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Two-dimensional (2-D) and 3-D arrays of colloidal
Au1-7 and Ag8 nanoparticles have become a popular
target in nanometer-scale materials synthesis. A focus
of this work has been the optical, electric, and dielectric
properties as a function of array structure; of particular
interest is the question of when (or if) bulk metal
behavior is found. For example, the resistivity of Au
nanoparticle arrays separated by organic cross-linkers
variessdepending on the particle diameter, the spacer
length, and the number of particle layerssfrom as high
as 3.6 × 108 Ω cm for a thin film of 2.4-nm diameter Au
spaced by 1,16-hexadecanethiol3 to as low as 6 Ω cm
for 38 layers of 8-nm diameter colloidal Au particles
spaced by 1,6-hexanedithiol.4 To date, none of the
particle arrays have approached the resistivity of pure
Au (2.4 × 10-6 Ω cm), and none of the electrical or
optical properties have been described as a function of
the number of particles in the array. We describe herein
the optical, electrical, and topographic properties of Au
colloid multilayers as a function of particle coverage (θ).
Prepared in solution through layer-by-layer assembly,
these films are significant in three respects: (i) Au
colloid multilayers undergo a large decrease in near-IR
transmittance and a nearly million-fold decrease in

resistance (from >107 Ω to <102 Ω), behavior analogous
to that observed in evaporated, discontinuous Au films.9,10
Surprisingly, this change occurs over just a factor of 2
increase in θ. (ii) Twelve layers of 11-nm diameter Au
particles spaced by bifunctional, two-carbon cross-
linkers exhibit resistivities of 5 × 10-4 Ω cm, 4 orders
of magnitude more conductive than any previously
described monolayer-protected Au particle arrays.3-5

(iii) To our knowledge, they comprise the first examples
of highly conductive Au films of controlled thickness
deposited from aqueous solution without any redox
chemistry, photochemistry, or heating. As such, they
may be of value for electronic device fabrication in
solution,11 especially those involving biological mol-
ecules.12
Scheme 1 depicts the protocol for formation of Au

colloid multilayers, a strategy that draws heavily on our
previous experiences with surface-confined colloidal Au
nanoparticles.2 Thus, when a 11-nm diameter13 col-
loidal Au monolayer on a (3-aminopropyl)trimethoxysi-
lane (APTMS)-coated or equivalent mercaptosilane-
coated glass slide is exposed to a molecule having two
functional groups that bind to or induce flocculation of
colloidal Au [2-mercaptoethanol, 2-mercaptoethylamine,
HS(CH2)6SH, APTMS, poly(vinylpyrrolidone), etc.],14
immersion in colloidal Au leads to additional particle
binding.2a Repetitive dips into bifunctional organic
cross-linker and colloidal Au solutions (5-15 min for
the cross-linker, 5-60 min for the colloid, with copious
rinsing between immersions) rapidly leads to formation
of Au colloid multilayers. Note that no interlayer
registry of particles is expected. Scheme 1 is very
general and can be used with colloidal Au nanoparticles
of any diameter, although the lower particle concentra-
tions for standard preparations of both large and small
particles lead to longer derivatization times.14b

* To whom all correspondence should be addressed: natan@
chem.psu.edu.

(1) (a) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J.
Nature 1996, 382, 607-609. (b) Alivasatos, A. P.; Johnsson, K. P.; Peng,
X.; Wilson, T. E.; Loweth, C. J.; Bruchez, M. P., Jr.; Schultz, P. G.
Nature 1996, 382, 607-611.

(2) (a) Grabar, K. C.; Smith, P. C.; Musick, M. D.; Davis, J. A.;
Walter, D. G.; Jackson, M. A.; Guthrie, A. P.; Natan, M. J. J. Am.
Chem. Soc. 1996, 118, 1148-1153. (b) Grabar, K. C.; Allison, K. J.;
Baker, B. E.; Bright, R. M.; Brown, K. R.; Freeman, R. G.; Fox, A. P.;
Keating, C. D.; Musick, M. D.; Natan, M. J. Langmuir 1996, 12, 2353-
2361. (c) Grabar, K. C.; Freeman, R. G.; Hommer, M. B.; Natan, M. J.
Anal. Chem. 1995, 67, 735-743. (d) Freeman, R. G.; Grabar, K. C;
Guthrie, A. P.; Allision, K. J.; Bright, R. M.; Davis, J. A.; Hommer, M.
B.; Jackson, M. A.; Smith, P. C.; Walter, D. G.; Natan, M. J. Science
1995, 267, 1629-1632.

(3) Terrill, R. H.; Postlewaite, T. A.; Chen, C.-h.; Poon, C. D.; Terzis,
A.; Chen, A.; Hutchison, J. E.; Clark, M. R. Wignall, G.; Londono, J.
D.; Superfine, R.; Falvo, M.; Johnson Jr., C. S.; Samulski, E. T.;
Murray, R. W. J. Am. Chem. Soc. 1995, 117, 1237-12548.

(4) (a) Brust, M.; Bethell, D.; Schiffrin, D. J.; Kiely, C. J. Adv. Mater.
1995, 7, 795-797. (b) Bethell, D.; Brust, M.; Schiffrin, D. J.; Kiely, C.
J. Electroanal. Chem. 1996, 409, 137-143. (c) Brust, M.; Etchenique,
R.; Calvo, E. J.; Gordillo, G. J. Chem. Commun. 1996, 1949-1950.

(5) Andres, R. P.; Datta, S.; Dorogi, M.; Gomez, J.; Henderson, J.
I.; Janes, D. B.; Kolagunta, V. R.; Kubiak, C. P.; Reifenberger, R.;
Samanta, M. P.; Tian, W. J. Vac. Sci. Technol. A 1996, 14, 1178-1183.
(b) Andres, R. P.; Bielefeld, J. D.; Henderson, J. I.; Janes, D. B.;
Kolagunta, V. R.; Kubiak, C. P.; Mahoney, W. J.; Osifchin, R. G. Science
1996, 273, 1690-1693.

(6) (a) Rubin, S.; Bar, G.; Taylor, T. N.; Cutts, R. W.; Zawodzinski,
T. A., Jr. J. Vac. Sci. Technol. A 1996, 14, 1870-1877. (b) Doron, A.;
Katz, E.; Willner, I. Langmuir 1995, 11, 1313-1317.

(7) Giersig, M.; Mulvaney, P. Langmuir 1993, 9, 3408-3413.
(8) Harfenist, S. A.; Wang, Z. L.; Alvarez, M. M.; Vezmar, I.;

Whetten, R, L. J. Phys. Chem. 1996, 100, 13904-13910.

(9) (a) Yagil, Y.; Deutscher, G. Appl. Phys. Lett. 1988, 52, 373-
374. (b) Yagil, Y.; Deutscher, G. Thin Solid Films 1987, 152, 465-
471. (c) Yagil, Y.; Yosefin, M.; Bergman, D. J.; Deutscher, G.; Gadenne,
P. Phys. Rev. B 1991, 43, 11342-11352. (d) Brouers, F.; Clerc, J. P.;
Giraud, G.; Laugier, J. M.; Randriamantany, Z. A. Phys. Rev. B 1993,
47, 666-673.

(10) (a) Dobierzewska-Mozrymas, E.; Bieganski, P. Surf. Sci. 1988,
200, 417-423. (b) Bridge, B.; Folkes, M. J.; Wood, B. R. J. Phys. D:
Appl. Phys. 1990, 23, 890-898.

(11) Feldheim, D. L.; Grabar, K. C.; Natan, M. J.; Mallouk, T. E. J.
Am. Chem. Soc. 1996, 118, 7640-7641.

(12) Birge, R. R. Annu. Rev. Phys. Chem. 1990, 41, 683-733.
(13) Particle dimensions (221 particles sized): 10.7 nm ( 1.3 nm

(long axis); 9.4 nm ( 1.1 nm (short axis).
(14) (a) Feldstein, M. J.; Keating, C. D.; Liau, Y. H.; Natan, M. J.;

Scherer, N. F. J. Am. Chem. Soc., in press. (b) Musick, M. D.; Keating,
C. D.; Keefe, M. H.; Natan, M. J., manuscript in preparation.

Scheme 1

1499Chem. Mater. 1997, 9, 1499-1501

S0897-4756(97)00087-2 CCC: $14.00 © 1997 American Chemical Society



Tapping-mode atomic force microscopy (AFM) and
field emission scanning electron microscopy (FE-SEM)
have been used to monitor the growth of colloidal Au
films. Images acquired after repeated exposures to
2-mercaptoethanol/colloidal Au (Supporting Informa-
tion) indicate a porous geometry, with neither close-
packed coverage within a layer (in accord with previous
findings)2 nor registry between layers. Both AFM and
FE-SEM images clearly indicate areas of uninterrupted
particle contact after just two 2-mercaptoethanol/Au
treatments, suggesting the possibility of macroscopic
conductive paths.
Further support for metal-like attributes comes from

visible/near-infrared optical transmission spectra (Fig-
ure 1), shown as function of θ for samples immersed
between 1 and 12 times in 2-mercaptoethanol/11-nm
Au.15 The spectra for low coverages match those previ-
ously obtained for small colloidal Au aggregates or
immobilized 2-D Au nanoparticle arrays:2,16 strongly
absorbing in the visible and transparent in the near-
infrared. As the particle coverage increases, near-
infrared transmission decreases markedly and becomes
only weakly wavelength dependent. Similar behavior
is seen in thin Au films.9 It is remarkable that 12 layers
of burgundy-colored, 11-nm diameter colloidal Au par-
ticles yield a shiny and reflective surface that, to the
eye, is indistinguishable from bulk Au films.
At sufficiently high coverages, Au colloid multilayers

undergo an insulator-conductor transition. Figure 2
shows a plot of dc resistance (plotted on a semilog scale)
vs θ.17 Samples containing 25 × 1011 particles/cm2 are

insulating, with a resistance in excess of 107 Ω (the
highest value we can presently measure is 200 MΩ).
Increasing θ leads to an enormous decrease in resis-
tance; when θ is doubled to 50× 1011/cm2, the resistance
drops below 100 Ω, a change of over 5 orders of
magnitude. Considering the porous nature of these
films and the presence of organic adsorbed 2-mercap-
toethanol on the particles,18 these films are remarkably
conductive: the most conductive samples (12 treat-
ments) have a resistivity of 5 × 10-4 Ω cm, a value
roughly 1/200 that of pure Au.19 Au colloid multilayers
on glass substrates are thus more conductive than In-
doped SnO2, for example, and can be used for routine
voltammetric measurements.14a It is interesting to note
that a sample comprising 12 layers of 11-nm diameter
Au particles separated by a two-carbon spacer is 4
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on 50% aqueous aqua regia-digested surfaces, assuming all Au particles
were prolate spheroids, with 10.7 × 10.7 × 9.4 nm axes.
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Figure 1. Au particle coverage (θ) dependence of UV-vis/
near-IR transmission spectra of Au colloid multilayers [pre-
pared by successive, repeated immersion of a glass slide
derivatized with APTMS, and a 11-nm diameter Au colloid
monolayer into (a) 4 mM 2-mercaptoethanol (8-10 min) and
(b) 17 nM, 11-nm diameter Au (30-60 min)].

Figure 2. log plot of dc resistance versus Au particle coverage
(θ) for Au colloid multilayers. See Figure 1 for details of sample
preparation.
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orders of magnitude more conductive than 38 layers of
8-nm diameter Au particles linked by a six-carbon
spacer. Electron transfer between particles likely occurs
by activated hopping between nearest neighbors, as
previously observed for granular metal films.20
The number of particles bound per treatment does not

change with particle coverage, evidenced by a nearly
linear plot of θ vs number of immersions in Au (Sup-
porting Information). In other words, each step in the
multilayer assembly adds the same amount of Au, and
as a result the volume fraction (f) of colloidal Au does
not appreciably change as function of θ;14,21 similar
observations were reported for thiol-capped colloidal Au
particles using quartz crystal microgravimetry.4 While
the exact mechanism of conductivity in these samples
has not yet been determined, it is worth noting that the

volume fraction of Au particles in these samples falls
between the 2-D (f ≈ 0.6) and 3-D (f ≈ 0.3) percolation
regimes.22

From a materials perspective, the ability to form
highly conductive Au surfaces from solution under
extremely mild conditions may be of practical value,
particularly for devices with molecular components.
Likewise, Au colloid multilayers are well-suited to
fundamental studies on optical, electric, and dielectric
properties of thin Au films, including the effects of
particle diameter, alkyl chain length, and temperature.
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