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Anthracene anions bound to a liquid-liquid interface and
charged by photochemically reduced Keggin ions when
exposed to aqueous chloroaurate ions result in the formation
of high concentration of thin, gold nanosheets at the
interface.

Gold nanoparticles find application in a variety of fields ranging
from catalysis,1 to electron microscopy markers2 to DNA
detection.3 It is of little surprise that a large number of
experimental methods exist in the literature for the synthesis of
spherical gold nanoparticles in water4 and in non-polar organic
solvents.5,6 There is growing interest in the development of
methodologies for the synthesis of gold nanoparticles of varying
shapes such as nanorods7,8 and prisms9 motivated to a large
extent by the unusual optical properties expected from nano-
particles with morphology anisotropy.10 An interesting possi-
bility for introducing shape anisotropy in gold nanoparticles is
to synthesize them in constrained environments such as those
provided by Langmuir–Blodgett films11 or at well-defined two
dimensional interfaces. We have investigated the latter ap-
proach recently and have shown that gold nanosheets and
nanoribbons can be grown at the air–water interface by the
spontaneous reduction of subphase chloroaurate ions by
4-hexadecylaniline Langmuir monolayers.12

In this communication, we demonstrate the synthesis of gold
nanoparticles of predominatly sheet-like morphology by the
reduction of aqueous chloroaurate ions at the interface between
aqueous chloroauric acid and chloroform containing anthracene
anions as illustrated in Fig. 1. Anthracene is the smallest
unsubstituted aromatic hydrocarbon with a positive electron
affinity (0.53 eV)13 and can exist in a stable valence anion

state.14 We have accomplished electron transfer to anthracene
molecules present in chloroform by exposure to photo-
chemically reduced aqueous phosphotungstate [PTA, Keggin
ions, (PW12O40)32] ions (step 3, Fig. 1).15

Thereafter, the anthracene anions are exposed to aqueous
chloroaurate ions (steps 4 and 5, Fig. 1) and lead to the reduction
of the metal ions and formation of gold nanosheets at the liquid–
liquid interface. To the best of our knowledge, the use of
anthracene anions in the synthesis of gold nanostructures has
not been demonstrated so far.

In a typical experiment, 1 ml of propan-2-ol was added to 15
ml of deaerated 1023M aqueous solution of phosphotungstic
acid (H3PW12O40, from Aldrich Chemicals and used as-
received) and this solution was irradiated by UV light (pyrex
filter, > 280 nm, 450 W Hanovia medium pressure lamp) for 4
h. The UV-vis spectra recorded after and before UV-irradiation
are shown as curves 1 and 3 respectively in Fig. 2A (step 1, Fig.
1). After irradiation, the solution turned blue and exhibited two
absorption bands at ca. 480 and 760 nm that are characteristic of
reduced phosphotungstate ions (Troupis et al.., Ref. 15).

To the UV-irradiated PTA solution, 15 ml of 1023M
anthracene in chloroform was added and the solution vigorously
stirred (steps 2 and 3, Fig. 1). During this stage, it was observed
that the intensity of blue colour in the aqueous Keggin ion
solution gradually reduced, suggesting oxidation of the Keggin
ions. This is clearly reflected in the UV-vis spectrum recorded
from the aqueous phosphotungstic acid solution after anthra-
cene addition as a complete loss of the bands at 480 and 760 nm
(Fig. 2A, curve 2).

As mentioned earlier, anthracene molecules possess a
positive and fairly large electron affinity13,14 and it is possible
that oxidation of UV-irradiated Keggin ions in steps 2 and 3 of
our procedure (Fig. 1) occurs via electron transfer to anthracene
molecules present at the water–chloroform interface. Following

† Electronic supplementary information (ESI) available: Uv-vis absorption
spectrum and contact mode AFM image of gold nanosheets grown using
anthracene anions at the liquid–liquid interface. See http://www.rsc.org/
suppdata/cc/b3/b302591h/

Fig. 1 Scheme showing the various steps in the synthesis of gold nanosheets
at the interface between anthracene-containing chloroform and aqueous
chloroauric acid solution (see text for details).

Fig. 2 A) UV-vis spectra recorded from 1: 1023 M aqueous PTA solution
after UV irradiation; 2: UV-irradiated aqueous PTA solution after stirring
with 1023 M anthracene in chloroform; 3: 1023 M aqueous solution of PTA
before UV-irradiation. B) XRD pattern recorded from gold nanoparticles/
nanosheets grown at the liquid–liquid interface using anthracene anions (see
text for details).
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steps 2 and 3, the chloroform layer was carefully separated from
the biphasic mixture and to this, 15 ml of 1023M aqueous
solution of HAuCl4 was added (step 5, Fig. 1). After vigorous
stirring of this biphasic solution for 15 minutes, a bluish-black
film was observed to form at the water–chloroform interface
(step 5, Fig. 1). The aqueous layer was carefully removed and
the film present on the surface of chloroform was carefully
lifted onto carbon-coated transmission electron microscopy
(TEM) grids, quartz slides and Si (111) wafers for further
analysis.

Fig. 2B shows the X-ray diffraction pattern16 recorded from
the anthracene anion layer after reaction with aqueous AuCl42
ions (step 5, Fig. 1). A number of sharp Bragg reflections can be
seen which can be indexed based on the fcc structure of gold. It
is clear that the blue-black film formed at the interface between
chloroform and water consists of particles of crystalline gold.
This can only occur by reduction of the aqueous AuCl42 ions by
anthracene anions thus clearly establishing that electron transfer
had occurred from UV-irradiated Keggin ions and anthracene
(steps 2 and 3, Fig. 1). Keggin ions are known to exhibit strong
and characteristic Bragg reflections in the 2q region scanned in
Fig. 2B.17 The absence of Bragg reflections other than those of
gold indicates that the aqueous Keggin ions are not bound to the
anthracene membrane. This discounts the possibility of inter-
facially bound Keggin ions as reducing agents in the formation
of gold nanoparticles. The UV-vis absorption spectrum of a
gold nanoparticle–anthracene film lifted onto a quartz substrate
(supporting information, S1†) showed an unusual absorption
band at 450 nm. This is considerably blue-shifted relative to the
normally observed surface plasmon absorption band of ~ 520
nm for gold nanoparticles and may be a consequence of severe
shape anisotropy in the particles (see below).

Fig. 3 shows representative TEM pictures recorded from
different regions of the Au–anthracene film.18 In addition to a
small number of fairly spherical particles, the TEM images
clearly show that the film surface is covered with a large
concentration of thin sheets of gold. The morphology of the
individual gold particles range from spherical to ellipsoidal to
triangular while their size was measured to be in the regime 10
to 80 nm. The characteristic feature of the TEM pictures is the
presence of sheets of gold, one of which is indicated by an arrow
in Fig. 3A. A large sheet spans almost the entire expanse of Fig.
3B.

From the contrast exhibited by the sheets relative to the
individual particles (Fig. 3A) and the presence of clear strain
features due to buckling of the sheets (Fig. 3B, identified by
arrows), it is inferred that they are often extremely thin. An
estimate of the thickness of the nanosheets was done by atomic
force microscopy (AFM) of films deposited on Si (111) wafers
(supporting information, S2†). The thickness of the sheets

ranged from 30–300 nm and a relatively thick sheet of ca. 280
nm is shown in S2. The large anisotropy in the morphology of
the gold nanostructures is clearly a consequence of the localised
reduction of the gold ions by anthracene anions occurring at the
liquid–liquid interface (step 5, Fig. 1). The thickness of the gold
nanostructure would be limited by the fact that the reducing
surface is truly two-dimensional as argued for similar structures
obtained by us during the spontaneous reduction of gold ions
near hexadecylaniline langmuir monolayers.12 The selected
area electron diffraction (SAED) pattern recorded from the gold
nanosheet identified by the arrow in Fig. 3A is shown as the
inset of Fig. 3A. The pattern is characteristic of single
crystalline gold. A control experiment was performed wherein
aqueous chloroauric acid solution was vigorously stirred with a
chloroform solution of anthracene by bypassing steps 1–3 in our
protocol (Fig. 1). No reduction of the AuCl42 ions was observed
clearly indicating that electron transfer from UV-irradiated
Keggin ions to anthracene is the crucial step in obtaining a two-
dimensional reducing interface.

In summary, it has been demonstrated that thin nanosheets of
gold may be formed by the reduction of aqueous choroaurate
ions at a liquid–liquid interface bearing anthracene anions. The
anthracene anions have been created by electron transfer from
Keggin ions that were reduced by irradiation with UV light.
This strategy opens up the exciting possibility of using
anthracene anions in the synthesis of nanomaterials of variable
morphology.

A.S. thanks the Council of Scientific and Industrial Research
(CSIR), Govt. of India for a research fellowship. The assistance
of Ms Renu Pasricha and Dr N.R. Pavaskar with the TEM and
XRD measurements is gratefully acknowledged. We thank Mr
Saikat Mandal and Dr Arnab Bhattacharya for useful discus-
sions and assistance with AFM measurements.

Notes and references
1 M. Haruta, T. Kobayashi and N. Yamada, Chem. Lett., 1997, 405.
2 W. Baschong and N. G. Wrigley, J. Electron Microsc. Tech., 1990, 14,

313.
3 R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger and C. A.

Mirkin, Science, 1997, 277, 1078.
4 D. A. Handley, Colloidal Gold: Principles, Methods and Applications,

M. A. Hayat (ed.), Academic Press, San Diego 1989, Vol. 1, Ch. 2.
5 M. Brust, M. Walker, D. Bethell, D. J. Schiffrin and R. Whymann, J.

Chem. Soc., Chem. Commun., 1994, 801.
6 P. R. Selvakannan, S. Mandal, R. Pasricha, S. D. Adyanthaya and M.

Sastry, Chem. Commun., 2002, 1334.
7 N. R. Jana, L. Gearhart and C. J. Murphy, Chem. Commun., 2001,

617.
8 K. R. Brown, D. J. Walter and M. J. Natan, Chem. Mater., 2000, 12,

306.
9 N. Malikova, I. Pastoriza-Santos, M. Schierhorn, N. A. Kotov and L. M.

Liz-Marzan, Langmuir, 2002, 18, 3964.
10 R. Jin, Y. Cao, C. A. Mirkin, K. L. Kelly, G. C. Schatz and J. G. Zheng,

Science, 2001, 294, 1901.
11 J. K. Pike, H. Byrd, A. A. Morrone and D. R. Talham, J. Am. Chem.

Soc., 1993, 115, 8497.
12 A. Swami, A. Kumar, P. R. Selvakannan, S. Mandal, R. Pasricha and M.

Sastry, Chem. Mater., 2003, 15, 17.
13 J. Schiedt and R. Weinkauf, Chem. Phys. Lett., 1997, 266, 201.
14 J. K. Song, N. K. Li and S. K. Kim, Angew. Chem. Int. Ed., 2003, 42,

213.
15 Phosphotungstate ions belong to a class of polyoxometalates of the

Keggin structure. Keggin ions may be reduced by exposure to UV-
irradiation and can thereafter transfer electrons to metal ions in solution
leading to the formation of metal nanoparticles. A. Troupis, A. Hiskia
and E. Papaconstantinou, Angew. Chem. Int. Ed., 2002, 41, 1911.

16 XRD measurements were carried out on a Phillips PW 1830 instrument
in the transmission mode (40 kV voltage, 30 mA current) using Cu Ka
radition.

17 L. S. Perez-Maqueda and E. Matijevic, Chem. Mater., 1998, 10,
1430.

18 TEM and selected area diffraction (SAED) measurements were carried
out on a JEOL 1200 EX microscope at 120 kV.

Fig. 3 A and B) Representative TEM images recorded from the gold
nanoparticles/nanosheets grown at the liquid–liquid interface (see text for
details). The inset in Fig. 3A shows the SAED pattern recorded from the
gold nanosheet indicated by an arrow in this figure.
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