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50 mm long. with an Instron 1122 dynamometer at 20 'C .  Pneumatic clamps 
were used, and an extension rate of 2 mm/min was apphed, with a gauge width 
of 10 mm. 

To determine the equilibrium water sorption, polymer samples were previ- 
ously conditioned at 100-C in vacuum over P,0, and then placed in a desicca- 
tor where 65% r.h. was maintained by means of NaNO, at 20°C (ASTM 
D1041, 51). and were periodically taken oiT and weighed. 
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A large number of methods have been developed for the 
preparation of stable gold colloids in aqueous 
Usually HAuCI, is dissolved in water and reduced by vari- 
ous agents.['] The particles are stabilized by an electric 
double layer which prohibits aggregation. Thus, highly re- 
producible sols with monodisperse particles (diameter ca. 
18 nm) can be prepared using sodium citrate as a reducing 
agentr6] The particle size depends on the gold salt and 
sodium citrate concentration. 

Usually, polymer protected noble metal colloids are pre- 
pared by reduction of the particular noble metal salt in 
aqueous polymer solution.['] However, commonly used wa- 
ter-soluble polymers are often not suitable for film applica- 
tions because of the problem of water uptake, and apolar 
polymers are required for many applications. 

Direct transfer of colloidal metal particles from organic to 
aqueous solution was reported by Liu and Toshima.['I Low 
molecular weight phosphine ligands were used as transfer 
agents. In order to transfer metal particles from an aqueous 
to an organic phase, they first had to be flocculated. 

Our present work has focused on the direct transfer of 
small gold particles with a narrow particle size distribution 
from an aqueous sol into a nonaqueous, non-polar polymer 
solution. The aim has been to extract an aqueous gold sol 
with a polymer solution which is not miscible with the water 
phase. 

Block copolymers can provide a route to overcome the 
problem of conflicting requirements-polymer -gold inter- 
action and the desired hydrophobicity. In solution, block 
copolymers consisting of a long hydrophobic block and a 
short block of polar units can form micelles. In the bulk, 
these block polymers form films where the polar blocks asso- 
ciate to small spheres embedded in a matrix of the non-polar 
block.['] 

The core of the micelles or the polar domains of the 
films is expected to serve as a receptor for the colloidal par- 
ticles. Microdroplets of water can be formed in the non- 
aqueous phase if the polymer serves as a surfactant. The 
smallest droplets can be expected to contain only one or a 
very few gold particles. When the nonaqueous and the 
aqueous phase are separated and the nonaqueous solvent is 

Extraction of Aqueous Gold Sols with Styrene/ 
2-Vinylpyridine Block Copolymers in Toluene** 
By Arno Roescher and Martin Moiler* evaporated, the particles will also lose their water shell and 

Polymers containing small noble metal particles 
( < 20 nm) are of interest for catalytic applications, e.g., the 
hydrogenation of double bonds.[', *I Furthermore, noble 
metal nanoparticles such as gold and silver colloids exhibit 
interesting optical size-dependent behavior.[31 Thus, films 
containing noble metal nanoparticles are of potential inter- 
est because of their unique and tunable optical properties. 

[*] Prof. M. Moiler,[+' G. A. Roescher 
University of Twente, Department of Chemical Technology 
P 0. Box 217, 7500 AE Enschede (The Netherlands) 

the gold particles will be embedded in a matrix formed by the 
polymer. In this case the volume ratio of water and the 
nonaqueous phase is important. 

Styreiie/2-vinylpyridine block copolymers (PS-b-P2VP) 
have been shown to be good stabilizers for colloidal gold, 
prepared by reduction of tetrachloroauric acid in toluene.["] 
Consequently, it appeared promising to employ them for 
extraction experiments. 

Table 1 lists the block copolymers used in these experi- 
ments. For comparison, a random copolymer was also pre- 
nared. The Dolvmers were dissolved in toluene and the solu- 

1 ,  

['I Present adress: University of Ulm, Department of Organic Chemistry 111, tiolls strongly agitated with a freshly prepared aqueous 
Macromolecular Chemistry, D-89069 Ulm (Germany) 

[**I The authors thank Anna Malin Olsson and Ruud van Holland for exper- suspension' it was Observed that after 
imental help and Tomasz Kachlicki for his assistance with the TEM. stirring the toluene phase became pink (block copolymer 
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Table 1. Styrenej2-vinyIpyridine copolymers, mol% 2VP obtained by elemental 
analysis of nitrogen, except in the case of poly(S-ro-7VPlO %), where it is based 
on composition of the reaction mixture. 

52000 1.60 

solutions) or even violet (random copolymer solution), while 
the aqueous phase completely lost its color, which indicates 
that transfer of gold particles took place. 

Figure 1 shows UV-vis spectra of the original gold sol, and 
of a block copolymer as well as a random copolymer-gold 
solution after extraction. UV-vis spectra are strongly depen- 
dent on particle size." 'I For the range of sizes investigated 

300 500 700 
wavelength (nm) 

Fig. 1. UV-vis spectra of' colloidal gold. 1 = Original gold sol, 2 = gold par- 
ticles transferred to block copolymer solution, 3 = gold particles transferred to 
random copolymer solution. 

here, the color of colloidal gold shifts from wine red via 
violet to blue as the particle size increases. All UV-vis spectra 
of the polymer-gold solutions showed a shift of the plasmon 
absorbance peak from 515 nm to higher wavelengths. The 
shift is particularly apparent in the case of the random co- 
polymer of styrene and 2-vinylpyridine. 

The color change of the colloidal gold from wine-red to 
pink or violet during the extraction process could be due to 
two effects. i) Organic groups are adsorbed on the gold sur- 
face and could cause the shift in the absorption maxima. This 
also implies a change of the dielectric medium and therefore 
the refractive index of the medium which influences the ab- 
sorbance behavior of the particles as well.['21 ii) The color 
changes from red to purple or blue, because of an increase of 
the gold particle size, i.e. aggregation of particles. 

It is likely that larger aggregates of gold particles are 
formed in the case of random copolymers, because the ran- 
dom copolymers cannot form micelles where the colloidal 
particles in the core are shielded by a hydrophobic shell. This 
is confirmed by the hyposochromic shift compared to the 
block copolymer solution. 

By means of transmission electron microscopy it could be 
shown, that the broad plasmon peak which was found for 
the gold after extraction with the random copolymer is 
caused by large aggregates. Figure 2 shows that the gold 

200 nm 

Fig. 2. TEM pictures of polymer-extracted colloidal gold. Top) Random 
copolymer, bottom) copolymer. 

particles are more or less isolated in the block copolymer, 
although, in the random copolymer, aggregates containing a 
large number of gold particles can be seen. 

As already noted, the volume ratio and the concentrations 
of the gold sol and the polymer solution are expected to play 
an important role. Therefore, a series of extraction experi- 
ments was performed whereby the concentrations of the 
polymer and gold solutions were varied systematically. In all 
experiments, the total amount of gold was constant at 
4.2 x mol. The number of the functional polymer 2- 
vinylpyridine groups was also kept constant at 
2.5 x mol. The volume of the solvents, i.e., water and 
toluene, were varied. 

TEM pictures were taken from the polymer gold com- 
posites in order to analyze the aggregates and the number of 
particles in the aggregates. The number average aggregation 
number A,, and the weight average aggregation number A, 
were calculated. The ratio A,,A, can be interpreted as a 
measure for the dispersity of the size of the aggregates. For 
V,,,,, = 30 ml and V&,ne = 40 ml, histograms with an ex- 
ample of a TEM image are presented in Figure 3, showing 
the distribution of aggregates of particular size. Extraction 
results are summarized in Table 2. 

As can be seen from the TEM images, most of the particles 
were transferred into the polymer solution without or with 
little aggregation. The aggregates were typically not bigger 
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V-*, V,.,.... Va,,NtgtUena PS(325)-b-P2VP(75) PS(350)-b-P2VP(50) 

30 20 1.5 1.40 1.95 1.62 232  

15 20 0.75 1.47 203 1.39 176 

(ml) (mL) h & h A " h A "  

30 40 0.75 1.22 1.47 134 1.67 

ADVANCED 
AATERCAI 

PS(375)-b-P2VP(25) 

2.67 407 

2.18 318 

2.58 377 

Particles per aggregate 
Fig. 3. Size distribution of aggregates obtained by TEM analysis of polymer/ 
gold solutions after extraction. V,,,,, = 30 ml and Koluaac = 40 ml. Before ex- 
traction: [Au],,,,, = 0.140 mmol/l, [2VP],,,,,,, = 0.613 mmol/l. 

than 8 particles. The best results were obtained when both 
gold sol concentration and polymer concentration were kept 
low and when the block copolymer with the longest poly(2- 
vinylpyridine) block was used. Generally, it can be stated 
that the results deteriorated with decreasing P2VP block 
length. 

pends on the block length of the functional P2VP block. 
When this functional block is small, more and bigger aggre- 
gates are found. This might be due to the reduced likelihood 
for the formation of micelles. 

In addition, not only the concentrations of the functional 
polymer groups but also the concentration of the gold par- 
ticles in the aqueous sol influence the extraction results 
strongly. When the gold concentration is too high, large 
aggregates are formed in the polymer solution. 

Experimental 
Materials: HAuCI, (Janssen) and sodium citrate (Merck) were used as re- 

ceived. Styrene (Merck) and 2-vinylpyridine (Merck) were distilled twice over 
calcium hydride under an argon atmosphere before use. Toluene (Merck, p. A,) 
was distilled over potassium/benzophenone under argon when used for poly- 
merization, 2,2-azoisobutyronitrile (Merck) was used as received. Water was 
demineralized before use. 

Polymerizations: Block copolymers were synthesized by means of anionic 
polymerization under argon in tetrahydrofuran (THF) using ampoules fitted 
with teflon stopcocks as described elsewhere[l3]. Random copolymers were 
obtained by polymerization in toluene. 20 ml styrene, 2 mi 2-vinylpyridine and 
0.1 g AIBN were dissolved in 80 nil toluene and twice degassed. The mixture 
was refluxed for 5 days under nitrogen. Finally, the solvent was removed by 
evaporation under reduced pressure. The white product was twice precipitated 
from THF in methanol and dried under vacuum at 50 "C overnight. 

Gel permeation chromatography (GPC): GPC measurements were per- 
formed with 10 mg/ml solutions in THF on a system consisting of a Pharmacia 
P-500 non pulsating pump coupled with p-Styragel columns (10' A, lo4 .& and 
lo3 8, pore sizes) and a 500 8, guard column. Elution was monitored with a 
Waters R 403 differential refractometer. Elution volumes were converted to 
molecular weights based on a calibration with narrow molecular weight 
polystyrene standard samples. 

Synthesis of the aqueous gold sol: 0.1388 g HAuCI, was dissolved in 1150 ml 
demineralized water. The yellow solution was refluxed. While stirring, 50 ml 
1 Yo sodium citrate solution in water was added. Discoloration was observed 
(from yellow via gray and violet to deep red). A diluted sol was obtained by 
taking SO0 ml of the sol described above and adding 500 ml demineralized water 
under heavy stirring. In this way, gold particles in the more diluted sols were the 
same as those in the more concentrated sol. Both solutions were kept under 
nitrogen at 8 "C and remained stable during the time needed for the experi- 
ments. 

Extraction: Polymer solutions in toluene (various concentrations) were 
added to gold sols in water of different concentrations. The solutions were 
rapidly stirred for 30 min, resulting in a pink-violet emulsion. To allow the 
phases to separate again, the emulsions were allowed to stand overnight. A clear 
organic phase was obtained. 

UV-vis: Measurements were carried out on a Uvikon 930 (Kontron). 0.04 g 
of copolymer (Poly(S-c0-2VPlO%) or PS(350)-b-P2VP(50)) was dissolved in 
40 ml toluene and the solution was added to 40 ml of the standard gold sol while 
stirring. UV-vis spectra of the organic phase were obtained after separation 
from the water phase. 

Transmission electron micrographs (TEM): A drop of a polymer-gold solu- 
tion was put on a 200 mesh carbon coated copper grid. The drop was immedi- 
ately soaked into an underlying paper leaving a thin colloid film behind. Micro- 
graphs were recorded on a JEOL JEM-2OOCX electron microscope. Images of 
1.2 x 0.9 mm were evaluated by counting the number of aggregates for each 
aggregation number. From each extraction product, 700 to 1200 gold particles 
were counted to get a reliable overview. 
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New Polymer Electrolyte Nanocomposites: Melt 
Intercalation of Poly(ethy1ene oxide) in 
Mica-Type Silicates ** 
By Riclzard A .  Vuia, S. Visudeevan, Wlodzimierz Krawiec, 
Lawrence G. Scunlon, and Emmanuel P. Giannelis* 

Batteries based on polymer electrolytes are the subject of 
active R &  D competition worldwide. One of the most 
promising ways to improve the electrochemical performance 
of polymer electrolytes is by the addition of inorganic 
fillers.[' ~ 41 The resulting composite polymer electrolytes 
(CPE) display enhanced conductivity, mechanical stability 
and improved interfacial stability towards electrode materi- 
als. Despite the improved properties of CPE, however, their 
application in rechargeable lithium batteries is still hindered 
by low ionic conductivity at ambient temperature, low lithi- 
um transport number and difficulties in processing. 

Polymer nanocomposites might be an alternative to con- 
ventional CPE. Because of the significantly reduced dimen- 
sions of the filler and the polymer matrix (IGlOOnm), 
nanocomposites often exhibit new and improved properties, 
when compared to their micro- or macrocomposite counter- 
parts. One of the most promising ways to synthesize polymer 
nanocomposites is by intercalating polymers in layered inor- 
ganic  host^.[^-^^] Previous efforts have focused on a) inter- 
calation of a suitable monomer followed by polymerization 
or b) polymer intercalation from solution. 

We have recently reported a more versatile and environ- 
mentally benign approach based on direct polymer melt in- 
tercalation.[221 The process involves heating the polymer 
with an alkyl ammonium-exchanged layered silicate above 
the melting or glass transition temperature for crystalline or 
amorphous polymers, respectively. In this paper we report 
on direct polymer intercalation of poly(ethy1ene oxide), 
PEO, in Na" or Lie-exchanged layered silicates and describe 
the properties of the resulting nanocomposites. 

[*] Prof. E. P. Giannelis, Dr. R. A. Vaia. Dr. S. Vasudevan 
Department of Materials Science and Engineering 
Cornell University, Bard Hall 
Ithaca, NY 14853 (USA) 
Dr. W Krawicc. Dr. L. G. Scanlon 
Wright Laboratory 
Wright-Patterson Air Force Base. OH 45433 (USA) 

[**I This work was sponsored in part by Corning, lnc.. and by generous gifts 
from Xerox and Southern Clay Products. RAV is supported hy a DoD 
Fellowship. We benefitted from the use of MRL Central Facilities funded 
by the National Science Foundation. 

Intercalation of PEO in layered silicates is accomplished 
by heating the polymer with the host at 80 "C. For example, 
0.28 g of PEO (M,  = 100000, PolySciences), and 0.72 g of 
Na@-montmorillonite (SWy-1, University of Missouri Clay 
Source Repository, cation exchange capacity 80 meq/100 g) 
were thoroughly mixed in an agate mortar, formed into a 
pellet using a hydraulic press and a pressure of 70 MPa, and 
heated at 80 "C in ambient atmosphere.[231 Although we fo- 
cus on Nao-montmorillonite, both Na@- and Li"-ex- 
changed forms behave similarly. 

Figure 1 shows the X-ray diffraction pattern of PEO/ 
Na@-montmorillonite hybrid before heating and after two 
and six hours at 80 "C, respectively. The X-ray pattern before 
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Fig. 1. X-ray diffraction pattern of PEOINa-montmorillonite hybrid heated to 
80 T for 0 .2  and 6 hours 

any heating contains peaks characteristic of both pristine 
silicate (d = 11.4 A) and crystalline PEO (4.6,3.8 and 3.2 A). 
After heating to 80 "C,  the intensity of the peaks correspond- 
ing to the unintercalated silicate and crystalline PEO is pro- 
gressively reduced while a set of new peaks appears corre- 
sponding to the PEO-intercalated silicate. After six hours, 
only reflections corresponding to the PEO-intercalated sili- 
cate are observed signifying the completion of intercalation. 
The primary repeat unit (d-spacing) of 17.7 A is identical to 
that previously obtained for PEO intercalation from solu- 

Additional evidence for PEO intcrcalation is provided by 
Fourier transform infrared spectroscopy. The infrared spec- 
trum of the intercalated sample contains absorptions charac- 
teristic of PEO superimposed on those from the layered sili- 
cate. In contrast to the spectrum of native PEO, however, the 
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