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ABSTRACT: Living free radical polymerization of a variety of monomers using dithiocarbarmate photoiniferter
modified silicate gave dispersed polymer/silicate nanocomposites, even for nanocomposites with very high silicate
contents (%63 wt %). Thus, nanocomposites containing polystyrene, poly(methyl methacrylateyepetby(ty!
methacrylate), and poly(methyl methacryléistyrene) of controlled molecular weight, architecture, and
polydispersity were prepared. Dispersion and random orientation of the silicate layers in the polymer matrix
were confirmed by both wide-angle X-ray diffraction and transmission (TEM) and scanning transmission electron
microscopy (STEM). One principal finding is that exfoliated nanocomposites with very high silicate contents
(above 20 wt %) could be used as nanoadditives or masterbatches to prepare all kinds of nanocomposites by
simple blending without always having to begin from scratch. The exfoliation remained stable to subsequent
thermal processing. The storage modulus of PMMA/silicate nanocomposite at only 3.2 wt % silicate loading was
30—40% higher than that of neat PMMA at all temperatures in the glassy region beloWy tfePMMA. The

method is versatile, simple, and applicable to many monomers and requires no additional catalyst.

Introduction The property improvement observed for nanocomposites has
been attributed in part to the large interface areas between the
inorganic component and the polymer matrix and partly to the
high aspect ratio of the silicate, both of which will increase
after exfoliation of the layers. The thickness of a single silicate
layer is about 2 nm while the length can vary from 100 nm

to tens of microns, making its aspect ratio very high, which
could lead to increased stiffness and strength. In addition, optical
clarity will be better in the exfoliated system than in cases where
the silicates remain as clusters. Hence, better property improve-
ments are expected for the exfoliated nanocomposites. In fact,
incomplete exfoliation has been shown to lead to a less effective
reinforcement. Using a three-dimensional lattice spring model,
Balazs et al. examined the mechanical properties of nanocom-
%osites and attributed increased reinforcement efficiency in
nanocomposites to platelet exfoliatiéf?* In retrospect, one
could regard the seminal work of the Toyota group, who
prepared exfoliated nylon-6/layered silicate nanocomposite that

ackaging® and high-temperature-compatible materials and has since been commercialized, as an experimental demonstra-
P ging, '9 peratu pat ! tion of the fact that exfoliated nanocomposites offer better

advance the study of polymers in confined domdns. improvement in properties!212 Their material was prepared

Two broad classes of polymer silicate nanocomposites, py in situ intercalative ring-opening polymerizationetapro-
namely, intercalatéd'"2%and exfoliated nanocomposite&}*>* |actam using MMT that was modified with,w-amino acids
have been reported. In the intercalated nanocomposites, theéand swollen by monomer.
polymer chains penetrate into the galleries between the silicate
layers in a crystallographic regular fashion regardless of silicate-
to-polymer ratio. The distance between the layersgacing)
usually increases, but the registry of the stacking is well
maintained. In the case of exfoliated nanocomposites, all the
silicate layers are delaminated into single layers and randomly
dispersed in the polymer matrix. The silicate content of an
exfoliated nanocomposite is usually lower than that in an
intercalated nanocomposite. In practice, a mixture of the two is
often observed.

In the production of modern plastics, enhancement of
properties of polymeric materials through reinforcement with
inorganic fibers, or particles of micron or greater dimensions,
is common. By contrast, polymer/layered silicate nanocompos-
ites represent a considerable advance over conventional com
positest Nanocomposites containing layered silicates of ultrafine
phase dimensions and high aspect ratios exhibit improved and
new properties compared to corresponding micro- and macro-
composites and the unfilled polymer. Significant improvements
in modulus!~® thermal stability’ heat distortion temperatufe,
barrier propertie§; 12 fire retardancy3-17 and other properties
such as dimensional stability, surface hardness, and mar
resistance have been demonstrated for various nanocomposite
In contrast to traditional composites, nanocomposites provide
the improvements at a very low silicate loading, usually below
5 wt %. They offer potential for applications in tough and heat-
resistant material®® coatings!® electronicst® catalysis!®

The Toyota results sparked intensive efforts by many research
groups to develop synthetic methods for the exfoliated nano-
composited.Dispersion from solution, emulsion polymerization,
melt dispersion, and in situ polymerization in the presence of
either reactive or nonreactive surfactant-modified silicates have
all been tried to achieve exfoliated nanocomposites, albeit with
varied succes’?22|n addition, all the methods were system-
specific; i.e., they only worked for one particular polymer or
required a particular surfactant, and the nanocomposites obtained
were mostly a mixture of both intercalated and partially
exfoliated structures. In contrast to the paucity of reproducible
* Corresponding author. E-mail: dys2@cornell.edu. methods for the synthesis of completely exfoliated polymer/

10.1021/ma049794i CCC: $33.50 © 2006 American Chemical Society

Published on Web 01/24/2006
ublished on We CDV



Macromolecules, Vol. 39, No. 3, 2006 Exfoliated Silicate Nanocompositesl021

layered silicate nanocomposites, the methods for preparing It follows that intergallery initiation from an anchored initiator
intercalated nanocomposites are very well establidRég2° has a good probability of providing an exfoliated nanocomposite.
Giannelis and co-workers introduced the simple melt processing As stated earlier, obtaining polymers of controlled architectures
technique that worked very well for many systet’8 Others in the nanocomposite and ensuring that each polymer chain
have used intercalation from solution or in situ polymerization carries the interacting end functional group are best ac-
of silicate-swollen monomers. complished by living polymerization methods. Unfortunately,
many living polymerizations, such as anionic, cationic, and
group transfer polymerizations, are sensitive to moisture and
minute impurities and, therefore, are difficult to perform in the

The goal of our nanocomposite program is to develop reliable
and versatile methods that ensure and maintain the random

dispersion of the single silicate layers and, simultaneously, resence of silicates, especially the naturally occurring clays
provide more control over the polymer architecture, such as p » €SP y y g cays,

forming block copolymers and facilitating controlled function- which typically contain waters of hydration and trace impurities.

alization. The best way to achieve such a control is by using Of all the polymerization methods available, free radical
living polymerization method® We hypothesized that complete ~ Polymerization is unarguably the most versatile for the following
exfoliation would result if an appropriately designed initiator "€asons: First, free radical polymerization is more tolerant of
was first firmly anchored in the galleries of the layered silicates, Moisture, air, and some impurities and is therefore more

followed by intercalating the desired monomer into the galleries cOMpatible with the hydrophilic interior of layered silicates
and then initiating the monomer polymerization inside the whose adsorbed water is difficult to remove by drying without

galleries, because the process would give a system in Whichalterin_g the silicate structure significantly. In_fact, May;’sf work
one end of the polymer chain was strongly anchored to the 9" &nionic polymer.|zat|on.|Ilustrates .b_eau.tlfullly the difficulty
silicate layers. We first reported this concept of intergallery mvolved.ln employlng mq|sture-sen§|t|ve initiatofsSecond,
initiation from an anchored initiator in 1999.In that work, free radical polymerization 1S appl_lcat_)le to such a broad
we demonstrated that in situ alkoxyamine (or nitroxide)- spectrum of monomers that Its utilization in _the science of
mediated living radical polymerization from silicate-anchored hanocomposites will make available a large variety of polymer/
initiators was very effective in producing exfoliated polystyrene/ silicate nanocomposites.

layered silicate nanocomposites. This intergallery living po- ~ There are many elegant living/controlled radical polymeri-
lymerization method did not only ensure the exfoliation of the Zation methods to choose frothAs stated earlier, our published
silicate layers but also afforded the opportunity for a better WOrk showed that the use of silicate-anchored alkoxyamines
control over the polymer structure. Both the molecular weight (nitroxyl o_Ierlv_atlves) as the |_ntergallery polymerization initiators
and molecular weight distribution were well controlled. More Worked fine in demonstrating the concept and preparing PS/
importantly, all the polymer chains in the nanocomposite were silicate nanocomposné%.However, the method has limited
attached to the silicate layers by strong electrostatic interactions.MONOMer scope. For example, it works very well for styrene

This helped maintain the dispersion during subsequent process-";]1nd acryllate fT‘O”F’Egeafﬁ but no;g?ds Wrﬁlllior: methyl dmethacrylate
ing and, in principle, should facilitate load transfer from the NOmopolymerizatiod>=®ATRP “which has a wider mono-

polymer matrix to the silicate layers, leading to improvements mer scope, has the intrinsic problem of copper impurity in the

in the mechanical properties of the material. The importance flna:dproductllr:l aqldltlon to the almlng t::orr?ple?i!ng agen'; that
of end-functionalized polymer chains in maintaining exfoliation Z(I)l;] pﬁtehnt|a y Interact strongly with the si |(;athe Scl:” z?ce.
was later confirmed theoretically by Balazs and co-workers, who though there are reports on removing most of the Cu from
found that as the attractive interaction between the functional polymers, itis not obV|o_us to us as to how Cu could be remo_ved
. S . from the other inorganic components of the nanocomposites.
group and clay surface increased, the system exhibited isotropic hel ther research arouns have made efforts to use
morphology, corresponding to the thermodynamically stable, Nevert' eless, o . group
exfoliated nanocomposites, at relatively low clay volume ATRPin nanocomposite synthesis. Hallensle_ben and co-v_v_orkers
o ’ were the first to report on the preparation of PS/silicate
fractions: nanocomposite using ATRP2 The published XRD of their
There are other examples in the literature that suggestnanocomposite showed no peaks, but they did not provide any
exfoliated nanocomposites could form as a result of strong other data such as TEM to confirm complete exfoliation. After
interactions between the polymer’s terminal functional group this paper was submitted, reviewed, and was being revised, a
and the silicate. The synthesis of exfoliated nylon-6/layered paper from Shipp and co-workers appeared that reported the
silicate nanocomposite by the Toyota group mentioned earlier use of ATRP to prepare hanocomposites containing polystyrene,
is one example. Other research groups have since utilized themethyl methacrylate, and butyl acryldf&:cIn all cases, the
concept of intergallery polymerization with different initiators clay particles were not completely exfoliated as evidenced by
and polymerization methods to prepare several polymer/layeredthe presence of large aggregated particles in their TEM images
silicate nanocomposites. Mays et al. reported the preparationalthough XRD of their products showed no diffraction peaks.
of PS/silicate nanocomposites by in situ living anionic polym- Most recently, Li et af% reported the use of ATRP in the
erization from silicate anchored initiatotsHowever, they had preparation of PS/silicate nanocomposite using initiator-modified
to resort to a special apparatus because of the high sensitivitymagadiite. They found, as did Shipp and co-workers, that
of the anionic polymerization to moisture and minute impurities. Whereas the XRD showed no peak, the TEM revealed a mixture
In addition, the nanocomposites they obtained contained unat-of intercalated and exfoliated nanocomposite.
tached chains that had to be removed by exhaustive extraction. Reversible addition fragmentation chain transfer (RAFT),
Giannelis et al. reported the preparation of poly(caprolactone)/ another excellent living/controlled radical polymerization, seems
silicate nanocomposite by anionic ring-opening polymerization promising3°f However, this polymerization requires a co-
of e-caprolactone initiated by aminolauric acid anchored to initiator, such as BPO and AIBN, in addition to the chain
MMT.34 Dubois et al. also reported the preparation of poly- transfer agent, which would result in some of chains being
(caprolactone)/silicate nanocomposites by anionic ring-opening unanchored to the silicate layers. In addition, the mechanism
polymerization from silicate-anchored hydroxyl grodps®® of RAFT requires that the growing polymeric radical intercal%%\/
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into the silicate layers in order to undergo transfer to the tethered operating in the thetatheta geometry using Cu(4 = 1.54 A)
dithioester. Very recently and while this paper was in review, or Cr Ka (4 = 2.29 A) radiation operated at 45 kV and 40 mA.
Shipp and co-workers reported that they have prepared nano-The scanning speed and the step size used wémdrband 0.02,
composites using RAFT: Although exfoliated morphology was ~ 'espectively. Room temperature solutiéH nuclear magnetic

; ; ; NMR) spectra were obtained at 400 MHz on a VXR-
realized in cases where polymerizable surfactants were used td€Sonance ( . .

. . 400S spectrometer. Samples (25 mg) were dissolved in DMSO-
modify the clay, the observation was not general as some (1 g). Polymer molecular weights were determined by size exclusion

systems still gave mixed morphologies. chromatography (SEC) in THF using a Waters GPC with Ul-

Our goal is to use a method that would minimize the number trastyragel (Waters Associates) columns and both refractive index
of unattached chains as much as possible and have a broaénd UV detectors. Retention times were converted to polymer
monomer scope. Hence, we selected the RAFT-related methodmolecular weights using a calibration curve built from narrow
that uses dithiocarbamates as photoiniferters. Although the molecular weight distribution PS standards. Thermogravimetric
sulfur-centered dithiocarbamate radical that forms upon dis- analyses (TGA) were carried out undeg bin a Seiko thermo-
sociation of the photoiniferter could also initiate chain growth grg\{)'cf;‘/etf'c g‘ﬁeref‘“mt thermal fina|ylzeft using a heatmg(g;té N(I))f
leading to formation of unattached polymer chains, this can be 2-0 ““/min. Scanning transmission electron microscopy :
overcome through the appropriate design of the photoiniferter. was done with a 100 keV HB501/UX dedicated scanning transmis-

o sion electron microscope utilizing a cold field emission gun to

For example, use of benzyl dithiocarbamate should generate

. ) . L aproduaa a 2 Aprobe, which is scanned over the specimen. The
benzyl radical with which the sulfur-centered dithiocarbamate bright field and annular dark field images were digitally and

radical will not be competitive as an initiator. The main reaction  simultaneously acquired and stored in standard TIFF format using
that could lead to unattached chains is chain transfer to eithera Microsoft Windows-95 based interactive graphical program

solvent or other impurities. However, this would be true for all WINSTEM. The specimen was prepared by grinding the bulk

free radical methods. material in 2-propanol in an agate mortar. A holey carbon film on
The use of dithiocarbamates as photoinitiators started as earlya copper washer was then swept through the 2-propanol, picking
as 19562 put it was not until 1982 when Otsu et &p.c up numerous microscopic pieces of the material on the carbon film.

dDynamic mechanical analysis (DMA) was performed on an

developed the concept of using them as what he termed “pseud . .
velop pt ot using W pseu Injection-molded dog-bone shape of each sample using a DACA

living free radical” photoiniferters. Since then, the method has >~~~ ih & barrel 16C and "
led to the synthesis of various monofunctional, telechelic, block microinjector with a_barre| temperature at and mo
’ ! ' temperature at 80C. The DMA of the injection-molded samples

graft, star, and cross-linked polymé?.The photoiniferter a5 qone using a TA Instruments dynamic mechanical analyzer
method is applicable to a wide scope of monomers, having beenpma 2980 at a fixed frequency of 1 Hz. The temperatures studied
used in the preparation of polymers of styremehlorostyrene,  ranged from—130 to 140°C, with a heating rate of 3C/min.
p-methoxystyrene, methyl methacrylate, ethyl methacrylate, Purification of the Silicate. To a 1000 mL flask equipped with
methyl acrylate, vinyl acetate, diisopropyl fumarate, isobutyl a stirring bar was added MMT-Na (5.0 g). Deionized water (800
vinyl ether, and maleic anhydrid&3°Hence, the transplant of ~mL) was added to the flask. The mixture was stirred at room
the method into the area of polymer/silicate nanocomposites temperature for 24 h. It was left to stand for 1 week, during which

will greatly expand the scope of nanocomposites. solid particles settled. The upper portion of the dispersion was
In this paper, we report our preliminary results on the decanted into a round-bottom bottle and lyophilized to remove all

) 0 ;
preparation of exfoliated polymer/silicate nhanocomposites by Ijk;:cgfdtgat\c/’a%:;g égﬁ’vge(gz/‘gh:jn 495\,?%;)&" the amount of material
in situ polymerization from a silicate-anchored photoiniferter. i

. . ; 4-(N,N-Diethyldithiocarbamylmethyl)benzyltrimethylam-
The method worked reproducibly and is capable of producing monium Bromide (2). To a 1000 mL flask equipped with a stirring

nanocomposites of a broad range of silicate loading and polymerpar were added 4-(bromomethyl)benzyltrimethylammonium bro-
molecular weights. Taking advantage of the living characteristic mide (1) (8.60 g, 26.6 mmol), sodiurN,N-diethyldithiocarbamate

of the process, we also prepared block copolymer/silicate trinydrate (12.0 g, 53.3 mmol), and acetone (200 mL). The mixture
nanocomposites by sequential monomer addition. One principalwas stirred at room temperature for 24 h. A white precipitate formed
finding is that exfoliated nanocomposites with very high silicate gradually. The precipitate was filtered and washed with technical
contents (above 20 wt %) could readily be prepared. This is acetone (500 mix 3). The white powder was dried in a vacuum
significant since it will allow the high silicate containing ©Ven overnight. Yield: 10.4 g (98.0%)H NMR: ¢ (DMSO-d)

nanocomposites to be used as masterbatches in preparing a 14-1.20 (m, 6H), 2.98 (s, 9H), 3.#B.72 (q, 2H), 3.943.96

; : . . . q, 2H), 4.47 (s, 2H), 4.56 (s, 2H), 7.44.52 (q, 4H).
klnd_s of nano_composnes by simple blending without always A Typical Procedure for the Preparation of Photoiniferter-
having to begin from scratch.

Modified Silicate. To a 4 Lflask equipped with a stirring bar were
. . added photoiniferte? (3.69 g, 9.44 mmol) and deionized water (3
Experimental Section L). The solution was stirred for 5 min to dissolve the photoiniferter.
Materials. SodiumN,N-diethyldithiocarbamate trihydrate (996) To a separa 1 L beaker equipped with a stirring bar were added
and other common chemicals were purchased from Aldrich and purified silicate (10.0 g, 9.26 mequiv) and deionized water (1 L).
used without any further purification, unless otherwise noted. The silicate/water mixture was stirred for 10 min so that the silicate
4-(Bromomethyl)benzyltrimethylammonium bromidb (vas pre- was well dispersed in the water. The dispersion was then added to
pared using a literature proceddfeStyrene (99%) was distilled  the aqueous solution & with stirring. Stirring was continued for
over CaH under reduced pressure. Methyl methacrylate (MMA) 12 h at room temperature. After the stirring was stopped, solids
andtert-butyl acrylate {BA) were filtered through alumina B under  settled at the bottom of the mixture withir=80 min, and the
nitrogen. All purified monomers were stored undes dlver a reaction mixture was centrifuged. After removing the water, the
maximum of 2 months. Tetrahydrofuran (THF) was distilled from modified silicate was washed with water several times (& B),
sodium benzophenone undes. Nla—montmorillonite (designated  and each time the water was removed after centrifuging. The
as silicate) with a cation exchange capacity of 92.6 mequiv/100 g resulting modified silicate was freeze-dried into loose fine powdery
was obtained from Southern Clay Products, Gonzales, TX, under particles. No additional grinding was needed. Yield: 130 g (95%).
the name of Cloisite NA. A high-intensity UV lamp UVP model In general, the yield varied from 86.2 to 95.0%
B-100AP was purchased from VWR. General Procedure for Preparation of Homopolymer Nano-
Characterization. X-ray diffraction (XRD) analysis was per-  composites.To a three-neck round-bottom flask equipped with a
formed on powder samples with a Scintag X-ray diffractometer stirring bar were added the desired amounts of photoinife&%-v
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Scheme 1 Scheme 2. Representation of the Photoiniferter Intercalation
( into the Silicate Layers via lon Exchange
Se N —H
7
- Y Z—
Br SN~ S —
Na" ~ S
acetone, 24 h £
\* ~+
_ c
/’T‘ Br- /’i‘ Br 0
1 2,98% -

modified silicate, monomer, and THF (200 mL). Nitrogen gas was

bubbled into the mixture with stirring for 30 min. A UV lamp -
positioned 10 cm away from the flask was turned on and left on /; N
for 48 h. The temperature of the reaction flask was maintained Y
around room temperature by the air flow in the hood. Nitrogen gas S

was kept on throughout the whole process. At the end of the

polymerization, the UV lamp was turned off and the mixture diluted

with THF (~150 mL). The product was precipitated into methanol

(10-fold excess). The white solid was filtered and dried in a vacuum
oven. Yields are as indicated in the reaction Table8 {see text).
The above purification procedure was used for PS and PMMA.
For polytert-butyl acrylate) (BBA), the polymer/THF mixture was
kept under vacuum for 24 h to remove all the solvent and any

unreacted monomer. The resulting yellowish solid was ground into S E
powder while being cooled in liquid nitrogen. g Q 2
Preparation of Poly(styreneb-methyl methacrylate)/Silicate A
NanocompositeTo a three-neck round-bottom flask equipped with S + v,
a stirring bar were added Sil-PS nanocomposite (1.00 g) prepared /"NJ‘S "/“‘N /“N'L"S
by the preceding procedure, MMA (5.50 mL), and THF (100 mL). : | : /
The mixture was degassed by bubbling nitrogen gas through it with . B
stirring for 30 min. A UV lamp positioned 10 cm away from the 2 The dots denote the exchangeable cations (e.d) Nahe silicate
flask was turned on and left on for 48 h at room temperature. 9@lleries; plates denote the silicate layers.
Nitrogen gas was kept on throughout the whole process. At the .
end of the polymerization, the UV lamp was turned off and the 110
product was precipitated into methanol (10-fold excess). The white [
solid was filtered and dried in a vacuum oven to give SiliRS- B 1.80 nm
PMMA in 65.5% vyield. The procedure was repeated using Sil- 8000 -
PMMA (1.0 g), styrene (5.50 mL), and THF (100 mL) to give Sil- i i
PMMA-b-PS nanocomposite in 43.2% vyield. [
Reverse Cation ExchangeThe nanocomposite (1.0 g) was ~ 6000 (- 1.18 nm
dissolved in THF (50 mL), and LiBr (0.05 g) was added to the g -
solution. The mixture was refluxed undeg for 24 h. The solution e N l
was filtered through Celite. The filtrate was poured into methanol 2 4000 L
(10-fold excess) to precipitate the polymer. The product was filtered 2 - (@)
and dried in a vacuum oven. g —
E - (b
Results and Discussion 2000
Synthesis of the Photoiniferter and Incorporation into the B
Layered Silicate. The desired photoiniferter must contain a R
photoactive initiating moiety (in this case, the benzyl dithio- 0 2 4 6 8 10 12 14

Two Theta (Degrees)

Figure 1. X-ray diffraction of (a) original silicate and (b) photoiniferter-
modified silicate.

carbamate) capable of effecting living/controlled free radical
polymerization of a variety of monomers. For an anchoring site,
we chose the benzyltrimethylammonium moiety because it
cannot undergqﬁ-H Hoffman elimination at elevated temper- having cationic exchange Capacity of 92.6 mequ|v/100 g
atures unlike most of the current surfactants used in modlfylng (Scheme 2?2 The extent of the intercalation was verified by
clays. Scheme 1 shows the synthesis of the photoiniferter from XRD and TGA measurements.
4-(bromomethyl)benzyltrimethylammonium bromid.(The Figure 1 shows the XRD plots for the starting and the
displacement of the bromide by sodiujN-diethyldithiocar- modified MMT. The original MMT had an intergallery spacing
bamate occurred in a straightforward manner to give the desired(d spacing) of 1.18 nm (the value provided by supplier was
photoiniferter2 in almost quantitative (98%) yield. The reaction 1,17 nm). The product showed @ spacing of 1.80 nm,
was so clean that the 0n|y purification necessary was WaShingcorresponding to an increase of 0.62 nm, which provides

the precipitate with acetone and drying. unambiguous evidence that the photoiniferter is inside the gallery
The incorporation of2 into the silicate was achieved by of the silicate. TGA measurements gave the amount of the
simply mixing and stirring an aqueous solution2oi a stable initiator in the silicate to be 0.57 mmol/g, corresponding to 62%

dispersion of a commercially available montmorillonite (MMT) of the full cation exchange capacity of the silicate. CDV
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PS/Silicate NanocompositeThe modification of the silicate [

layers did not only provide intergallery initiating sites but also 500 -

rendered the surface of the silicate layers hydrophobic and [

therefore more compatible with the monomer. For the initiation oL
to take place inside the gallery the monomer must be able to 0 2 4 6 8 10 12 14

adequately wet the silicate layers. Two Theta (Degrees)

The concept of in situ living polymerization from the silicate-
anchored photoiniferter is illustrated in Scheme 3. The polym-
erization was carried out by simply shinning light on the stirred
reaction mixture. The polymerization results are presented in
Table 1. The silicate content varied from 0.7 to 62.5 wt %. To
obtain information about the molecular weight of the polymers,
the nanocomposite was refluxed in THF in the presence of LiBr,
leading to desorption of the polymer chains from the silicate.
The isolated polymer hat, varying from 5800 to 102 000
with polydispersity index (PDI) of ca. 1.5 for lower molecular
weight and 1.8-2.0 for higher molecular weight samples. As

Figure 2. X-ray diffraction of (a) photoiniferter-modified silicate, (b)
Sil-PS-1, and (c) Sil-PS-2.

content decreased to 27.1 wt %, the sample gave no peak in its
XRD (Figure 2c), indicating that the spacing between the silicate
layers was no longer in registry or too large and beyond the
detection limit of the instrument. This has usually been taken
as an indication of the layers becoming exfoliated or disordered.
Our results have been corroborated by electron microscopy (vide
supra). It appears that as the polymerization inside the confined
galleries progressed and both the amount and the molecular

the molecular weight increased, the silicate content decreasedweight of the polymer inside the galleries increased, the layers

This is consistent with the molecular weight being controlled
by the monomer/initiator ratio.

In general, the observed values bf, were higher than
calculated ones except for the polymer with the highest
molecular weight. Initiation efficiencies were estimated from
the ratio of observed/, to calculatedM, and found to vary
from 25% for Sil-PS-4 to 82% for Sil-PS-5. To determine the
dependence of the extent of exfoliation on molecular weight,
shed light on the stage at which the exfoliation occurred, and
confirm that the initiation occurred inside the galleries, several
runs were performed at different monomer to silicate-anchored
initiator ratios.

Each reaction was monitored by XRD (Figure 2). Sample
Sil-PS-1 (Figure 2b) corresponding to the lowest monomer/
initiator ratio and the lowest expected molecular weight showed
a peak with ad spacing of 1.92 nm, suggesting the forma-
tion of an intercalated nanocomposite. Tig of the PS in

were gradually pushed apart until they eventually became
delaminated.

In the examples provided, the exfoliation of the silicate layers
appeared to have occurred between molecular weights of 5800
and 13 600, as evidenced by the disappearance of the XRD
peaks. The XRD plots (not shown) of the remaining samples
in Table 1 having silicate contents of 26.6.7 wt % also
showed no peaks. As we have reported previothklihe
intergallery initiation and polymerization should be distinguished
from the well-known purely surface-initiated polymerization,
which we pioneered in the late 198¢%and was later developed
by many other research grou§;d by the fact that in the latter
the chains and the polymerization process are not confined in
any manner. However, once exfoliation occurs, the two pro-
cesses should become similar.

As stated above, the absence of Bragg diffraction peaks in
the XRD of nanocomposites has been taken in many instances

that sample (Table 1) was 5800 with a silicate content of to indicate exfoliation of the layers. However, there are examples
62.5 wt %. The increase in the gallery spacing is a clear in the literature where XRD failed to reveal stacks of silicate
indication that the polymerization was taking place inside the layers either because the stacks are randomly dispersed or are
galleries of the silicate layers, initially forming an intercalated present in only small amounts or because the spacing within
structure in which the chains were still short. When the the layers are beyond XRD detection lirffitHence, we sought
molecular weight increased to 13 600 (Sil-PS-2) and the silicate to obtain corroborative evidence from other techniques, such

Table 1. Preparation of Polystyrene/Silicate Nanocomposites

Mn (x1073) Mn (x1073)

samplé Sil-1° (g) styrene (mL) yield (%) (calcdy (SECY PDH Sil (wt %)e ff
Sil-PS-1 3.00 15.0 30.9 2.6 5.8 1.57 62.5 0.45
Sil-PS-2 2.50 20.0 44.0 5.9 13.6 1.52 27.1 0.43
Sil-PS-3 1.70 20.0 48.1 9.5 19.0 1.54 20.5 0.50
Sil-PS-4 5.00 50.0 42.0 7.1 28.3 1.53 17.2 0.25
Sil-PS-5 0.60 40.0 30.3 34.0 41.3 1.80 7.2 0.82
Sil-PS-6 0.50 80.0 45.5 1225 102.0 2.02 0.7 g

a Sjl-PS stands for silicate/polystyrene nanocompoS8ikhotoiniferter-modified silicate’. Calculated value based on monomer conversion and equivalent
of initiator sites.d Determined by SEC in THF Determined by TGA under at a heating rate of 5.8C/min. f Initiator efficiency.9 Cannot be determined
since observed, is lower than calculatei,. cDV
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content, 7.2 wt %. As can be seen from the micrograph, the
majority of the silicate layers observed were single layers with
random orientation. The stacks of silicate layers previously
observed for the high silicate-containing nanocomposite disap-
peared almost completely. We are not aware of any reported
exfoliated nanocomposite that contained such high silicate
contents as reported herein. This reinforces the notion that in
situ living polymerization from silicate-anchored initiators
producing silicate-anchored chains is a reliable and effective
method for preparing exfoliated silicate nanocomposites. The
Figure 3. STEM images of Sil-PS-2. Image (b) is a higher magnifica- results also reaffirm the inferences drawn from the theoretical
tion image of the marked area in image (a). work of Balazs?82931The availability of exfoliated nanocom-
i posites of very high silicate contents will advance the “mas-

Bright field image

v

3 ’

‘ terbatch” approach to nanocomposite preparation (vide supra).

The masterbatch approach entails using the high-silicate-
containing material as an additive to prepare other nanocom-
posites by simple blending. The success of the approach is
dependent on the layers remaining delaminated in the blend.

’/- For this to happen the chains must be firmly anchored to the
silicate, which is what the in situ intergallery process using
Bright field - Bright field image preanchored initiators is designed to accomplish. The use of

40nm

S1nm

the nanocomposites reported herein as masterbatches for the
preparation of other nanocomposites will be subject of separate
publications.

Nanocomposites Containing PMMA and RBA. Both
as TEM, STEM, and SEM. Figure 3 depicts the STEM image solution polymerization and bulk polymerization methods were
observed for the nanocomposite containing very high silicate utilized for the preparation of PMMA/silicate nanocomposites
content, typified by Sil-PS-2 (27.1 wt % silicate). The STEM (Table 2). In all cases, the yields were over 60%. PDI varied
revealed not only exfoliated single silicate layers with random between 1.23 and 1.73 for solution polymerization and between
orientations but also regions containing a stacking ef64 1.27 and 1.46 for the bulk process. The molecular weights
parallel silicate layers with interlayer spacings ef&nm. This increased with decreasing silicate content as previously observed
is another example where XRD did not detect the stacks whosefor polystyrene. Bulk polymerization gave a transparent solid;
layers were clearly in registry (not completely exfoliated) but at comparable silicate content, it gave polymer with much higher
had interlayer spacings beyond its detectable range. Thismolecular weight than did solution polymerization, indicating
observation reinforces the need to obtain other evidence forlower initiator efficiency in bulk polymerization. This could be
exfoliation besides XRD measurements, where possible. Thishecause the photoiniferter-modified silicate is less wettable in
is especially important in cases where silicate concentration in MMA than in THF/MMA solution, which will make the reactive
the polymer necessitates that the layers be close to one anothesites less accessible to monomer, leading to reduced efficiency
as is the case for high silicate containing nanocomposites. Asof the initiator.
pointed out by Ray and Okamoto in their comprehensive As shown in Figure 5, the XRD of the PMMA/silicate
review! the average distance between the layers in exfoliated nanocomposite samples gave no peak in all cases examined,
nanocomposites depends on silicate loading. The higher theregardless of the silicate content (up to 16 wt %). The STEM
silicate content, the more difficult it is to realize complete of Sil-PMMA-3 (Figure 6) showed single silicate layers with
exfoliation. Further examination of the micrograph of Figure 3 random orientations, confirming the formation of exfoliated
revealed that the layers in these high silicate-containing materialsnanocomposites. Okamoto et!alised organically modified
were ~400 nm long, suggesting edge-to-edge aggregation of smectite clays to prepare several PMMA/Clay nanocomposites.
two layers (the original silicate contained 100 nm layers). Their process also involved in situ polymerization but using
This type of flocculation has the effect of increasing the aspect unattached initiators. The XRD of the product showed a
ratio of the inorganic modifier, which could further enhance small peak while TEM revealed stacked silicate layers of about
the mechanical performance of the nanocomposite. Further200 nm in length and about 40 nm in thickness that
decrease in the silicate content led to better exfoliation. Figure consisted of 10 parallel individual layers that were randomly
4 shows the STEM for Sil-PS-5, which had much lower silicate distributed. Hence, the strong electrostatic interactions between

Figure 4. STEM image of Sil-PS-5. Image (b) is a higher magnification
image of the marked area in image (a).

Table 2. Preparation of PMMA/Silicate Nanocomposites

M, x 1073 M, x 10728 Sil content
entry Sil-1° (g) monomer (mL) yield (%) (calcdy (SECY PDH (wt %)e

Sil-PMMA-1 4.00 30.0 73.8 9.6 48.2 1.56 15.6
Sil-PMMA-2 3.00 40.0 73.4 17.0 64.4 1.23 10.7
Sil-PMMA-3 2.70 60.0 75.6 29.0 70.4 1.73 7.5
Sil-PMMA-4f 4.10 40.0 72.6 12.3 96.8 1.27 12.8
Sil-PMMA-5f 3.00 100.0 65.5 37.8 146.9 1.46 5.6
Sil-PtBA-1 3.50 30.0 71.2 10.0 12.6 1.63 17.8
Sil-PtBA-2 2.00 20.0 65.3 10.6 184 1.67 12.5
Sil-PtBA-3 2.00 50.0 68.2 27.6 30.5 1.67 5.7

aSil stands for silicate? Photoiniferter-modified silicate®. Calculated based on monomer conversion and incorporated initiator sSdetermined by
SEC in THF relative to PS standardDetermined by TGA under Nat a heating rate of 5.0C/min. f Bulk polymerization. CDV
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5 [ PS/silicate nanocomposite containing living PS chain ends was
§ 1000 employed to initiate living free radical polymerization of MMA
2z Tl SiLPMMA to give Sil-PSb-PMMA. In a similar manner, PMMA/silicate
§ -y nanocomposite was employed to initiate living free radical
S 500 L / SI-PMMA-S polymerization of styrene to obtain Sil-PMMBPS."H NMR
[ spectra of both polymers showed peaks from both PS and
C y PMMA. The curve for P@-PMMA shifted toward higher
0 Loy | iy T, L molecular weight, indicating increase in molecular weight. PDIs
0 2 4 6 8 10 12 14

of both polymers were between 1.56 and 1.60. Similar observa-
tions were made in analyzing the SEC of PMMA and PMMA-

Figure 5. X-ray diffraction of PMMA nanocomposites. Designations  ,.ps gptained from Sil-PMMA and Sil-PMMA-PS. and the
are the same as in Table 2. ’

Two Theta (Degrees)

data are summarized in Table 3.

Clearly, the silicate layers that were already exfoliated in each
starting homopolymer nanocomposite remained exfoliated in the
block copolymer system, suggesting that no reaggregation of
silicate layers occurred during the formation of the second block.
This is confirmed in Figure 8 which shows the XRD curves of
Sil-PSh-PMMA and Sil-PMMA-b-PS compared to the corre-
sponding homopolymer nanocomposites; all the curves showed
no peaks, indicating that, indeed, the silicate layers remain
dispersed. These observations were confirmed by TEM mea-
surements.

Dynamic Mechanical Properties. To obtain preliminary
information about the mechanical performance of the PMMA
silicate nanocomposites, DMA was performed on both the
the ammonium end groups of the photoiniferter and the clay nanocomposite and neat PMMA with similar molecular weight
layers in our example might explain the better exfoliation we (both around 50 000). The storage modulus of the nanocom-
observed. posite relative to that of neat PMMA plotted against temperature

The above process was extended to polyacrylateBAP is shown in Figure 9. The storage modulus of the nanocomposite
silicate nanocomposites were thus prepared, and the results aréemained 36-40% higher than that of neat PMMA at all
summarized in Table 2. The polymerizations gave similar results temperatures in the glassy region below Tyeof PMMA (ca.
as the polymerization of MMA in terms of yield, PDI, molecular  105°C). In the rubbery region (above tfig) the material loses
weights, and silicate contents. All the XRD (not shown) gave all mechanical integrity, as expected.
no peaks while STEM images (Figure 7) showed single silicate Demonstration of the Masterbatch Concept. Dispersion
layers with random orientations, confirming the formation of of the Silicate Layers in PS/Silicate Nanocomposite/Neat PS
exfoliated RBA silicate nhanocomposites. Blend. To demonstrate the use of high-silicate-containing

Block Copolymer Silicate NanocompositesAn important nanocomposites as a masterbatch, PS/silicate nhanocomposite
advantage offered by the living polymerizations is the capability with 20.5 wt % silicate (Sil-PS-3) was blended with neat PS in
to prepare nanocomposites containing block copolymers by THF to give a final PS/silicate nanocomposite with 4.7 wt %
sequential addition of monomers (Scheme 4). In the first trial, silicate. The resulting nanocomposite yielded an XRD CL&YfV

Figure 6. STEM image of Sil-PMMA-3. Image (b) is a higher
magnification image of the marked area in the image (a).
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Table 3. Preparation of Block Copolymer/Silicate Nanocomposites
starting second yield M,x 1073
nanocomposite (g) monomer (mL) (%) (SEC} PDR
Sil-PS 11.0 1.60
Sil-PS (0.50) MMA (20.0) 65.5 25.8 1.56
Sil-PMMA 29.1 1.43
Sil-PMMA (0.50) styrene (20.0) 43.2 47.8 1.59

aDetermined by SEC in THF relative to PS standards.
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Figure 8. X-ray diffraction of block copolymer/silicate nanocompos-
ites: (a) Sil-PS, (b) Sil-P8-PMMA, (c) Sil-PMMA, and (d) Sil-
PMMA-b-PS.
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Figure 9. Relative dynamic storage modulus vs temperature plot of
PMMA/silicate nanocomposite with 3.2% silicate content.

(not shown) with no diffraction peak while STEM (Figure 10)

Y
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Figure 10. STEM of PS/silicate nanocomposite/neat polystyrene blend
(4.7 wt % silicate overall).

3) were absent. Since the neat PS was chemically identical to
the PS in the nanocomposite additive, the two are totally
miscible with each other, leading to the PS covered silicate
layers being dispersed evenly in the neat PS matrix to give a
fully dispersed morphology. Application of the concept to other
systems such as SBS, PMMA, PE, and PP is in progress and
will be the subject of a separate publication.

Conclusions and Summary

In an effort to extend our method of direct preparation of
dispersed polymer silicate hanocomposites via in situ living
polymerization from silicate anchored initiators to other poly-
mers, we have designed and prepared a dithiocarbarmate
photoiniferter-modified silicate. Subsequent living free radical
polymerization of a variety of monomers gave dispersed
polymer silicate nanocomposites. Thus, PS, PMMA, atisAP
silicate nanocomposites were prepared with controlled molecular
weight and PDI. Dispersion of the silicate layers in the polymer
matrix was confirmed by both XRD and STEM. In all the
samples prepared, the polymer chains remained attached to the
silicate layers by strong ionic interactions. The PMMA/silicate
nanocomposites prepared showed higher storage moduli com-
pared with neat PMMA. Employing the technique of sequential
monomer addition, polystyrenepoly(methyl methacrylate)
silicate nanocomposites were prepared. Either the PS or the

showed that the silicate was dispersed into single layers with PMMA chain end could be attached to the silicate layers. The

random orientations. The bundles of layers withspacing
around 6-8 nm observed in the original nanocomposite (Figure

block structure was confirmed by SEC and NMR. XRD showed
that the silicate layers were disordered in the polymer mag%v
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