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A porous composite film synthesized by the disproportionation of a
copper(1) complex at the toluene/water interface
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Porous copper/copper oxide films form via spontaneous
reduction at the liquid/liquid interface.

The liquid/liquid interface offers potential as an environment to
assemble nanoparticles (NPs) into films, since the particles are
highly mobile and easily reach an equilibrium on self-assembly at
the interface.”* Another route to create ordered monolayers at
liquid/liquid interfaces is via interfacial reaction. Rao et al’>’
recently reported that a series of ultrathin films have been prepared
by interfacial reduction at the toluene/water interface, which has
attracted particular interest as a simple route to the preparation of
ultrathin “essentially defect free” films.” Within the series, Cu
nanocrystalline films® with some oxide impurity were prepared by
the interfacial reaction between chloro(triphenylphosphine) copper
(Cu(PPh3)C]) in toluene and aqueous phase sodium hydroxide,
without introducing any other reducing agents. No mechanism
was proposed to explain how the Cu(l) complex was reduced to
Cu. It is also reported that the composition of the interfacial
deposit is dependent on the concentration of hydroxide ions as
copper acetylacetonate (Cu(cup),, a planar Cu(ir) complex'®) in
toluene reacts with NaOH,’ where CuO films were obtained when
the hydroxide concentration exceeded 0.75 M, and Cu(OH),
nanocrystals were prepared when 0.1 M NaOH solution was used.
Saravanan et al. obtained CuO “nanowhiskers” via a similar
route.!! Planar metal complexes have been used to prepare one-
dimensional (1D) nanostructures at the liquid/liquid interface since
growth is believed to occur preferentially along the vertical
direction to form nanorods, due to the steric inhibition on the
planes.'*!* Song er al'* employed a square-planar molecule,
bis(ethylhexyl)hydrogen phosphate copper (Cu(DEHP),), to
synthesize Cu(OH), nanowires. Electrochemical deposition of
copper at the liquid/liquid interface has been reported, using an
organic phase electron donor.'> Herein, we present recent results
that chlorotris(triphenylphosphine) copper(l) (Cu(PPh;);Cl) with
tetrahedral coordination geometry'® reacts with NaOH solution at
the toluene/water interface, and both ultrathin copper films and
copper oxide/hydroxide nanofibres can be obtained simultaneously
in a composite porous film.

Typically, a solution of Cu(PPh;);Cl in toluene was added to a
glass tube containing an aqueous solution of NaOH and allowed
to react at ambient temperature (see Experimentalf for typical
concentrations). A thin film appeared at the toluene/water
interface after 4.5 hours of contact time with high coverage rate,
and after 24 hours the film became thicker and rougher with some
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cracks apparent under the optical microscope at 160-fold
magnification (not shown), which also suggests that the film is
somewhat brittle. The scanning electron micrograph of the film
after 24 hour reaction displays a porous structure (see Fig. 1), with
the average diameter of the pores determined from the image being
around 0.8 pm. The framework is actually composed of bundles of
fibres, with an ultrathin film that encapsulates the fibres, extending
to cover part of the pores as well, which finally leads to a unique
semi-closed porous film (see Fig. 1a and b). The distribution of the
fibres in diameter is quite uniform, which is suggestive of a
templating aspect to the growth. The X-ray mapping analysis of
the scanning electron micrograph illustrates that the elemental
copper distribution is less closely bound to the structure of the
ultrathin film (as shown in Fig. 1d), whereas the oxygen builds up
the distinct framework in accord with Fig. 1a (shown in Fig. lc).
The oxygen-rich framework suggests that the fibres are probably
composed of copper oxide or copper hydroxide. Correspondingly,
the ultrathin film is elemental copper due to the distribution of
copper in the pore area as background.

Further TEM investigation on the fibre separated from the
framework is illustrated in Fig. 2. The HRTEM image in the inset
of Fig. 2a illustrates that a crystalline zone exists with a lattice
spacing of about 0.25 nm along with other amorphous regions in
the fibre. The lattice spacing suggests the existence of monoclinic
CuO crystals (C2/c, a = 4.684 A, b =3425 A, ¢ = 5.129 A, JCPDF
No. 05-0661). The darkness in the middle of the fibre in Fig. 2a

(©) (d)

Fig. 1 The morphology and X-ray mapping analysis of the porous film
formed at the water/toluene interface using the standard conditions given
in the Experimental section. (a) SEM micrograph of the deposit; (b)
detailed microstructure in higher magnification; (c) distribution of oxygen
in the selected area; (d) distribution of copper in the selected area.
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Fig. 2 Transmission electron microscopy analysis of the fibre inside the
framework of the interfacial deposit. (a) TEM image of the separated
fibre, inset is the HRTEM of the selected region in the fibre; (b) STEM
micrograph of the fibre, inset is the EDX result of the highlighted area.

suggests a cylindrical geometry, with a diameter of ca. 20 nm. This
is confirmed by the STEM micrograph of the fibre (see Fig. 2b),
and the EDX analysis shows that copper is uniformly present in
the fibre, but oxides or hydroxides are irregularly distributed. The
Cu particle (the bright particle in Fig. 2b) was observed and the
related EDX result is shown as well. Hence, the porous film is
actually a combination of copper film and copper oxide/hydroxide
fibres.

The XRD analysis in Fig. 3 shows a complex pattern obtained
for the film after 24 hour reaction at the toluene/water interface.
The strong diffraction peaks of (200), (220), (311) and (400) are
assigned as Cu (JCPDF No. 02-1225, corresponding lattice
spacings are 1.810, 1.280, 1.090 and 0.900 A). The other strong
patterns corresponding to the diffraction of (111), (113), (220) and
(422) are attributed to CuO (JCPDF No. 05-0661, corresponding
lattice spacings are 2.523, 1.505, 1.375 and 0.939 A), which is in
accord with the EDX analysis. The diffraction peaks at low angles
possibly correspond to the diffraction peaks of (002) and (012) of
Cu(OH), hydrate, respectively (JCPDF No. 42-0638, correspond-
ing lattice spacings are 3.312 A and 2.516 A).

The coexistence of Cu, CuO and Cu(OH), after the interfacial
reaction between the copper(l) complex in toluene and the NaOH
solution can be understood as disproportionation, due to the
following relevant standard potentials, relative to the hydrogen
electrode:!”
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Fig. 3 X-Ray diffraction pattern of the interfacial deposit (see inset for
key).

(Cu(OH),) in a basic solution, and the proposed interfacial
reactions are described as follows:

Cu(PPh3)3Cl(org) + NaOH(aq) —

Cu(OH)(q) + 3PPhs(org) + NaCli,g (2)
2Cu(OH) (o) — C,0(6) + HaO(aq) Q)
Cu30(4) — CuOys) + Cu(o) “
Cu0() + HoO(aq) — Cu(OH)y() + Cu(q, ®)

[P INT]

The subscripts “c”, “aq”, and “org” in the equations represent
interfacial, aqueous and organic phases, respectively. The Cu(OH)
intermediate is formed from ligand exchange between PPh; and
OH ™. The unstable cuprous hydroxide is in turn transformed into
Cu,0.'® which disproportionates to Cu and CuO or Cu(OH),, as
shown in eqn (4) and (5). The low solubility of Cu,O, Cu(OH),
and CuO' shifts the equilibrium of eqn (1) to the products, and
allows the reaction to be completed. CuO could be prepared
instead of Cu(OH), with sufficient NaOH.!! However, in the case
of low OH ™ concentration, a mixture of Cu, Cu(OH), and CuO is
probably obtained. The concentration of NaOH in the present
experiment was marginally higher than that used to form a Cu
monolayer.” According to the above reactions, the mixture of Cu,
Cu(OH), and CuO should be obtained firstly at the interface since
the concentration of OH™ is relatively high. As the content of
OH" ions drops, Cu film forms and finally covers the mixture.

The experiment shows the availability of both Cu ultrathin film
and copper oxide/hydroxide nanofibres by interfacial dispropor-
tionation, although a tetrahedrally coordinated Cu(PPh;);Cl
molecule was employed instead of the linear copper(l) complex
(Cu(PPh3)Cl) for a Cu nanocrystalline film® and the planar
copper(11) complexes for copper oxide/hydroxide nanofibres.'!#
Fig. 4 displays the SEM images for the interfacial deposits under
different conditions. The product obtained at 50 °C with the
standard content in both phases (Fig. 4a, see Experimentalf)
shows that the fibres became broader and the films grew thick.
When a high concentration of NaOH (0.75 M) was used in the

Fig. 4 SEM images of the interfacial deposits under different conditions.
(a) 5 ml of 1.5 mM Cu(PPh;);Cl in toluene reacted with 8 ml of 20 mM
NaOH water solution at 50 °C; (b) as a, but the NaOH concentration was
increased to 0.75 M and deposition occurred at room temperature; (c) 5 ml
of saturated Cu(PPh;);Cl in toluene reacted with 8 ml of 20 mM NaOH
aqueous solution in room temperature; (d) as c, but the Cu(PPh;);Cl
concentration was reduced to 0.6 mM.
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Fig. 5 Interfacial tension measurement at the toluene/water interface as a
function of the concentration of Cu(PPh3);Cl in toluene.

aqueous phase, the fibres merged into thick layers of the deposit,
which resemble “flowers” (see Fig. 4b). If the concentration of
Cu(PPhs3);Cl in the toluene phase is increased to saturation, the
SEM micrograph of Fig. 4¢c presents a more fibrous appearance,
and it is hard to find any thin films. When a lower concentration of
Cu(PPh3);Cl (0.6 mM) was used, a discontinuous interfacial
deposit was yielded with the fibres staying with the films. The
common feature for all the observations of the interfacial deposits
is the large number of coagulated particles in the centre, from
where fibres and thin layers extend, suggesting the fibres and films
were formed after the initial nucleation due to the increasing rate of
growth. Higher concentrations of Cu(PPh;);Cl form more fibres,
while higher reaction rates (high NaOH concentration or higher
temperatures) tend to produce thicker films. However, although
the mechanism of nanofibre formation from the tetrahedrally
coordinated Cu(l) complex is unclear, one plausible factor is
the surface activity of the Cu(l) complex. Fig. 5 shows that the
interfacial tension of the toluene/water interface decreases as the
Cu(PPhs3);Cl concentration in toluene is increased. The amphi-
philic nature of this species is likely to influence deposit
morphology. The CuO and Cu(OH), products are likely to grow
in an anisotropic fashion under kinetic control,® given their
respective monoclinic and triclinic structures, favouring the
formation of interfacial fibres. The cubic copper structure, by
contrast, will favour film formation at the interface. The
importance of amphiphiles in interfacial deposition processes has
been noted previously.”!

In summary, the interfacial disproportionation of copper(l)
complex allows the low-cost and facile preparation of a porous
film with both Cu films and CuO/Cu(OH), nanofibres. This
experiment also indicates that the possible self-assembly of
tetrahedrally coordinated Cu(PPhs);Cl molecules at the toluene/
water interface induces a template-assisted synthesis of cupric
oxide/hydroxide nanofibres, which highlights the importance of
amphiphilic precursor molecules in deposition at the liquid/liquid
interface: this aspect has not been reported previously to our
knowledge. The magnetic properties of Cu(OH), are sensitive to
the intercalation of anions, making the material a candidate for
sensor applications.' Cu** and CuO'* are used as heterogeneous
catalysts, hence their combination into a porous film is of interest
in catalyst and/or sensor design.
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Notes and references

+ Experimental: Analytical grade chlorotris(triphenylphosphine) copper(I)
(Cu(PPh;);Cl, Aldrich) and sodium hydroxide (NaOH, Aldrich) were used
directly without further treatment. Pure water (18.2 MQ cm) was obtained
from an Elga “Purelab Ultra” (Elga, Marlow, UK) system. A 5 ml solution
of 1.5 mM Cu(PPh3);Cl in toluene was added to a glass tube containing
8 ml of an aqueous solution composed of 20 mM sodium hydroxide
(NaOH); the mixture was kept at ambient temperature for 24 hours. The
tube, which was of 25 mm diameter and 75 mm high, was closed with a
cap. A digital camera was used to record the formation of the film at the
toluene/water interface. The in-situ observation of the interfacial reaction
was performed using a Leica DMIL optical microscope fitted with a Sony
CCD-IRIS camera at 160-fold magnification. The interfacial deposits were
transferred onto glass slides and dried in air, and were washed with pure
water and acetone and dried at ambient temperature before further
analysis. The X-ray diffraction (XRD) analysis was carried out by an
Oxford Diffraction System (Xcalibur 2, Mo Ko = 0.7093 A), and an XL 30
FEG Philips electron microscope was employed at 10 kV for scanning
electron microscopy (SEM) and at 20 kV for X-ray mapping analysis.
Transmission electron microscopy (TEM), high resolution transmission
microscopy (HRTEM), scanning transmission microscopy (STEM) and
energy dispersive X-ray (EDX) analysis were performed with a Tecnai F30
FEG-TEM system operating at 300 kV. The interfacial tension measure-
ment was accomplished using a Kruss Processor Tensiometer K12 (V3.46),
and related density measurements were completed by using a DMA 45
Calculating Digital Density Meter (AP PAAR): both operations were
conducted at 20 + 0.3 °C.
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