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A general methodology has been established for the synthesis of 40-120 A Cu nanoclusters within the
morphologies of [MTD],,,[NORCOOH];, and [MTD],,,[NORCOONa];, diblock copolymer films. In this

technique the films are soaked in aqueous copper(il) acetate solutions prior to reduction of the sequestered Cu

2+

ions. A loading of 4.2 wt% Cu in the overall polymer—Cu composite was achieved in the case of
[MTD],,,[NORCOONa];,, during a single loading and reduction sequence. Upon exposure of the films to
air, the polymer-imbedded Cu nanoclusters oxidize to form CuO. The transparent polymer—CuO composite
films exhibit a broad absorption in the near-infrared region and may have potential applications as

near-infrared filters.

Metal nanoclusters (1 to 10 nm) are interesting because of
their unusual optical, electronic and catalytic properties,
which often differ from those of bulk metals.!*?> Quantum size
effects can occur in metal nanoclusters due to their incom-
pletely developed band structure.!:*> Nonlinear optical pheno-
mena may accompany this band gap modification, with
potential uses in telecommunications and computing.*>
Polymer—metal cluster composites have potential applications
as ‘smart’ materials, where the electrical conductivity of the
composite varies with temperature or applied stress. Polymer—
metal cluster composites have been synthesized by deposition
of metal vapor into liquid monomer followed by poly-
merization,® by sequestration of metal salts within block
copolymer micelles followed by reduction’® and by incorpor-
ation of metal salts into polymer films from supercritical CO,,
followed by reduction.!® Oxidation of certain types of
polymer-imbedded metal clusters leads to the formation of
polymer—metal oxide cluster composites, which may be useful
as infrared filters for automobile windshields or display
screens used in the vicinity of night vision devices.

Previously, we reported a general methodology for the
synthesis of transition metal nanoclusters (Ag, Au, Cu, Nij,
Pb, Pd and Pt) stabilized within microphase-separated
diblock copolymers.!! In our strategy, metal ions or com-
plexes are coordinated to carboxylic acid groups within
the water-soluble polyNORCOOH domains of a
[MTD],,,[NORCOOH],, block copolymer (structures
appear in Fig. 1, where MTD = methyltetracyclododecene
and NORCOOH = 2-norbornene-5,6,-dicarboxylic acid) by
immersion of the polymer in aqueous metal salt solutions. The
metal ions and complexes are subsequently reduced by
heating the metal-loaded polymer under hydrogen or by
immersion in an aqueous sodium borohydride solution. For
several transition metals, the resulting nanoclusters are uni-
formly sized and homogeneously dispersed within the poly-
NORCOOH domains.

We discovered, using inductively coupled plasma atomic
emission spectroscopy (ICP-AES), that metal ion transport
occurs primarily through the interconnected cylindrical
network of polyNORCOOH rather than though the
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polyMTD matrix.!> We found, using IR spectroscopy, that
hydrogen reduction of the metal-loaded films re-protonates
metal-bound carboxylate ions, allowing participation in
further metal binding. Furthermore, as shown in Fig. 2, con-
version of the carboxylic acid group, in aqueous NaOH, to
the sodium carboxylate form results in large increases in both
the rate and extent of transition metal and rare earth ion
uptake.!® This improvement in loading is due largely to the
acetate ion’s much lower stability constant with Na*, K, ~
0.7 1 mol~%,'* than with H*, K, ~ 6.3x10* 1 mol~1,!% which
allows transition metal and rare earth ions, K, ~ 3-1600 1
mol~1,%15 to exchange more easily with the weakly bound
Na™ ions than with the much more strongly bound H* ions.

We now report briefly on the loading of copper ions into
our block copolymer films, reduction of these ions to form
copper clusters and subsequent oxidation of Cu nanoclusters
within our films to form transparent polymer—-CuO compos-
ites.

Experimental
Materials

MTD monomer, donated by B.F. Goodrich, was vacuum
distilled, degassed and stored over sodium prior to use.
NORCOOTMS (2-norbornene-5,6,-dicarboxylic acid bis-

trimethysilyl ester)!® and Mo(CHCMe,Ph)(NAr)(OBu'),
j; 2f j; COOH
COOH
MTD NORCOOH
HOOC, COOH
CMeyPh

[MTD]400[NORCOOH] 5o

Fig. 1 Chemical structures of monomers and block copolymer
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Fig. 2 Metal cluster synthesis scheme

(Ar = 2,6-CcH,Pri)! 718 were prepared according to literature
procedures. Anhydrous toluene from Aldrich was stored over
sodium prior to use. Copper(l) acetate (99%), from Strem, was
used without further purification. All copper(m) acetate solu-
tions were prepared using de-ionized water.

Polymer synthesis

[MTD],,,[NORCOOH];, diblock copolymer was synthe-
sized as previously reported,!! using a ring-opening metath-
esis polymerization in anhydrous toluene with a
Mo(CHCMe,Ph)(NAr)(OBuY), (Ar = 2,6-C4H,Prb) initiator.

Polymer films (10 pum thick) were static cast from a 0.5
wt% solution in tetrahydrofuran (THF). Transmission electron
microscopy (TEM) observation of microtomed (400 A thick),
Cu?* stained sections of film revealed a non-equilibrium
interconnected cylindrical morphology, consisting of poly-
NORCOOH cylinders within a polyMTD matrix. Carboxylic
acid groups within the films were converted to the sodium
carboxylate form ((MTD],,,[NORCOONa];,) by soaking in
a 0.015 M aqueous NaOH solution (48 h, 25 °C).

ICP-AES analysis of Cu?* uptake

Cu?* loading was carried out at 25°C using a batch equi-
librium method in which 100 mg samples of 10 pm thick films
(IMTD],,,[NORCOOH];, or [MTD],,,[NORCOONa];,)
were submerged in 20 g aqueous solutions of 0.005 M
copper(l) acetate. Agitation was maintained with magnetic
stir bars. The Cu?* concentration remaining in the super-
natant solution was measured periodically by withdrawing
small aliquots of supernatant solution. The withdrawn ali-
quots were diluted with de-ionized water to Cu?* concentra-
tions of <30 ppm and analyzed using ICP-AES.
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The extent of Cu?* uptake was calculated using 4 =
W(C~Cy)/W,, where A (mg g~ ") is the mass of Cu?* loaded
per mass polyNORCOOH in the block copolymer; W,, the
mass (g) of copper(i) acetate solution; W,, the mass (g) of
polyNORCOOH in the block copolymer; C;, the solution
concentration (ppm) of Cu?” prior to loading; and C;, the
solution concentration (ppm) of Cu?* after loading.

Na* uptake within [MTD],,,[NORCOOH];, was moni-
tored using the same procedure. Both Na*- and Cu?*-loaded
films were rinsed in de-ionized water prior to further pro-
cessing.

Reduction of Cu?* ions

After loading, Cu?* ions within the films were reduced by
heating (125 °C) under hydrogen (2 atm) for 6 days.

Characterization

Gel permeation chomatographic (GPC) analysis was carried
out using a series of three Waters Ultrastyrogel™ columns
(10° A, 10* A and 10 A) connected to a Waters Differential
Refractometer R401. The mobile phase was toluene at a flow
rate of 1 ml min~'. The GPC columns were calibrated with
commercially available polystyrene standards (Polysciences).

Electron microscopy and electron diffraction studies were
done using a JEOL 200 CX TEM operated at 200 kV. Ultra-
thin (400 A) samples for TEM observation were microtomed
at room temperature with glass knives using a Sorvall Ultra
Microtome MT 5000. Aqueous metal ion concentrations were
measured with a Perkin—Elmer Plasma 40 inductively coupled
plasma atomic emission spectrophotometer. UV/VIS spectra
were recorded on a Cary 5E UV-VIS-NIR spectrophotometer,
in transmission mode, with a R928 photomultiplier tube
detector.

The crystal structure of the metal nanoclusters was probed
using wide-angle X-ray scattering (WAXS), performed with a
Rigaku rotating Cu anode X-ray source (A = 1.54 A). The Cu-
Ko line generated at 50 kV and 60 mA was filtered with a thin
metal plate. The 20 diffraction data were collected in transmis-
sion mode with a collection time of 2 s for each 0.05° step.

Results and Discussion

GPC analysis of the first block [MTD] of the copolymer
yielded a polydispersity of approximately 1.1. The block
copolymer was not analyzed using GPC because poly-
NORCOOH insolubility in toluene results in precipitation of
the block copolymer for the particular monomer composition
employed here.!’™'3 The static cast 10 pm thick
[MTD],,,[NORCOOH];, films were transparent and color-
less.

ICP-AES analysis of metal ion uptake

ICP-AES measurements showed that Na* loading into
[MTD],,[NORCOOH];, reached equilibrium within 7 h,
with approximately one mole of Na® entering the film per
mole of carboxylic acid. Cu?* loading into
[MTD],,,[NORCOONa]s, reached equilibrium after 24 h,
at a loading level of 0.52 moles of Cu?* per mole of carbox-
ylic acid (0.36 g Cu?* per g polyNORCOOH originally
present, 4.2 wt% Cu in the overall polymer—Cu nanocluster
composite). Corresponding amounts of Na* were released as
Cu?™ entered the film. Given the estimated accuracy of our
measurements of +15%, this implies essentially complete
exchange of carboxylic acid H* ions for Na* ions, and of
Na* ions for Cu?* ions, respectively. After 9 days, the
[MTD],,,[NORCOOH];, film was removed from the 0.005
M copper(11) acetate solution with a loading of 0.14 moles of



Cu?* per mole of carboxylic acid (0.10 g Cu?* per poly-
NORCOOH originally present).

Characterization of cluster size and composition

During reduction, the colorless 10 pm thick Cu?*-loaded
[MTD],,,[NORCOOH];, and [MTD],,,[NORCOONa];,
films became ruby in color over several days, but remained
transparent.

WAXS data from the [MTD],,,[NORCOONa];,, film, fol-
lowing Cu?* loading and reduction showed a broad noisy
peak at 20 x~ 43°, consistent with scattering from the [111]
(20 = 43.3°) plane of fcc Cu crystals.!® The weaker [200]
(26 = 50.4°) and [220] (20 = 74.1°) peaks were not distin-
guishable from the background scattering. The mean Scherrer
length (L) of the Cu crystals was determined using the Scher-
rer equation.?® We then estimated a rough mean crystal diam-
eter (D) of about 65 A from?! D =4/3L. A similar WAXS
pattern was observed from the [MTD],,,[NORCOOH]s,
film following Cu?* loading and reduction. These broad noisy
crystallographic reflections from the metal clusters are rather
typical results of the X-ray analyses we have performed on a
wide variety of inorganic clusters in block copolymer
ﬁlms.11'12‘22_24

Fig. 3 shows an electron micrograph of the
[MTD],,,[NORCOONa]s, film following Cu?* loading and
reduction. It reveals copper clusters in the 40-120 A size
range, primarily confined to the carboxylic acid functionalized
domains. Given the mean crystal diameter estimated from the
WAXS data, most clusters appear to be single crystals. TEM
revealed fewer, but similarly sized, Cu clusters within the
[MTD],,,[NORCOOH];, film.

Oxidation of Cu clusters

The ruby-colored copper-cluster-containing films become blue
after 15 h in air, due to oxidation of the Cu cluster surfaces to
copper oxides. After 6 days in air, only a very weak Cu WAXS
scattering pattern was still observable from the
[MTD],,o[NORCOOH];, film. No WAXS scattering
attributable to copper oxides was observed. Following 1 year
in air, no WAXS scattering was observed from the
[MTD],,,[NORCOOH];, film. However, local area electron
diffraction, from one unusually large 3000 A particle, in this
film, produced rings consistent with scattering from both fcc
Cu and monoclinic CuO crystals.

In Fig. 4, curves (a) and (b) show the visible-NIR absorption
spectra of the [MTD],,,[NORCOONa];, film immediately
after reduction and following 6 days in air, respectively. Curve
(c) shows the visible-NIR absorption spectrum of a different
sample: the loaded and reduced [MTD],,,[NORCOOH];,

Fig. 3 Electron micrograph of [MTD],,,[NORCOONa], film
after Cu®* loading and reduction (bar = 200 A)
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Fig. 4 Visible-NIR absorption spectra of 10 pm thick films after
Cu?* loading and reduction: (@) [MTD],,,[NORCOONa]5,, no air
exposure; (b)) [MTD],,o[NORCOONa],,, 6 days in air; (c)
[MTD],,,[NORCOOH];,, 1 year in air

film after 1 year in air. The absorption spectra have not been
normalized. Prior to air exposure [curve (a)], the ruby-colored
Cu-cluster-containing film absorbs at ca. 575 nm, a wave-
length characteristic of the surface plasmon absorption of Cu
nanoclusters within a glass matrix.25-2® Following storage in
air, the absorption of the film shifts to longer wavelengths.
After 6 days in air, the film appears blue [curve (b), ca. 600
nm]. During a year in air, the [MTD],,,[NORCOOH];,
film changes from blue to pale green in color [curve (c), ca.
650 nm].

The shift in color from ruby to pale green is consistent with
the oxidation of Cu nanoclusters to CuO. Glasses containing
CuO are known to exhibit very broad NIR absorptions cen-
tered at wavelengths ranging from 780-800 nm, depending on
the composition of the glass.2”-2® Although the variation of
absorption with time in our copper-containing block copoly-
mer films appears to indicate a gradual oxidation of Cu clus-
ters to CuO, the center of the absorption peak after a year in
air [curve (c), 650 nm] occurs at a lower wavelength than
would be expected from pure CuO, even allowing for a varia-
tion of +20 nm in the absorption peak due to differences in
the matrix composition. This suggests that the oxidation is
not complete and the particles may contain Cu cores even
after the films have been exposed to air for one year.

Conclusions

Cu nanoclusters (40-120 A) can be synthesized within
the carboxylic acid or sodium carboxylate functionalized
domains of microphase-separated 10 pm  thick
[MTD],, [NORCOOH]s, or [MTD],,,[NORCOONa];,
block copolymer films, using a technique in which the films
are soaked in aqueous copper(l) acetate solutions prior to
reduction under hydrogen gas. The resulting Cu nanoclusters
oxidize to CuO upon storage in air, leading to the formation
of transparent, green, polymer—-CuO composite films. These
films absorb at 650 nm rather than at 780-800 nm as
observed for CuO within glasses.

Cu?*-loaded polymer films and CuO nanocluster compos-
ites may have potential applications?® as NIR filters, for use
in plastic automobile windshields or display screens used in
the vicinity of night vision devices. However, for practical
applications, the CuO absorption peak observed here must be
shifted to higher wavelengths and the maximum absorbance
of the peak must be increased relative to the absorbance in the
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visible region. Such changes in the absorption spectrum will
ensure a transparent film that absorbs strongly in the NIR
region.

Further  experiments  are planned  in which
[MTD],,o[NORCOONa]s, films will be cycled though
several Cu?* loading and reduction sequences, in order to
increase the average cluster diameter and the overall Cu?*
loading, from 4.2 wt % to over 10 wt%.'3 We will attempt to
accelerate Cu oxidation using oxygen and/or oxidizing acids
as the oxidizing medium, rather than air.
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