single, spin-polarized electronic ground
state, separated from all excited states by an
energy gap A, with A >> 0.1 meV (the
thermal energy kT at 1.2 K). Nuclear spin-
lattice relaxation can occur only in the
excited states, making 1/T, small and tem-
perature-dependent. For 2/3 < v < 1, there
is a manifold of low-energy -electronic
states, with energy width 8. These states
have varying degrees of electron spin polar-
ization, so that nuclear spin relaxation can
take place rapidly within the low-energy
manifold [and Af is smaller than at v =1, as
observed™ (9)]. If 8 < 0.1 meV and A’ >>
0.1 meV, 1/T, will be nearly temperature-
independent over the range of our measure-
ments (16). At v = 2/3, there is again a
single electronic ground state, separated
from higher energy states by A”. If A” = 0.1
meV, 1/T, .is again relatively small and
temperature-dependent (17). The reduced
spin polarization of the low-energy states for
2/3 < v < 1 (and of the excited states), the
energy gap A", and the energy width 8 are
consequences of electron-electron interac-
tions. This picture of the many particle
states is generally consistent with transport
measurements (1, 18), which show A" ~
0.1 t0 0.5 meV atv = 2/3 and 9.39 T, and
calculations (19), which suggest that the
spin polarization of the low-energy states at
v = 1 = ¢ is strongly reduced by electron-
electron interactions. Our results show that,
in a real 2DES, there exist nearly degener-
ate electronic states with different values of
(S,) and suggest that the energy gaps for
electronic spin excitations at v = 2/3 and
v = 1 are similar to the energy gaps for
charge excitations.

A more quantitative understanding of
the energy splittings and spin polarizations
is to be expected from additional OPNMR
measurements. Although samples with mul-
tiple quantum wells were used in the exper-
iments reported here, the OPNMR signals
from the wells are sufficiently strong and
resolved from barrier and substrate signals
that similar measurements on single quan-
tum wells (<10' "'Ga nuclei) should be
possible.
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Monodisperse Metal Clusters 10 Angstroms in
Diameter in a Polymeric Host:
The ““Monomer as Solvent’’ Approach

Josh H. Golden, Haibin Deng, Francis J. DiSalvo,
Jean M. J. Fréchet,* Patrick M. Thompson

A general methodology is presented for the dispersion of an inorganic compound
within an organic polymer host through the use of solubilizing and polymerizable
ligands. The dispersion of metal cluster cations 10 angstroms in diameter within a
polymer host is achieved by free-radical polymerization of the hexafunctional metal
cluster [MogClg(NVI)l(triflate), with bound polymerizable ligands in N-vinylimidazole
(NVI) solutions. Copolymerization of the activated cluster-bound ligands with the sur-
rounding medium probably plays a key role in preventing aggregation and produces
near monodisperse molecular clusters within the polymer matrix.

Intense research efforts are now being fo-
cused on the design and fabrication of ma-
terials that contain metal nanoclusters (1 to
10 nm) because of real and potential appli-
cations of these materials in optics and
electronics (I). Nanoscale metal clusters
display a variety of useful physical proper-
ties including catalysis (I, 2), magnetism
(3), and size-dependent light absorption
(the quantum size effect) (1, 4, 5). A major
challenge in the preparation of these mate-
rials is the prevention of both phase sepa-
ration and aggregation of the clusters with-
in the host matrix. Strategies used to con-
trol cluster aggregation, size, and morphol-
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ogy include the electrochemical synthesis of
surfactant-stabilized clusters (1), in situ for-
mation of metal clusters in the polar seg-
ments of diblock copolymers (5), and metal
vapor deposition (1, 6). We now report a
general methodology for the preparation of
near monodisperse nanoclusters in a poly-
mer host by cluster copolymerization with a
solubilizing monomer-solvent medium.
Our strategy, .termed the “monomer as
solvent” approach, involves the design of a
monomer that can act as both a ligand and
a solvent for the metal nanoclusters. In this
approach, phase separation is not expected
because the vinyl-functionalized clusters are
an integral part of the polymerization sys-
tem. In effect, they act as the loci for cross-
linking of the surrounding dispersing medi-
um. To achieve this goal, it is first necessary
to identify a polar organic solvent that also
acts as a ligand. Structurally related mono-
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mers that retain the solubilizing character-
istics of the nonpolymerizable solvent are
then examined. Some possible solvent and
monomer combinations are illustrated in
Fig. 1. Finally, the inorganic compound is
dissolved in the monomer in which ligand
exchange occurs. The resulting homoge-
neous solution is then subjected to free-
radical polymerization that is initiated ei-
ther thermally or photochemically.

This design allows the dispersion scale to
be tuned by adjustment of the concentra-
tion of the dissolved clusters in the mono-
mer solution. The kinetics of polymeriza-
tion must be fast in order to ensure that the
gel point is reached early, so that phase
separation or aggregation processes do not
occur. Because the polymerizable ligands
are bound to the cluster surface, the goals of
fast solidification and chemical association
of the metal clusters with the supporting
matrix are achieved simultaneously.

The family of metal clusters we chose for
dispersion is [Mo Clg(L)]", where n = 4+
when L is a neutral ligand, or n = 2— when
L is a monovalent anion. The photoredox
and luminescent behaviors of these clusters
may be tuned by varying the identity of L,
and they are chemically stable in corrosive
media (7). The structure of [Mo Clg(L)4]" is
represented in Fig. 2 (8, 9). We have used
the metathetic substitution chemistry devel-
oped by Johnston, Shriver, and co-workers
(9) to prepare the metal cluster with bound
monomer ligands. The six N-vinylimidazole
(NVI) ligands are bound to axial positions of
the cluster by replacement of weakly bound
triflate (OTY) ligands (scheme 1; Bu, butyl;
ppt, precipitate); an excess of NVI is used

Solvent Monomer

§ . .
S
NMI NVI

Fig. 1. Polar solvents and their respective mono-
mer counterparts with similar solubility properties:
propylene carbonate (PC) and vinylene carbonate
(VC); N-methylpyrrolidone (NMP) and N-vinylpyr-
rolidone (NVP); N-methylimidazole (NMI) and N-
vinylimidazole (NVI).
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during the preparation to ensure complete
substitution.

(NBu),[MogClg(OTH)g] + 12 NVI

CH,Cl, l 23°C
[MogCla(NVI)6)(OT) 4 (ppy) + 2NBU,OTF + 6 NVI

Analyses of the yellow polycrystalline
[Mo Clg(NVI)J(OTf), by 'H nuclear mag-
netic resonance ('H NMR), ultraviolet-vis-
ible (UV-vis), and infrared (IR) spectrosco-
py confirmed that the NVI ligands are
bound to the octahedral Mo framework.
The 'H NMR signals of the six NVI protons
are shifted downfield significantly as com-
pared to unbound NVI (10). The polariza-
tion of the electron density from the NVI
ligands toward the 4+ charged cluster is
also observed in the UV-vis spectrum of the
cluster. The 7 to w* transitions for the
bound NVI ligands (190 and 204 nm) are
shifted to higher energies as compared to
unbound NVI (196 and 238 nm). This shift
is due to the lower energy of the bound NVI
highest occupied molecular orbital, result-
ing in a greater gap between the highest
occupied molecular orbital and the lowest
unoccupied molecular orbital. The broad
ligand-to-metal charge-transfer band char-
acteristic of this class of metal clusters is
also observed at 350 nm (9). The IR spec-
trum displays absorptions that are attributed
to unbound OTT species, as well as bound
NVI ligands (11), and the elemental anal-
ysis is consistent with the assigned stoichi-
ometry (12).

The cluster-polymer dispersion was pre-
pared by bulk polymerization of the light
yellow solutions of [Mo,Clg(NVI)(OTT),
clusters in the NVI monomer-solvent. After
addition of 1 mol % of 2,2'-azobis(isobuty-
ronitrile), the free-radical initiator, the
transparent homogeneous 0.10 and 0.50 M
cluster-monomer solutions contained in ar-
gon-purged sealed ampoules were cured by
immersion in an oil bath equilibrated at
70°C for 24 hours. Complete solidification
was observed within 15 to 20 min, with
some darkening to yellow-amber. Despite

L
Cl———Ci

Fig. 2. The [Mo Clg(L)¢]” (n = 4+ or 2—) cluster
consists of an octahedral framework of Mo atoms,
substitutionally inert face-capping Cl atoms, and
six axial ligands L, that may be neutral or may have
acharge of 1—.

SCIENCE »

VOL. 268 ¢ 9 JUNE 1995

this slight darkening, no new absorptions
were observed in the visible spectrum of the
polymerized solid. In contrast, polymeriza-
tion of neat NVI under identical conditions
produced no color change or darkening, and
solidification only appeared complete after

Fig. 3. (A) Phase-contrast bright-field image and
(B) Z-contrast dark-field image of 0.50 X 10°3 M
cluster material at 10® magnification. The average
features are ~10 A in diameter, which corre-
sponds to the ionic radius of a single [MogClg]**
cluster. The horizontal field of view for both images
is 103 A. (C) A constellation of clusters ~10 A
in diameter at 7.8 X 10° magnification. The hori-
zontal field of view is 128 A.




2.5 to 3 hours. The 10-fold decrease in time
to solidification is the result of the cross-
linking derived from the incorporation of
the hexavinyl clusters into the polymeriza-
tion mixture.

The extent of swelling of a polymer is
generally inversely proportional to its degree
of cross-linking. Poly(NVI) prepared under
identical conditions is soluble in dimethyl
sulfoxide (DMSQO). In contrast, the opaque
0.10 M cluster-polymer dispersion swelled to
twice its size after 24 hours at 23°C. After 1
month of equilibration, the UV-vis spec-
trum of the yellow DMSO extract displayed
a broad absorption at ~270 nm, character-
istic of the cluster-DMSO adduct (13). This
result suggests. that DMSO is a stronger
binding ligand than NVI and is thus able to
extract some of the clusters from within
their polymer matrix.

The highly cross-linked, transparent
0.50 M cluster-polymer displayed little or
no swelling in deuterated DMSO (DMSO-
dg), even after 6 months at 23°C. If we
assume cluster—bound NVI copolymeriza-
tion and six cross-linking sites per cluster,
an increase in [Mo,Clg(NVI)J(OTf), con-
centration from 0.10 to 0.50 M provides a
30-fold increase in cross-linking sites, re-
sulting in a material with a very high cross-
link density. The glass transition tempera-
ture (T ) data are consistent with this ex-
pected increase in cross-link density as T,
values increased from 164°C for neat
poly(NVI) to 220°C for the 0.10 M cluster-
polymer and 257°C for the 0.50 M material.

Time-of-flight secondary-ion  mass
spectrometry (TOF-SIMS) is a useful
technique for probing the surface (=20 A)
composition of polymers and composites
as well as metal clusters (14, 15). Because
the 0.50 M cluster-polymer is insoluble,
we used TOF-SIMS to probe the interac-
tion of the clusters with the poly(NVI)
host. The positive ion TOF-SIMS spectrum
of [MogClg(NVI)((OTY), displayed the ex-
pected isotopic array of peaks for intact
Mo Clg(NVI) J** (x = 0, 1, 2) clusters at
860, 954, and 1048 atomic mass units (amu),
in addition to peaks corresponding to
(MosClg)**, (Mo,Cl,)**, and the array of
Mo™ isotopes centered at 96 amu. In con-
trast, intact [Mo,Clg(NVI).J** (0 = x =< 6)
clusters could not be observed in the positive
ion spectrum of the 0.50 M cluster-polymer,
reflecting the low probability of desorption
of an intact, multiply bound cluster from the
polymer matrix. The bound clusters at the
surface of the 0.50 M material were decom-
posed by the Ga™ beam of the spectrometer,
as revealed by the positive-ion spectrum,
which displayed the array of elemental Mo
isotope peaks, albeit at significantly lower
intensity than that observed for the neat
cluster spectrum. The negative ion spectrum
of the cluster-polymer displayed a variety of

low-mass species, including Cl~ and OTY.

We probed the nanoscale homogeneity
of the 0.50 M cluster-polymer, from 200 to
50 nm, by quantitative scanning electron
microscopy (SEM) and x-ray powder dif-
fraction. The SEM microprobe analysis,
conducted in terms of Mo Ka ratios, con-
firmed the elemental homogeneity of the
concentrated 0.50 M material. Random ar-
eas of the sample scanned with electron
beam diameters from 20 um to 200 nm
(respective volumes of 300 wm® and 3 X
10* nm?) yielded a Mo content of 13 to
15% (by weight) versus a theoretical value
of 13.6%.

The x-ray powder diffraction pattern of
[Mo Clg(NVI)J(OTY), revealed the crys-
talline nature of the cluster-monomer ad-
duct. The highest intensity peak at ~26 =
6.5° (0 is the dispersion angle; the inter-
atomic d spacing is 14.75 A) is consistent
with the large unit cell parameters report-
ed for similar cluster compounds (8, 9). In
contrast to the case for crystalline
[Mo(Clg(NVI)J(OT),, the x-ray powder
diffraction pattern of the 0.50 M cluster-
polymer material revealed nothing beyond
noise level in a typical scan from 20 = 5°
to 80°. The fact that no sharp diffraction
peaks were observed indicates that no
crystalline cluster aggregation (>50 nm
particle size) within the polymer host had
occurred.

We carried out angstrom scale analysis
through scanning transmission electron
microscopy (STEM) and energy-dispersive
x-ray absorption (EDAX) (16). Samples
for these analyses were prepared by poly-
merization of the cluster solutions on C-
coated Cu grids under Ar. Phase-contrast
(bright-field) and Z-contrast (dark-field) (Z
is atomic number) images of the 0.50 M
cluster-polymer at 10° magnification did not
display discrete metal clusters or aggregates
and showed only the mottled appearance
that is typical of an amorphous polymer.
This finding suggests that, even at relatively
high concentrations, the Mo clusters are
near monodisperse and do not phase-sepa-
rate. However, at this concentration, “over-
lap” of the ~75,000 clusters in the beam
volume of 1000 A by 1000 A by 250 A
prevents observation of an individual cluster
cation 10 A in diameter (17).

To image an individual cluster, we found
it necessary to dilute the clusters in the
polymer by a factor of 1000. A dilution to
0.50 X 1072 M corresponds to only ~75
clusters per image volume; as a result of this
dilution, the clusters are less likely to over-
lap in the beam volume. The STEM images
of the 0.50 X 107> M cluster-polymer (Fig.
3, A and B) show a populationo of cluster
sizes ranging from 10 to 30 A in both
phase-contrast and Z-contrast modes. Be-
cause of the depth of focus of the imaging
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technique (~400 A), the small range of
sizes may be a result of some cluster overlap
in the field of view or of cluster copolymer-
ization. Figure 3C shows a “constellation” of
monodisperse clusters ~10 A in diameter.
EDAX analysis of the individual clusters and
bulk areas (10* A?) yielded weight percent
values consistent with intact [Mo Clg]" clus-
ters (18). In EDAX mode, decomposition of
the individual clusters in the stationary
beam (~10 A beam diameter) was observed
in 2 to 5 s; therefore, we found it necessary
to sample at least 10 clusters to obtain sta-
tistically significant data.

The homogeneity of the cluster disper-
sion is generally very good in most random
sample areas where the clusters are easily
imaged by STEM. Although Fig. 3B shows
an average of 120 * 11 clusters versus the
estimated value of ~75 clusters per image
volume, this difference can easily vary as a
result of small variations in estimated sam-
ple thickness and small variations in the
procedure used to prepare the very dilute
cluster-polymer STEM samples.

This study demonstrates the versatility
of the “monomer as solvent” approach for
the preparation of molecular dispersions of
metal nanoclusters in organic polymer
hosts. The reactive functionalization of the
metal cluster surface with bound polymer-
izable ligands provides a pathway that al-
lows the clusters to chemically bind with
the host matrix. The fast polymerization
and cross-linking of the activated cluster-
bound monomers with the surrounding me-
dium enhances the dispersion of the inor-
ganic material within the polymer, even at
high concentrations.
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Otdered Metal Nanohole Arrays Made by a
Two-Step Replication of Honeycomb
Structures of Anodic Alumina

Hideki Masuda* and Kenji Fukuda

A highly ordered metal nanohole array (platinum and gold) was fabricated by a two-step
replication of the honeycomb structure of anodic porous alumina. Preparation of the
negative porous structure of porous alumina followed by the formation of the positive
structure with metal resulted in a honeycomb metallic structure. The metal hole array of
the film has a unjform, closely packed honeycomb structure approximately 70 nanometers
in diameter and from 1 to 3 micrometers thick. Because of its textured surface, the metal
hole array of gold showed a notable color change compared with bulk gold.

In recent years, there has been increasing
interest in the fabrication of nanometer-sized
fine structures because of their potential uti-
lization in electronic, optical, and microme-
chanical devices. One approach to the fab-
rication of nanometer-sized structures has
been to use a naturally occurring structure as
a host for the fabrication (1-6). This ap-
proach is promising, especially for the prep-
aration of large-area, nanometer-sized struc-
tures with high aspect ratios, which are dif-
ficult to form by a conventional lithographic
process. Anodic porous alumina, which is
prepared by the anodic oxidation of alumi-
num in an acidic electrolyte, is one of the
typical self-organized fine structures with a
nanohole array (7, 8). Anodic porous alumi-
na has a packed array of columnar hexagonal
cells with central, cylindrical, uniformly
sized holes ranging from 4 to 200 nm in
diameter. Many types of nanocomposites
have been fabricated with anodic porous alu-
mina used as a host material; when used for
the preparation of magnetic recording media
(9, 10), optical devices (11), functional elec-
trodes (12, 13), and electrochromic (14) and
electroluminescence display devices (15),
the holes in these materials are filled with
metals or semiconductors.

We have developed a process for fabricat-
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ing a nanohole array in which the honey-
comb structure of anodic porous alumina is
replaced through a two-step molding process
(16). In this process, fabrication of the neg-
ative type of anodic porous alumina and
subsequent formation of the positive type
structure led to the formation of a porous
metal and semiconductor with a geometrical
structure identical to that of anodic porous
alumina. An important aspect that distin-
guishes our two-step method from the con-
ventional one-step embedding method is
that it permits the full replication of the
hole array of anodic porous alumina with
desired materials. In this way, it is possible
to overcome the disadvantages of using
porous alumina, which include insuffi-
cient chemical and thermal stability and
low mechanical strength.

In our early work (16), the regularity of
the nanohole array in the replicated struc-
ture was unsatisfactory; this resulted from
imperfections in the cell arrangement in
the mother anodic porous alumina used
as a starting material. In recent studies, we
have found that notable regularity of the
cell arrangement can be accomplished un-
der appropriate anodizing conditions. In
this report, we show the fabrication of
an almost ideally arranged nanohole array
of metals based on the ordered porous
structure of anodic alumina and describe
the change in color of the metal that
occurs in the nanometer-sized honeycomb
structure as compared to the bulk.
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An outline of the typical fabrication
process is presented in Fig. 1. High-purity
aluminum (99.99%) was anodized in a 0.3
M oxalic acid solution under a constant
voltage of 40 V. The cell arrangement of
anodic porous alumina is usually far differ-
ent from the ideally packed hexagonal co-
lumnar array. We have found that anodiza-
tion under appropriate conditions can pro-
duce porous alumina with a highly ordered
cell configuration. This process is charac-
terized by a longer anodization period than
would normally be necessary for the prepa-
ration of porous alumina by the application
of a constant appropriate anodizing voltage.

Long period anodization at 40 V im-
proved the regularity of the cell arrangement
and produced an almost ideally arranged
honeycomb structure. The defect-free re-
gions appear in large domains, whereas de-
fects can be found at the boundaries of these
domains. The size of the domains was depen-
dent on the anodization time. That is, the
size of the defect-free region increased with
the anodization time. The long period anod-
ization rearranged the cells and reduced the
number of defects and dislocations. After the
anodization, we obtained the starting anodic

-porous alumina with through holes by re-

moving the aluminum substrate and the bot-
tom part of the porous layer with saturated
HgCl,. The specimen was then dipped into a
5% (by weight) phosphoric acid solution at
30°C to adjust the pore diameter.

The two-step replication was similar to
that described in (16). A thin metal layer (5
nm thick) was deposited on the bottom side
of anodic porous alumina by vacuum depo-
sition. Usually the same metal as that in-
tended for use as the porous material was
used for the evaporation. This thin metal
layer can act as a catalyst or electrode for the
subsequent metal-plating process. Methyl
methacrylate monomer containing 5% (by
weight) benzoyl peroxide, which acted as an
initiator for polymerization, was injected
into the holes under vacuum conditions and
was polymerized by ultraviolet irradiation.
After removal of the alumina layer with 10%
(by weight) NaOH, a replicated negative
type of poly(methyl methacrylate) (PMMA)
with a cylindrical structure was obtained. At
the bottom part of the array of PMMA cyl-





