has—to some extent—paved the way
for experimental studies in this direction. A few attempts
have been made at grafting polymers onto the func-
tional groups within clay.*”~*" These approaches will not
be included in this review since two steps are required
to modify the clay. First. establish functional groups on
the clay, and subsequently graft a polymer onto the clay
through reaction with or initiation from these functional
aroups. Here, we will focus only on direct modification by
polymeric surfactants.

2.1. One End Functionalized Polymeric Surfactant

An ammonium cation terminated polymeric surfac-
tant was first reported by Hoffmann et al.*® Anionic
polystyrene (Mn = 5800 g/mol, DPI = -I .33) was capped
by dimethylchlorosilane, then allyl amine was added to
the silane to form an amine-terminated PS. Subsequently,

;L.ﬁ
sec. BuLi St CISiMe,H
» —>
THF, -78 °C
- =-=u
/CH_‘} ///\/NHZ “/
/Si\H —> 7 NN,
HLC Pt, Toluene, 85 °C HAC
- dn - -n

Clay -

Clay Y i
>

Water/THF, HCI, 40 °C T —

Fig. 1. Synthesis of ammonium-terminated PS and PS modified clay. Reprinted with permission from [40]. B. Hoffmann et al., Macromol. Rapid

Commun. 21, 57 (2000). © 2000, John Wiley & Sons.
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a layered silicate. fluromica. was successfully modified
with this amine-terminated polystyrene (PS-NH.). The
process is depicted in Figure 1.

In a later approach, a series of model polymer lay-
ered silicate nanocomposites were fabricated and char-
acterized to investigate the effect of surfactant length
on nanocomposite morphology.*’ Quaternary ammonium
[—(CH;);N*] end-functionalized PS surfactants with var-
ied molecular weight (Mn 17600, 11200, 6800, 2700, and
1735 g/mol, PDI 2 1.05) were prepared using amine ter-
minated PS followed by reaction with dimethyl sulfate.
The molecular weights of these PS were well-controlled by
living anionic polymerization. The end functional amine
was introduced by reacting the living polymer-end with
a-halo-w-aminoalkane derivatives.?'-*

A different, one-step, synthesis was used to make
ammonium terminated polypropylene. Amine terminated
PP (PP-t-NH, Mn = 58900 g/mol, PDI = 2.30) was syn-
thesized by addition of an appropriate transfer agent
in a PP synthesis scheme employing rac-Me,Si|2-
Me-4-Ph(Ind)|,ZrC1,/MAO complex as a catalyst.*"*
Specifically, the metallocene-mediated polypropylene was

functionalized by styrenic chain transfer agents, follﬂ} .
by reaction with H. 1o complete the chain transfer .' |
and add an amine as a terminal group. Ammonium -
nated PP was then obtained by reaction with hydmcﬂtlt
acid; the molecular weight of the functionalized PP caa
be controlled through the molar ratio of [chain transfer
agent}/[propylenc]. For high molecular weight PP, the coa-
centration of functional groups is very low, but they still
exhibit high reacuvity for clay modification: Exfoliated
PP-t1-NH [ /MMT was prepared though static melt mixing™
of 90% ammonium terminated PP and 10% MMT. The
exfoliated structure can be mantained after further mixing
by static melt blending of this PP-t-NH ] /MMT with neat
(unfuncuonalized) PP. The synthetic scheme is shown in
Figure 2.

2.2. a,w Functionaled Polymeric Surfactant

An  a.w diamine-butadicne  acrylonitrile  coplolymes
(ATBN). which contains 18% acrylonitrile, was used by
Akelah*™ * 1o modify MMT through cation exchange
reactions. The molecular weight of ATBN determined by

L CH3
A O— Zr(CHz—CH)N‘NV" CH,=CH
(11) @
i k CH,)
12 ( 2 )
x CH,=CH ki 2.1-insertion I[\J
2R
SiR; SiR;
- L\"' ks Cis
A D—l:{Zr—H (I) A D*}Zr-CH-CHz-(CHZ—CH)i’W"‘
I
Cat: {SiMe ,[,-Me-5-Ph(Ind)], } ZrCl,/MAO (111)
I'12 ((I:Hz)z
kZ.hydmgcn SR
SiR; SiR;

CHy

AAAAAA (CH—CHz)x —CHz—Cﬂz—@" (CHZ )Z'N

~SiR,

HCI (in work-up step)

CH
AN (CH-CH,), -CH,-CH, -

(CH;),-NH> (V)

Fig. 2. Metallocene-mediated synthesis of amine terminated polypropylene. Reprinted with permission from [44]. T. C. Chung, J. Organometal.

Chem. 690, 6292 (2005). © 2005, Elsevier.
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MMT|0® ©Na +

I HC1

4

MMT -O° °NH,—E'—NH, -HC1 +

MMT| = MMT silicate layers;

o e}
I
e

II

NH’—E]_NH’ = ATBN, 18% AN

Fig. 3. Preparation of the rubber-MMT material. Reprinted with permission from [46]. A. Akelah et al, Mater: Lert. 22, 97 (1995). © 1995, Elsevier.

GPC was found to be 1090 g/mol with a polydispersity
of 6.75. The general formula of ATBN is: NH,-{PBD ,-
PAN, 3}-NH,. The modified clay was obtained after quat-
ernizing the amines with concentrated HCI: based on the
quantities used, the final product is a mixture which con-
tains 33% diammonium terminated ATBN. 33% with one
amine and one ammonium terminated ATBN and 33% free
amine. The synthetic route is shown in Figure 3.

A different approach utilizing a difunctional a.,w
terminated polymer i.c., a.w diamine-butadiene acrylo-
nitrile,”-* was also used to make similar polymerically
modified MMT. In this study, a liquid ATBN, which con-
tained 17% acrynitrile and had a molecular weight of 3400,
was reacted with excess aqueous HCI to fully quaternize
both amines. Significant differences exist in the behavior
of these two systems. as will be presented later in this
review.

2.3. Polymeric Surfactants Containing
Multiple Cations

2.3.1. Polymeric Cations on the Backbone

A polymeric quaternary ammonium salt (PQAS)* was
formed by the reaction between equimolar amounts of
p-dichloroxylene and  N.N.N',N'-tetramethyl-1,6-hexane-
diamine. The resulting polymer is shown in Figure 4; its
molecular weight was not reported.

2.3.2. Polymeric Cations Pending onto the Backbone

(a) Cnpolymer Based on Vinylbenzyl Chloride (VBC).
A terpolymer®” was synthesized by free radical polymer-
ization of styrene (St), VBC, and maleic anhydride (MAH)

CHs CHs

| o - | c -
TL—(CHz)s——Ti——CHQQ—CHZ
CHa CHg "

Fig. 4. Polymeric quaternary ammonium salts from the reaction between
p-dichloroxylene and diamines. Reprinted with permission from [32],
M. V. Burmistr et al., Polymer 46, 12226 (2005). © 2005, Elsevier.

J. Nanosci. Nanotechnol. 8, 1597—1615, 2008

at a molar ratio of 9.5:9.5:1. The resulting terpolymer was
then quaternized with either Lributylphos_phine or triph-
enylphosphine; the reaction is shown in Figure 5.

To control the release rate of pesticides, the organic
derivative of a selective herbicide, metribuzin (MB), was
reacted with VBC, and other monomers, such as MMA,
St or AA. at the desired feed ratios.”® The chloromethyl
groups were reacted with triethylamine (TEA) to produce
an ammonium salt, which was then intercalated into MMT.
The swelling behavior in various solvents and the release
of MB from the intercalated clays in variou_s media and in
soil (pots and field applications) were studied.

Significant work on polymﬁenc surfactants has_ been
done at Marquette University.> ™" These polymeric sur-
factants were mainly copolymers containing vinylbenzyl
chloride, which was employed so that it coul:‘:l quater-
nize an amine or phosphine to f9m the onium salt.
Figure 6 shows one example of this wo.rk—the synthe-
sis of a copolymer of vinylbenzyl chloride _and styrene
and its subsequent conversion into an ammonium salt; the
surfactant was termed as COPS. The starting monomers
were polymerized through either lbulk or solution poly-
merization and the molecular weight of these polymers
(oligomers) was controlled to about 5009 gfmol. Depend-
ing on the ratio between the copolymerizing monomers,

CH=CH, CH=CH;
+
@@ hote T O Qoo

cncl CHCL

lR;P
NaMMT 4
O © ™o W

CH;P R;eWT CHE@ R3Cp
R =Ph, Bu
(I5-q)
: (Myq)

Fig. 5. Synthetic route of a terpolymer modified clay. Reprinted with
permission from [49], N. Salahuddin and H. Akelah. Polym. Adv. Technol.
13, 339 (2002). © 2002, John Wiley & Sons.
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BP()
70 "(

© +Q

THF

©©©

(CH3)INC 1 6H13

©

©©©

1@
‘“/I"“‘wlll‘
Cintln

Fig. 6. Synthesis of the ammonium salt of COPS. Reprinted with permission from [S1]. S Su et al . Polvm Devrad. Stab. 83, 333 (2004). Oﬂ'

Elsevier.

some units can contain more than one cation.”' and some
may contain more than two cations.”*' The polymeric
surfactants based on the copolymerization of VBC with
other monomers are summarized in Table I, where VBC is
omitted.

(b) Copolymer Based on Vinyl Cations. Subse-
quent work has been focused on simplifying the above

Table I. Summary of components for polymeric surfactants.

Copolymerized monomers

synthetic procedure.™ “* Monomers bearing ammonium
cations were directly copolymerized with either MMA H‘
St to produce polymeric surfactants. In one case, MHAB
and MMA were bulk polymerized using BPO as the ini-
tiator. In another case. St. MA, and VBTACI were pplg-
merized in a mixture of CHC1./2-butanone (1/1) due to the
immiscibility between the two monomers. Their molecula
weights were in the range of 3000 to 5000, as determined
by intrinsic viscosity measurements. Figures 7 and 8 show
the synthetic pathways for the two different ammoniums
which contain vinyl moicties.

M, M, Amine or phosphine Refs. (¢) Functionalized Polybutadiene. Low molecular
HEMA — TEA [108] weight polybutadiene (PBd) (Mn = 1000 g/mol) has also
St - TPP, DMHDA, [51. 52, 53] been functionalized for attachment to a clay.% VBC
TMA, IM, DMBA was grafted onto the PBd backbone through free radial
MMA — DMHDA [47, 48] initiation. The byproduct. poly(vinylbenzyl chloride), was
LA — TEA [54] carefully washed away and then the grafted VBC was used
NSt - TEA [55] to quaternize an amine, as shown in Figure 9
St MA TBP, TPP [49] Linear PBd (Mw =1 I() 600 g/mol, PDI = l .03) from
DAMB MMA, St, AA, HEMA TEA [50] anionic pu]ymerizalinn was reinitiated by s-BuLi to
DPVPP St DMHDA [56] polymerize a small quantity of butadiene and a comb-
St LA TEA [57.58,59.60.61]  |ike structure was formed. The butadiene branches were
CH, CH,
BPO=10% , H [»% / E" (!:
H,C=—=C—CH; + HZC.._._T CH; cnar, - ( c '—'T y \ i+y
= i=o i=° $=O
(erz (|:H3 (i:l-lz fI?Ha
©
Br H, g)r H;

®
HiC —N—CH;,

( "'z) 15

Hj

®
HyC—N—CH,

() o

CH;

Fig. 7. Synthetic pathway for the MHAB cation. Reprinted with permission from [62], X. Zheng et al., Polym. Degrad. Stab. 91, 289 (2006). © 2006,

Elsevier.
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AIBN=10%

—(—CH;CHH CHCH, ) { CHCH; }
X y z

N N\
-+ » S
o é OC‘HCI;,IE-bulanone:l!l (o] 0

© CH, &)
Cl | Gty ™ EL
H:],C__ ""CHJ I®
| HyC—N—=C
CH;, |
CHj
Fig. 8. Synthetic pathway for the VBTACI cation. Reprinted with permission from [64], X. Zheng et al., Polyn. Degrad. Stab. 91, 108 (2006). © 2006,
Elsevier.
/ — "
s 53 BPO.,70°C m
" Cyclohexane
ri oy CH,CI
. e
THF. 60 °C m
m
N,N-dimethyl benzylamine 3
CHYCI CH5N-CH3 Cl
CH;

Fig. 9. The synthetic route for PBd surfactant. Reprinted with permission from [65], S. Su et al..

Elsevier.

terminated by dimethylaminopropyl chloride (DMAPCI).
The comb PBd, which is functionalized with dimethy-
lamine groups, was first hydrogenated, then quater-
nized using excess HCL. The synthetic scheme is shown

TMEDA

MH:—CH“CH—C“: _"-' - - -
sec—Bula =) (=) (=)
PBd backbone il IS Li*
Bd
(=) (=Y CE=) ] ; l
Li* Li* Li* =) =y ie=y
Lit Li* Li*
(CH3)2NCH-CH,CH-Cl E ;
i : === A=
(=) S I S I N i
Lt £ L 1\,41\\1;: Miklc l\f(e}de
H'!
T e T 11
aCO
£5 X oS 4 el /\ \
Me Me  Me Me Me Me Me Me Me Me Me Me

— C ™NH A *NH
Me Me

*NHCIT
Me Me Me Me

N
/\
Me Me Me Me Me Me

Fig. 10. Synthesis of combs with quaternized amine end-groups in each
branch. Reprinted with permission from [67], K. Chrissopoulou et al.,
Polymer 46, 12440 (2005). © 2005, Elsevier.
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Polym. Degrad. Stab. 84, 279 (2004). © 2004,

in Figure 10; the number of branches grafted to the PBd
backbone is not known.

3. CLAY MODIFICATION

Unlike the common alkyl ammoniurrg catio'ns l'xsed in clay
modification, most of the polymeric cationic salts are
not water soluble, so an organic solvent whnch'\.mll dis-
solve the polymeric surfactant is needed to fac1!1tate_the
jon-exchange reaction. For example, when functionalized
ATBN was used as the modifier, 1-4 dioxane or DMSO
were selected to dissolve the polymeric surfactant while
the clay is dispersed in a mixture of H,O and the selected
solvent. For the polymeric surfactants listed in Table I,
THF was frequently used. For end-functionalized PP with
a relatively high molecular weight, and thus a small
amount of terminal ammonium, and static intercalation?
in absence of a solvent, was employed to modify the pris-
tine clay, completely eliminating the use of solvents.

4. CHARACTERIZATION OF
POLYMERICALLY MODIFIED CLAYS
4.1. Thermogravimetric Analysis (TGA)

When characterizing PCN-P systems, there are two pur-
poses for employing thermogravimetric analysis: (a) to

1603
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determine the inorganic (clay) content of the polymer-
ically modified clay, and (b) to obtain information on
the thermal stability of the new material. When mulu-
ple cations per polymer chain exist, there is a statistically
important probability that some of these cations are not
bound to the clay; for a given clay, i.e.., a given cation
exchange capacity, the organic content will be quite differ-
ent depending on the number of polymer-cations which are
bound on the clay. The common clay organic modifications
begin to degrade at about 150-200 “C by the Hofmann
elimination® 7" depending on the experimental condition;
many of these polymerically modified clays show extraor-
dinarily better thermal stability, and degradation does not
commence until about 300 °C, or even higher, depending
on the substituents.

In the ATBN modified MMT.* the starting composition
contained 33% MMT and 67% organic surfactant but the
final product contains 40% inorganic and 60% organic, as
shown in the TGA in Figure 11. Assuming that all of the
MMT was modified, then more than 10% of the starting
ATBN was lost. In another publication by the same group,
more than 15% was reported lost. TGA provides a crucial
evaluation of the modification quality and of the compo-
sition of the polymerically modified clay; the enhanced
thermal stability of polymerically modified clay has been
discussed in a recent review.”'

The typical inorganic clay content in a polymerically
modified clay is about 25%. and this inorganic content can
be well controlled by varying the amount of monomer con-
taining the alkylating agent in the copolymer. Taking tri-
clay, in which clay is modified by a terpolymer containing
St, VBC and LA. as an example, the inorganic clay content
can be controlled at 25%, 37.5%. and 50% by altering the
ratio of the three components during the polymerization
stage. The TGA curves are shown in Figure 12.

4.2. Morphology of Polymerically Modified Clay

The most frequently used methods to determine the struc-
ture of polymer clay nanocomposites are X-ray diffraction

o

1o ™o wnd.o weo  smo wdo 0.0
Temperature (*c)

Fig. 11. TGA curve for the ATBN-MMT material. Reprinted with per-

mission from [46], A. Akelah et al., Mater. Lett. 22, 97 (1995). © 1995,
Elsevier,
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inorgamc clay Adapted wath permission from [ SX], J. Zhang et al., Ak
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Palvin. Degrad Stab 91, 295 (2(006) 2006, Elsevier, and from Iﬁll
1. Zhang et al., Polsm Degrad Stah 91, 2665 (2006). © 2006, Elsevier.

(XRD) and transmission clectron microscopy (TEM)
XRD is based on the well-known Bragg's equation, and
can quantify the periodicity of well-stacked clay in ]nr-
allel registry: thus, XRD is very useful to determine the
d-spacing of intercalated layered silicates. In general, dry
inorganic layered silicates (smectides) show diffraction a
about 8 degree (26). which corresponds to a d-spacing of
about | nm. The thickness of diffracting clay stacks, of
number of individual clay platelets per stack, can also be
calculated from the breadth of the XRD peak. using the
Scherrer equation.’

X-ray diffraction alone is not enough to determine the
morphology of a nanocomposite, in fact the use of XRD
alone can be very misleading since both exfoliated and
disordered structures will be XRD silent (show no peak),
The usual complement to XRD is transmission electron
microscopy (TEM).”* Both the low and high magnification
micrographs should be presented. The low mugniﬁcatiqn
micrograph emphasizes the overall clay dispersion, while
the high magnification micrograph allows the observation
of the individual clay layers. so that the morphology, inter-
calated or exfoliated. can be assigned. An intrinsic prob-
lem with TEM is that it can only observe a small portion
of the sample, which may not be representative. A bulk
measurement is definitely preferred, if one is to quanti-
tatively establish the morphology of these systems. Some
bulk measurements that have been used to complement
TEM include, small and ultra-small angle X-ray scattering,
SAXS and USAXS.™ AFM.” solid state NMR,” infrared
spectroscopy.”’ and rheological measurements,™

Weiss” has made a comprehensive study of the inter-
calation behavior of n-alkylammonium ions into montmo-
rillonite. As expected, the d-spacing of the organically
modified silicate depends on the length of the alkyl chain
and the charge (CEC) of the silicate layers. For rather
high CEC values, the basal spacing can show step-wise
increases for very moderate changes in the surfactant size,
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Fig. 13. (a) Increasing basal  spacings on  intercalation of

n-glkylammonium ions with increasingly long alkyl chains. Reprinted
with permission from [79]. A. Weiss, Angew. Chem. Internat. Edir. 2.
134 (1963). © 1963, John Wiley & Sons: (b) Experimental (dashed
lines and vertical bars) and simulated (symbols) d-spacings for
n-alkyl-ammonium modified 2:1 silicates. The dashed lines give the
d-spacing at maximum X-ray diffracted intensity and the bars depict the
spread of the d-spacings measured in the XRD (peak width); bottom:
SWy2 montmorillonite and simulations for CEC = 0.8 meq/g. middle:
AMS montmorillonite and simulations for CEC = 1.0 meq/g, upper:
Dow-Corning fluorohectorite and simulations for CEC = 1.5 meq/g.
Reprinted with permission from [80]. E. Hackett et al., J. Chem. Phys.
108, 7410 (1998). © 1998. American Institute of Physics.

in Figure 13 for example it was observed that it was
increased for every two methylenes added to the surfactant
(see also Ref. [80], for a more detailed discussion).

The possible arrangement of the alkyl chains in the
alkylammonium ions within the gallery space of the sil-
icate can be inferred from the experimental works of
Weiss,” Lagaly,*’ and Vaia,®? in which the alkyl chains
were no longer than C,;, or from computer modeling
approaches [e.g., Ref. [80] and references therein] For
most polymeric surfactants; the situation is much more
complicated given the conformational permutations of the
long polymeric chains attached on the inorganic layers.

J. Nanosci. Nanotechnol. 8, 1597—-1615, 2008

In a first approximation these structures resemble those
of hydrophilic polymer/clay nanocomposites, in which
polymers can disperse clays that do not bear organic-
modification surfactants: Specifically, (a) in the presence
of strong specific interactions their structure would resem-
ble “delaminated™ structures where the fillers are sep-
arated by distances that reflect the organic loading of
the hybrid (¢f poly(vinyl alcohol)/Na™ montmorillonite
structures;'™ " whereas (b) where the polymeric cations
are the major favorable interaction between the polymeric
surfactants and the clays, these structures would resem-
ble more poly(ethylene oxide)/clay structures.'? 38358
Except for the end-functionalized polymeric surfactants,
such as PS-t-NHj and PP-t-NHj. whose structure can
be described via polymeric brush type of models, most
other polymeric surfactants contain more !ahan one cation
per chain, which results in a more complicated arrange-
ments on the surface of the silicate. Although the literature
of polymeric adsorption—straightforward pl:ly_sisorptif)n of
homopolymers and/or of polymers containing “sticky
aroups—is very extensive.* little theoretical or model-
ing work has been performed on the intercalgtmn behav-
ior of polycations on clays. Williams—Dm:yn 0 suggested
three possible arrangements of gemini (divalent) surfac-
tant chains in the silicate gallery, where high-CEC ver-
miculite in the form of quasi-single crystals was used:
these arrangements are depicted in Figure 14. However,
these kinds of surfactant configurations are highly ide-
alized and definitely fall short of describing reality, for
example all three proposed surfactant -stru_ctures from
Figure 14 are highly periodic and would give rise to surfac-
tant XRD diffraction peaks, much like SAM structures on
mica surfaces, but such XRD reflections are not observed
i ly.

ex[l)sri;:?gasleyof polymerically modiﬁf.:d clays, for exam-
ple for ammonium-terminated PP n}odlﬁed MMT (90:10),
XRD shows no dgy peak, indicating t!lat MMT exfoli-
ates even under static melt intercalation in absence of any
solvent or mechanical mixing;* a well-dispersed struc-
ture was confirmed by TEM observations.®® Figure 15
compares the XRD patterns of these systems under two
processing conditions: static melt intercalation at high tem-
perature, which is effective and leads to intercalation of the
end-functionalized PP and dispersed clay structures, and
mixing at room temperature, which is not effective (the
ca. 1.2 nm dy, of the hydrated Na* montmorillonite is
clearly visible in the XRD). The terminal ammonium was
suggested to anchor the PP chains (via ion exchange) onto
the inorganic surfaces, and the hydrophobic PP “tail” exfo-
liates the clay platelets purely due to steric effects. Sim-
ilarly, the use of an ammonium-terminated PS may have
also brought about exfoliation of the silicate (fluoromica)
as no peak was observed from the XRD pattern when the
inorganic clay loading was 20%:* the XRD trace is shown
in Figure 16.
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On the other hand, the protonated &, w-diamine butadi-  (at 170 “C and 10 metric ton for 15 min) ATBN-MMT

ene acrylonitrile (ATBN), modified clay shows a relatively ~ showed a d-spacing of 13.8 A, indicating that a sln.hk_;

r small expansion of the clay gallery space; the d-spacing hybrid was lurfncd. llhu small increase in the d-sp{mms
of the polymerically modified clay increases by 6 A from is consistent with an intercalated structure, cf a |101‘1_zo:-.|-..

93 A in the pristine clay to 15.2 A% Pressure-molded  tal packing of polymer molecules in a monomer-bilayer

film within the silicate gallery, much like the shorter
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=
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Fig. 15. X-ray diffraction patterns of PP-t-NHCl-/Na*-MMT (90/10 Fig. 16. WAXS traces of (a) neat PS (Mn: 106000), (b) 2-phenylethyl-
weight ratio): (a) physical mixture by simple powder mixing at ambi- ammonium modified silicate and (¢) ammonium-terminated polystyrene
ent temperature and (b) the same mixture after static melt-intercalation. modified silicate. Reprinted with permission from [40], B. Hoffmann
Reprinted with permission from [33], Z. M. Wang et al., Macromolecules et al.. Macromol. Rapid Conunun. 21, 57 (2000). © 2000, John Wiley &
36, 8919 (2003). ® 2003, American Chemical Society. Sons.
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Table IL.  Synthetic conditions for ATBN maodified silicates and result-
ing d-spacing.

ATBN HCI MMT d-spacing
CEL
No Mn mmol  Mmol  (meg/I0) g) mmol nm Refs.
1090 7.34 378 1148 441 141 [45]
2 1090 55.0 320 90.0 27.0 .52 [46]
3 300 271 540 19 5.00 =8 [48]

alkyl-ammonium surfactants.™ For similar ATBN poly-
mers however, researchers at Toyota found no peak in their
XRD measurement of ATBN-MMT.* In order to under-
stand these two contrasting results. one must consider the
different experimental conditions that were used in the two
studies, given in Table I1; the main difference is the ratio of
ATBN (Mn = 1090 g/mol) to HCI. In Refs. [45] and [46],
a mixture of monovalent and neutral «.® diamine butadi-
ene acrylonitrile was formed, while in Ref. [48], due to the
excess of hydrochloric acid the vast majority of the amine
end-groups of the ATBN (Mn = 3400 g/mol) are charged.
Thus, despite the fact that the silicates used have similar
CEC; a much larger d-spacing is observed where both of
the amines have been converted to ammonium ions.
Polymeric surfactants based on the copolymerization
with VBC usually result in a very large increase in the
d-spacing. For example, the polymerically modified clay
based on a copolymer of styrene with vinylbenzyl chlo-
ride, in which benzyl chloride is further quaternized by
an amine, had a d-spacing of 8 nm. When styrene was
changed to MMA, the resulting polymerically modified
clay had a d-spacing of 6.7 nm.”" It is very interesting
that the work on a terpolymer,” St-MMA-VBC. modi-
fied clay has been done by two research groups and the
XRD results are significantly different. The work done
by Akelah used the polymerization of St, MA and VBC,
and this terpolymer was used to quaternize either tri-
butylphosphine or triphenylphosphine; these two modified
montmorillonites gave a d-spacing of about 15 A, quanti-
fied by the XRD patterns. However, Zheng et al.* reported
a larger value, 49 A with a similar terpolymer surfac-
tant. In this latter case, the starting material was vinylben-
zyltrimethylammonium chloride, along with styrene and
methyl methacrylate, and hectorite was used as the clay
rather than montmorillonite. Since the ratio of starting
materials, molecular weight and yield were either differ-
ent or not available, it is not possible to directly compare
the work of these investigators. It would be worthwhile
to revisit these systems in a systematic manner, sO as
to see how these variables affect the d-spacing. Finally,
for another three-component polymeric surfactant system,
which includes St, LA, and VBC, there was reported a
limitation on the extent of gallery expansion that could
be achieved for a polymerically modified clay. By varying
the amount of VBC in the system, three modified clays

J. Nanosci. Nanotechnol. 8, 1597-1615, 2008

with different inorganic clay contents were obtained and
the d-spacings are constant at about 4 nm in all systems,
indicating an intercalated structure that is insensitive to the
polymers’ stoichiometry.

5. PREPARATION AND MORPHOLOGY OF
POLYMER CLAY NANOCOMPOSITES

In common practice, when preparing polymer clay nano-
composites by melt compounding the clays must be ren-
dered organophilicity so as to become miscible with the
polymeric matrix. Organophilicity, most often achieved
through cation exchange by quaternary ammonium sur-
factants, raises serious concerns due to the ammonium
surfactants’ thermal stability; whose degradation occur
by the Hofmann elimination reactions” with an onset
temperature of 150-200 °C.** limiting substantially the

Fig. 17. TEM micrographs of PET/lauryl clay, low magnification
(a) and higher magnification (b). Reprinted with permission from [96],
M. C. Costache et al., Polym. Advan. Technol. 17, 764 (2006). © 2006,
John Wiley & Sons.
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Fig. 18. TEM micrographs of the melt compound of PS with PS-1-NH [/
silicate (silicate loading: 5 w1%). Reprinted with permission from [40].
B. Hoffmann et al., Macromol. Rapid Commun. 21, 57 (2000). © 2000,
John Wiley & Sons.

range of melt processing temperatures, especially for high
melting point semi-crystalline polymers.”* For example.
Yoon et al compounded PS with di-methyl-benzyl
hydrogenated tallow ammonium chloride modified MMT
(MMT-2MBHTA) at 210 °C. Due to the limitation of ther-
mal instability of the organo-clay, the interlayer spacing
Initially expanded to 3.5 nm but then decreased to 1.9 nm
as the compounding time was increased. This effect was
attributed to the thermal degradation of the clay’s organic
modification.?®

For strictly apolar polymers, such as PE and PP, func-
tionalized polymers (like PE-g-MAH or PP-g-MAH) are
required if one is to obtain thermodynamically stable

\2" . !\
t,‘ {L

nanoscale-dispersion  of  commercial alkyl-a
organoclays under melt intercalation conditions.
ing polyvolefin based organic modifications for U
can promote nanocomposite formation with matric
ilar to the polymenc modification of the clays. W
a need o add further functional groups to the i
polymers.'' From a different viewpoint, polyme
modified clays can also be designed to possess highes

such example is the use of an oligomerically modified ¢
to form a PET-clay nanocomposite via melt p ing.*®
The processing temperature of PET is about "Sm
is well above the decomposition temperature ofthem-
mon ammonium surfactants used in commercial organo-
clays. Nanocomposite hybrids from PET and lauryl-clay
(clay was modified with an oligomeric surfactant contain-
ing lauryl acrylate and vinylbenzyl chloride) showodﬁ
dispersed filler in the PET matrix, as can be seen ﬁom!&
TEM images shown in Figure 17.

Generally. the intercalated or exfoliated structures of the
polymerically modified clays are maintained when these
clays are further blended with a polymer of the same
chemistry, and in absence of strong polymer/clay inter-
actions. For example, the family of VBC-based polymer
modified clays has been successfully melt blended with
PE. PP. PS. HIPS. ABS. SAN. PMMA, PET. depend-
ing on the comonomers of the VBC copolymers. Olhﬁ‘
such examples include PP-t- NH /MMT mixed with PP by
static melt intercalation process't and PS-t- NH; /fluromica
mixed with PS by melt compounding.®” Figure 18 shows
such an exfoliated nanocomposite for PS mixed with
PS-t-NH /fluromica at 5% silicate loading. "

|I!'

100 nm

Fig. 19. TEM images of PP/clay nanocomposite based on triclay at 5% inorganic clay loading. Reprinted with permission from [58], J. Zhang et al,,

Polym. Degrad. Stab. 91, 641 (2006). © 2006, Elsevier.
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—

— was essentially no change in the SAXS data between the
0.1-10 um 8-10 om modified clay and the corresponding polystyrene hybrid.

L Similar behavior was found by Sepehr,”” where COPS clay

k] -7 was mixed with polystyrene, yielding either no change in

7 3 the dy,-spacing or a reduction in dy, in the nanocom-

% . posites compared to the one of the polymerically modified

£ B clay. These observations led the authors to conclude that
phase-separated morphologies were formed.

Aggregate primary lamellae In the PP-t-NH;/MMT/PP nanocomposites prepared
particles Sofl £ through static melt intercalation (no shear mixing applied),

E = an exfoliated structure developed and was maintained after

=1 further dilution/mixing with unfunctionalized PP, as long

== as static melt conditions were maintained. That behav-

Sp= jor was attributed to the terminal NH3 functional group

340 nm that seem to anchor the end-functionalized PP chains on

the inorganic surfaces, and promote an exfoliated struc-
ture which can be maintained even after further mix-
ing with neat PP Application of shear however, as for
example when mixing the PP-t-NHI/MMT with neat PP
in an extruder or a kneader, can lead the same systems
to a mostly-intercalated nanocomposite structure. This
behavior is strongly reminiscent of what happens when
polyamide-6 grafted montmorillonites—such as the Toyota
polyamide-6 hybrids*—or poly(s-caprolactc?ne) grafted
clays® are co-extruded with the neat respective polymer,

.Fig. 20. .Hicrarc.hicul mtrllc.l !'nr. MMT and ATBN-MMT nanocompos- i 6 pol y amide-6 or PCL. In both these case the exfo-
ites. Reprinted with permission from [45], A. Akelah et al.. Nanostruer. W bearine clays collapse
Mater. 4, 965 (1994). © 1994, Elsevier. liated structures of the polymer-bearing clay pses

upon mixing with the neat polymer matrix, a behavior
Beyer*! et al. probed the phase behavior of polystyrene which clearly originates from the strong hydrogen-
with polystyrene modified clays. using five different bonding interactions between those polymers and the
molecular weight polystyrene surfactants ranging from  silicates.”
1700 to 17,000 g/mol. SAXS data reveal that the d-spacing In contrast to these systems, VBC-based polymer-
of clay after each modification is fairly large and it modified clays have been used in nanocomposites and in
depends on the molecular weight of the surfactant, in  most cases, there is no change in the d-spacing of the
another words, the chain length of the surfactant. There polymer-modified clay and the nanocomposites resulting

clusters lamellar lamellae
multiplets

(c)

Fig. 21. TEM images of SAN/triclay nanocomposites at 5% inorganic clay loading: (a) SAN/triclay nanocomposite. Reprinted with permission
from [59], J. Zhang et al.. Polym. Degrad. Stab. 91, 358 (2006). © 2006, Elsevier; (b) SAN/triclay Il nanocomposite. Reprinted with permission
from [57], J. Zhang et al., Polym. Adv. Technol. 16, 800 (2005). © 2005, John Wiley & Sons; (¢) SAN/triclay 111 nanocomposite. Reprinted with
permission from [61], J. Zhang et al.. Polvm. Degrad. Stab. 91, 2665 (2006). © 2006, Elsevier. The inorganic clay content in triclay, triclay 1 and
triclay 111 are 25%, 37.5%. and 50%.
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Fig. 22. Melt intercalation and exfoliation of polymerically modificd
clay: (a) Polymerically modified clay. Red dots stand for cations while
black lines stand for polymeric surfactant. (b) Melt blend with non-polar
_Polymer. Blue lines stand for non-polar polymer chains. Polymer chains
Intercalate into non-bridged clay platelets. (c) Melt blend with polar poly -
mer. The rearrangement of the polycations leads to the exfoliation of clay
palettes.

from further dilution in the respective neat polymer. For
€Xample, PE and PP nanocomposites based on triclay.”
m which clay is modified by a copolymer of VBC. St.
and lauryl acrylate, showed good nanometer-dispersions,
as seen by the TEMs in Figure 19. Two possible explana-
tions were proposed: (a) the layers are already sufficiently
Xpanded by the acrylate polymer to enable intercalation
of the polyolefin without necessitating further expansion
of th-e gallery spacing; (b) the dilution of the polymerically
modified clay in the polyolefin leads to a decrease of the
clay' cluste.rs’ size, due to shear and/or thermodynamics.
i%gwﬁl&cal model,* Fig'ure 20, for montmorillonite and
o : T nanocomposites may be useful to describe
i p -ology evolution of polymerically modified clay
persed in these polymer matrices.
y EI:;)T thc_nanocomposites based on SAN polar polymer
se¢d 1o dilute a polymerically modified clay, the XRD
patterns are significantly different compared with that of
t:e polymerically modified clay. The strong reflections in
er a)éfDdfor the polymericz?lly modified clays are either
: ned or disappear. Taking SAN/triclay system as an
xample, the TEM shows that the SAN/triclay exhibits an
_exfollatt.ed structure, as shown in Figure 21, with increasing
morgamc-: clay content in triclay, in which the clay platelets
haw? a high possibility to be bridged.

Since there are generally extra cations available in the
Polyrfler]c surfactant after the cation exchange process, it
1S quite po.ssible that the polycations rearrange during the
r?el't blending process, as shown in Figure 22, so that exfo-
liation of the clay can take place when clay, polymeric
surfactant and polymer matrix interact with each other.

6. NANOCOMPOSITE PROPERTIES

Polyrnc_er clay nanocomposites exhibit significant improve-
ments in mechanical and other properties at relatively low

1610

filler loadings (usually less than 10 wit% lcumpamdina
ventional polymer composites containing a similar amosse
of macroscopic filler. Polymer layered silicate )

posite formation can concurrently increase the modules
strength, heat resistance, barmer performance, and "’_
retardancy. Frequently used clays in polymer nanocoss
posite formation are orgamcally modified clays, contain-
ing quaternary ammomum salts, typically containing aboes
30% organic and 70% silicate. Polymerically modified
clays however usually contains about 70% polymeric “Sur-
factanmt™ and 307% sihcate, thus a significant amount of
polymeric surfactant must be introduced in order to obtais
the desired norgamic content. which may impact many
aspects in the final nanocomposite,

6.1. Mechanical Properties

Kojima'™ reported a  dramatic improvement in the
mechanical properties of extfoliated polyamide-6 clay
nanocomposites, even at low clay loading. For polymers,
such as polystyrene. polycthylene, and polypropylene, sig-
nificant improvements in tensile properties, such as tensile
strength and modulus, are observed for nanocomposites r
based on organically moditied clay. For nanocomposites
based on polymerically modified clay. mechanical eval-
uation has been more limited and generally does not
show dramatic improvements in the tensile properties. Tak-
ing PS/COPS nanocomposites as an example, there was
a decrease of tensile strength for nanocomposites com-
pared 1o virgin PS.*" For the triclay system. the tensile
strength and modulus of the nanocomposites increase to a
value higher than that in the virgin polymer by gradually
increasing the alumino-silicate content in the polymeri-
cally modified clay. The elongation at break of polymer-
ically modified clays shows different behavior than that
seen for the common organically modified clays, which
usually show reduced maximum elongation even at low
clay loading. For PP/triclay nanocomposite at 1, 3, and
5% inorganic clay loading, the change of the elongation is
small, from 580% in the virgin PP to 551%, 446%, and
492% respectively. For PE/triclay, the decrease in elonga-
tion is larger; virgin PE shows 402% elongation while g
5% clay containing nanocomposite gives 185%.

6.2. Thermal Stabilities

Thermogravimetric analysis can quantify thermal stability
via characteristic temperatures that correspond to a cer- ’
tain level of weight loss; specifically, the onset temper-
ature, which is commonly evaluated as the temperature
at which 10% mass loss occurs, T, ,, and the mid-point
of degradation, Tjs. are two such points. The enhance- l
ments seen for the polymerically modified clays and their
respective nanocomposites are similar to those based on
surfactant organo-clays. For a PS nanocomposite con-
taining 25% COPS clay (5% silicate), the T, increases

J. Nanosci. Nanotechnol. 8, 1597-1615, 2008
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from 370 °C in PS o 387 °C and 7, increase from intercalated nanocomposites. The enhancement in thermal
415 °C to 438 °C (in N,). These increases are slightly  stability for PP and PE is comparable to those nanocom-
smaller than those of exfoliated PS nanocomposites based  posites based on organically modified (surfactant) clays.

on VBI6 organically-modified clay'” in which clay
is treated with N,N-Dimethyl-n-hexadecyl-(4-vinylbenzyl)
ammonium chloride: this difference can be attributed to
the different composite morphologies, since exfoliated  Polymer nanocomposites based on layered silicate show
nanocomposites generally show better enhancement than  significantly decreased flammability compared to the

6.3. Fire Properties
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Fig. 23. Schematic representation of combustion mechanism and ablative reassembly of a nanocomposite during cone calorimeter experiments.
Reprinted with permission from [105], M. Zanetti et al., Chem. Mater: 14, 881 (2002). © 2003, American Chemical Society.
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virgin polymer; this is usually evaluated by cone calorime-
try. The single most important parameter quantified by a
cone calorimetric measurement is the peak heat release
rate (PHRR). Since generally a microcomposite does not
give a reduced peak heat release rate while a nanocom-
posite does, cone calorimetry may also give informa-
tion on the morphology of the system.'” '™ The flame
retardant mechanism for EVA clay nanocomposites has
been proposed by Zanetti'™ and is illustrated in Figure 23.
Heat transfer from an external source or from the flame
promotes thermal decomposition of the organo-clay and
degradation of the polymer (steps 1 and 2). This results in
the creation of protonic catalytic sites on the clay layers
that reassemble those on the surface of the burning mate-
rial (step 3). The polyene obtained from EVA deacetylation
Can participate in two competitive reactions: peroxidation
and chain scission to volatile partially-oxidized fragments
and catalyzed dehydrogenation and oxidative dehydro-
genation (step 4). The resulting conjugated polyene under-
£0¢s cross-linking and catalyzed dehydrogenation to form
- charred surface layer (step 5). which combines and
Intercalates with the reassembling silicate layers to pro-
vide a sort of ceramic char-layered silicate nanocomposite
(step 6).

For every polymer, there is a maximum reduction in
PHRR which can be achieved. The reduction in the PHRR

CH,CI

y z
TBP/BPO
U™ OO0
R
R

THF/DMSO

x y z
——
‘ ‘ ‘ (CH3);NCy4Hys

R CH,Cl

Table I1l. PHER reduction of PON-P a1 5% silicate lnﬂmg

with virgan (unhlled) poly mer

PHRR reducuon compared to unfilled pdyw_:T
Polymencally oy fﬁ
modified clay 'S HIPS AHS  SAN  PMMA FE PR
COPS clay §7 43 25 15 20 rss,
MAPS clay 43 44 17 21 42 3%
Lauryl clay . 4 B
Triclay o1 51 is 42 - 60 57
Trclay 1 51 49 23 40 — 45 M0
Trclay 11 i2 is 23 ix - — =

for the polymencally moditied clays frequently shows &
value which is close to this maximum. which, if one
believes that cone calorimetry can give information abowt
morphology, means that the clay is as well-dispersed in the
polymer as possible. At 5% sihcate loading, PS/COPS clay
nanocomposite achieved a 57% reduction in PHRR, while
PEAriclay achieved a 60% reduction. Table 1 provides
some examples of the reductions of PHRR for nanocom-
posites based on polymerically modified clays at 5% inor-
ganic clay loading: the conc calorimetry was performed at
35 kW/m".

For the styrenic systems. triclay nanocomposites show
the best reduction in PHRR. Since all the polymer
nanocomposites were fabricated in the same way. the onl)_‘

CH,CI

H;C—— N*—CH3;

16H33

Fig. 24.  Synthetic route for the formation of the terpolymer and its ammonium salt, R = phosphate moiety. Reprinted with permission from [56].
X. Zheng and C. A. Wilkie, Polym. Degrad. Stab. 81, 539 (2003). © 2003, Elsevier.
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Fig. 25. Heat release curves for melt blended polystyrene nanocom-
posites, prepared using the 75% DPVPP modified clay. Reprinted with
permission from [S6]. X. Zheng and C A Wilkie. Polvin, Degrad. Stab.
81, 539 (2003). © 2003, Elscevier

difference is the “surfactant™ used for clay modification.
Specifically, triclay is a copolymer of styrene. lauryl acry-
late and vinylbenzyl chloride (VBC) and the inorganic
content of the three triclays increases from 25% in triclay
t0 37.5% in triclay 11 to 50% in triclay 111. For COPS clay,
the surfactant is a copolymer of styrene and VBC. while in
lauryl clay, the surfactant is a copolymer of lauryl acrylate
and VBC. From these data, it seems that styrene and lauryl
acrylate units alone are not as etfective as their combina-
tion. The long alkyl chain on the lauryl acrylate may affect
the nanocomposite formation in two ways: (1) increasing
the miscibility with non-polar polymers and (2) lubrication
from the alkyl chain. The presence of styrene units will
promote char formation in the presence of clay.'%

The tensile strength and modulus of the triclay
nanocomposites increase with inorganic content, but the
respective. PHRR reductions are significantly reduced
for non-polar polymer nanocomposites. which may indi-
cate poorer nano-dispersion as the inorganic content
increases. Obviously. the possibility of bridging between
clay platelets in triclay III is very high, since there is a
large excess of cations present in the surfactant. It should
be very difficult for the polymer to penetrate between
clay layers which are held together by bridging polyca-
tions, which would result in poorer dispersions. For SAN,
there is almost no difference in terms of PHRR reduction
between the three triclays, which suggests equally good
nano-dispersion, but there is a significant difference for
the other styrenics polymers. The polarity of the poly-
meric matrix may play an important role in the nanocom-
posite formation during melt compounding, as shown in
Figure 22, with highly expanded polymerically modified
clays.

Incorporating a flame retardant component, such as
a phosphate, into a polymeric “surfactant” before it is
exchanged with clay is another effective way to achieve
flame retardancy. Such a synthetic route is shown in
Figure 24. For this polymerically modified clay, at 3%
inorganic clay loading there is a 55% reduction in the
PHRR for polystyrene, and at 5% inorganic clay loading

J. Nanosci. Nanotechnol. 8, 1597—-1615, 2008

the reduction in PHRR becomes 70%. These reductions
are larger than what is seen for the typical polystyrene
nanocomposite and this must mean that the phosphate
plays an important role in the process; the corresponding
heat release rate curves are shown in Figure 25.

Other thermomechanical properties such as rheological
properties. dynamic mechanical thermal analysis'”’ were
also investigated, but only for a limited number of systems
and will not be discussed here.

7. CONCLUSIONS

A variety of types of polymerically modified clays, includ-
ing one-end terminated. a—w two-end terminated, and
multiple-cation containing polymeric “surfactants™ have
been synthesized and used for the modification of lay-
ered silicates and clays. These polymerically modified
nanofillers are usually highly expanded compared to the
common organo-clays based on cationic surfactants such
as alkyl ammoniums. The polymericall.y- modified clays
usually show outstanding thermal tstabnhly and may be
directly melt compounded with various pol)-,'mers, 168
compatibilizer or a masterbatch is not required even for
polyolefin systems. Polymerically modified clay‘and poly-
mer matrices are frequently immiscible, but with proper
desien of the polymerically modified clay and the pro-
cess;ng conditions. the clay clusters can be significantly
reducc‘-d in size and can become well-dispgrsed, and thus
nanocomposite formation can still be. aclue»ied. l.n addi-
tion, polymeric “surfactants™ as organic lrnodlﬁcatmns f(?r
clay offer unparalleled opportunities to mcorporfite addi-
tional functionalities that target specific property improve-
ments. beyond the dispersion of the fillers in the Pol'ym?r
matrix. For example, incorporating pho’sph_ate moieties in
polymeric sgurfactants” for clays can significantly reduce
the flammability of the nanocomposite.

ABBREVIATIONS

AA: Acrylamide;

CEC: Cation Exchange Capacity;

DAMB: N,N-Diacryloyl Metribuzin;

DMBA: Dimethyl Benzylamine;

DMHDA: N,N-Dimethylhexadecylamine;

DPVPP: Diphenyl 4-Vinylphenyl Phosphate;

GPC: Gel Permeation Chromatography:

IM: Imidazol;

LA: Lauryl Acrylate;

MAH: Maleic Anhydride;

MHAB: 2-Methyacryloyloxyethylhexadecyl
dimethylammonium Bromide;

MMA: Methyl Methacrylate;

MMT: Montmorillonite:

Mn: Number Average Molecular Weight;

Mw: Weight Average Molecular Weight:
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NSt: 4-Nonylstyrene:

PBd: Polybutadiene;

SAXS: Small-Angle X-ray Scattering;

St: Styrene;

TEA: Triethylamine:

TBP: Tributylphosphine:

TMA: Trimethylamine:

TPP: Triphenylphosphine;

VBC: Vinylbenzyl Chloride:

VBTACI: (ar-)Vinylbenzyltrimethylammonium

Chloride.
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