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Results of an investigation of hydrogen-bonding mediated interparticle assembling and
spatial properties from extremely dilute concentrations of the mediation agent are reported.
Nanoparticles consisting of highly monodispersed decanethiolate-capped gold nanocrystal
cores and R,ω-mercapto-alkanoic acids are highlighted as a model system. The formation of
a stable ordered array is demonstrated via manipulating the constituents in solution. Infrared
reflection spectroscopy, spectrophotometry, transmission electron microscopy, and atomic
force microscopy have been utilized to probe the interparticle structural and spatial
properties. A “squeezed” interparticle spatial model involving both hydrogen-bonding at the
carboxylic acid groups and cohesive van der Waals interaction through interdigitation of
the capping decanethiolate molecules is concluded to be responsible for the interparticle
assembling forces. This interparticle spatial property depends on the relative amount of the
hydrogen-bonding mediation agent, nanocrystal core size, and size monodispersity. Implica-
tions of these findings to the creation of well-defined nanostructures from nanoscale building
blocks toward functional nanomaterials are also discussed.

Introduction

The importance of understanding factors governing
the creation of nanoparticle assembly stems from the
desire to precisely manipulate nanostructured func-
tional properties for optical, microelectronic, magnetic,
catalytic, and chemical/biological applications.1,2 The
desire is recently highlighted by attributes of engineer-
ing metallic or semiconductor nanoparticles as building
blocks in terms of size monodispersity, core-shell
processibility, solubility, stability, self-assembly capabil-
ity, and interfacial reactivities. Nanoparticles and as-
semblies toward macroscopic materials of both funda-
mental and technological interests have been reported,
including two-phase synthesis of monolayer-protected
nanoparticles,3-5 stepwise layer-by-layer construction,5-8

and DNA and other molecular assembling strategies.9-12

Although there is a wide range of interests in exploring
these nanostructured applications, the lack of knowl-

edge of interparticle structure-reactivity correlation
limits our ability to precisely control nanoparticle
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organization, ordering, and other morphological proper-
ties.

This paper reports novel findings of a study of
hydrogen-bonding mediated interparticle assembly from
core-shell nanoparticles consisting of nanocrystal core
and organic monolayer shell, e.g., alkanethiolate-capped
gold nanoparticles. In comparison with covalent, elec-
trostatic, or van der Waals (VW) interactions, hydrogen-
bonding has an intermediate binding strength and
binding reversibility, which offers a flexible and control-
lable pathway for structural manipulation and correla-
tion. Some of the attributes have been demonstrated in
several recent reports for supramolecular and nanopar-
ticle assemblies.12-15 In the hydrogen-bonding mediated
pathway, we consider two extremes of a hypothesis of
the nanoparticle assembly (Scheme 1): (a) a dense
packing and (b) a 2D fractal growth of the linked
particles. The interparticle properties are dependent on
the core-shell size and the actual degree of packing or
branching. Pore diameters or densities up to ∼1012

pores/cm2 for a layer of 5-nm sized particles could be
estimated. Although VW force is one of the most
common intermolecular or interparticle forces respon-
sible for the formation of ordered arrays in evaporated
nanoparticles,5 particles held together by such a non-
specific force are, however, not fully controllable or
chemically or mechanically stable on macroscopic ma-
terials scale. In contrast, chemically specific binding
(e.g., covalent or H-bonding) could overcome the weak-
ness, though observations of large domains of highly
ordered organization are very limited.16 We rationalized
that it is possible to use a combination of these two
forces for constructing nanoparticle assembly by ma-
nipulating the chemically specific constituent. For ex-
ample, if the relative molar ratio of the hydrogen-

bonding ligand (R2) vs methyl-terminated alkyl capping
molecules (R1) (∝ moles of R1-capped nanoparticles
(NP)), i.e., NL/NNP, is manipulated, the interparticle
interaction in the assembly could consist of a balance
of hydrogen-bonding and VW forces, leading to the
regulation of the interparticle packing or spatial proper-
ties.

We show herein that the intermolecular hydrogen-
bonding mediation of gold nanoparticle assembly by
carboxylic acid groups and the hydrophobic interaction
of alkanethiolates constitute an excellent model system
for exploring the above hypothesis. We demonstrate that
a very small fraction of the hydrogen-bonding agent is
sufficient for mediating the assembly toward chemically
stable and ordered array morphologies. In view of the
diversity of place-exchange reactivities of monolayer-
capped nanoparticles17 and the importance of hydrogen-
bonding in materials and biological or biomimetic
systems,15a an in-depth understanding of the interpar-
ticle spatial properties of the hydrogen-bonding medi-
ated nanoparticle assembly could also facilitate the
design of nanostructures for mimicking biological or
synthetic receptors,12,18 and a wide range of applications
such as filtration, sensing, and catalysis.2

Experimental Section

Chemicals. Decanethiol (DT, 96%), hydrogen tetrachloro-
aurate (HAuCl4, 99%), tetraoctylammonium bromide (TOABr,
99%), 11-mercaptoundecanoic acid (MUA, 95%), 16-mercap-
tohexadecanoic acid (MHA, 90%), and 1,9-nonanedithiol (NDT,
95%) were purchased from Aldrich and used as received. Other
chemicals included hexane (99.9%) and toluene (99.8%) from
Fisher, and ethanol (99.9%) from Aldrich. Water was purified
with a Millipore Milli-Q water system.

Synthesis. Gold nanoparticles of 2 nm core size encapsu-
lated with DT monolayer shells were synthesized according
to Schiffrin’s two-phase method3 and synthetic modifications.4
Details for the synthesis of our 2-nm gold nanoparticles
(Au2-nm, 1.9 ( 0.7 nm) were recently described.19 Gold nano-
particles of larger sizes were produced from Au2-nm particles
by a thermally activated processing route recently developed
in our laboratory.19 In this route, the core-shell structure
undergoes desorption/re-deposition and coalescence/growth,
and evolves toward a larger core size. In addition to nanopar-
ticles of the core size of 5.2 ( 0.3 nm (Au5-nm),19 we were also
able to process the nanoparticles toward different core sizes
of high monodispersity. In this work, we largely focus on the
∼6-nm gold nanoparticles produced from the same procedure,
but by controlling a slightly higher evolution temperature
(∼146 °C) and using longer annealing time at 100 °C (4 h).
The TEM micrograph for the processed particles is shown in
Figure 1, along with the size distribution histogram. This
sample was prepared by evaporation of a drop of hexane
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Scheme 1. Two Extremes of 2D Interparticle
Assembly of Nanoparticles toward a Domain Size
of Radius R: Dense Packing (a) and Branching

Growth (b)
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solution of DT/Au6-nm (∼0.24 µM) on a carbon-coated Cu grid.
We note that the difference between darker and lighter
appearance of the particles is likely due to the presence of
slightly different crystallite orientations.5c These particles have
an average diameter of 6.2 nm with a small standard deviation
of (0.5 nm (Au6-nm).

Preparation. The nanoparticle assembling process involved
immersing an appropriate substrate in a hexane solution of
the gold nanoparticles and the mediator agents. This procedure
is largely the same as that recently reported for assembling
nanoparticles of 2∼5 nm core sizes15 except for a key difference
in concentrations of the constituents. In the previous proce-
dure, concentrations of the 5-nm nanoparticles and MUA were
relatively high, typically in 1.0 µM for Au5-nm, and 0.05 mM
for MUA (the molar ratio of MUA to Au5-nm was g50). In the
present work, concentrations of the Au6-nm and MUA or MHA
ligands were much more dilute, typically 0.2∼1.0 µM Au6-nm

and 0.3∼1.5 µM MUA or MHA. The relative molar ratio of the
carboxylic acid ligand (L) vs the methyl-capped nanoparticles
(NP), i.e., NL/NNP, is controlled in the preparation procedure.
We focused primarily on molar ratios close to ∼1. The
nanoparticle concentrations were determined by spectropho-
tometric calibration, which was based on a truncated octa-
hedron model for the particle shape.4a

Substrates used for the thin film preparation included glass,
gold-film-coated mica, and carbon-film-coated TEM grid. The
general preparation involves immersion of substrates, glass,
or gold film on glass, into a solution of nanoparticles and cross-
linking agents at room temperature. The film preparation
involved addition of the linker solution to the nanoparticle
solution followed by a quick mixing. The freshness of the
solution was thus about a few seconds. The film formation
immediately follows the exchange reaction, as known from the
previous exponential growth kinetics.15 Under the experimen-
tal condition of this paper, the thin film formation could be
detected in as less as 5 min. The substrates were immersed
vertically to ensure that the film was free of powder deposition.
At a controlled immersion time, the film-deposited substrates
were emersed and immediately rinsed thoroughly with the
solvent. The thin film was dried under nitrogen or air before
characterizations.

Instrumentation and Measurements. UV-Visible (UV-
Vis) spectra were acquired with a HP 8453 spectrophotometer.
Nanoparticle samples were dissolved in hexane. Thin film
samples were deposited on glass substrates. The spectra were
collected over the range of 200-1100 nm.

Infrared reflectance spectra (IRS) were acquired with a
Nicolet 760 ESP FT-IR spectrometer that was purged with
boil-off from liquid N2. The spectrometer was equipped with a
liquid-nitrogen-cooled HgCdTe detector, and the measure-

ments were performed in an external reflection mode using
p-polarized light at an incident angle of 82°. An octadecanethi-
olate-d37 monolayer on gold was used as the reference. Gold
thin film on Cr-primed glass (Au/glass) was used as a substrate
for the IRS measurement. The spectral deconvolution was
based on the convergence of a Marquardt-Levenberg algo-
rithm to values that gave the best least-squares fit to the
spectral data using a Lorentzian-type band shape.

Transmission electron microscopy (TEM) was performed on
a Hitachi H-7000 electron microscope (100 kV). The nano-
particle samples dissolved in hexane or toluene solution were
drop-cast onto a carbon-coated copper grid sample holder
followed by solvent evaporation in air at room temperature.

A Multimode NanoScope IIIa (Digital Instruments) was
utilized for imaging. The TappingMode (TM)-AFM was used
for imaging. Standard silicon cantilevers (Nanoprobes) were
used. The instrument was calibrated by imaging standard
grating samples.

Quartz crystal microbalance (QCM) measurement was
carried out using an oscillation circuit (oscillator MC12061L,
Newark Electronics) with a HP frequency counter (5302A).
Gold films were deposited onto AT-cut and polished quartz
crystals with a 9 MHz fundamental resonance frequency.

Results and Discussion

1. Interparticle Structure. A. UV-Vis Charactri-
zation. Our initial examination of the film solubility
indicated that the thin film assembled from a hexane
solution of DT/Au5-nm (1.0 µM) and MUA (0.06 mM) was
not soluble in either nonpolar solvent (e.g., hexane) or
polar solvent (e.g., ethanol). The blue color of the thin
film remained intact for months. Although the insolu-
bility in nonpolar solvent was expected, the insolubility
in polar ethanol solvent was initially a surprise. As will
be further evidenced in the structural characterizations,
the film is hydrophobic due to a relatively low extent of
exchange of DT by MUA from the low molar ratios
(1∼100) of MUA vs DT/Au5-nm particles used in the
assembling solution. This was further supported by the
fact that a large excess of MUA (∼90 mM) must be
added into the ethanol solution in order for the thin film
assembly to become completely soluble in the solvent.
Evidently, a further exchange between the excess MUA
in the solution and the remaining DT molecules on the
nanocrystals occurs, leading to the eventual dissolution

Figure 1. TEM micrograph and size distribution histogram (based on 1300 counts) of DT-capped Au nanoparticles produced by
the thermally activated processing route.
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and the reappearance of the original color of gold
nanoparticles in solution.

As a further confirmation of the individual nanopar-
ticle integrity, the nanoparticles dissolved in the pres-
ence of excess MUA were characterized using UV-Vis
spectrophotometry. Figure 2 shows a typical set of
spectra comparing the SP band characteristics for the
starting DT-capped Au5-nm nanoparticles in hexane (a),
the MUA-linked Au5-nm film on a glass slide (b), and
the particles produced from dissolution of the film in
an ethanolic solution of MUA (90 mM) (c). It is evident
that the SP band for the nanoparticles dissolved basi-
cally returned in wavelength from 580 nm for the
assembled film to 520 nm that is characteristic of the
Au5-nm in the solution. A similar result was also
observed for Au6-nm. The shift of the SP band from
solution to film reflects changes in the interparticle
distance and the dielectric medium.15a,20 The subtle
difference in peak shape between the initial and the
redissolved nanoparticles is due to differences in solvent,
capping agent, and concentration.20 A TEM examination
of the nanoparticles sampled from the dissolved nano-
particle solution (Figure 2 insert) clearly supports the
UV-Vis data, conforming that the redissolved nano-
particle cores remain the same as the starting nano-
particles in terms of size. The assembling and dis-
assembling processes do not change the size of the
original nanocrystals.

Our results indicate that the solubility of the MUA-
linked films is dependent on the nanocrystal core size
and the surface concentration of CO2H groups in the
shell. In contrast to the poor solubility for the MUA-
linked Au5-nm or Au6-nm film, the MUA-linked Au2-nm
film was found to be completely soluble in an ethanol
solvent even in the absence of MUA. In this case, the
solubility involved a combination of the low-molecular-
mass effect and the more extensive exchange of MUA
at the small sized particles. A NMR study of the extent
of exchange revealed ∼8% for Au5-nm particles prepared
from a much higher MUA-to-Au5-nm ratio (50), and
∼46% for Au2-nm particles prepared from a much higher
MUA-to-Au2-nm ratio (200);21 the latter is in a close

agreement with a recent report for similar systems
under a different preparative condition.22 The MUA-
linked Au6-nm film from the dilute MUA concentrations
must have a much lower extent of exchange, which is
addressed next by IRS characterization.

B. IRS Characterization. To probe the structural
properties, we carefully examined the IRS spectral
evolution of the thin film assembly as a function of
assembling time from the dilute solution, focusing on
the nanoparticle assembly formed at the initial stage.
Figure 3 shows a typical set of IRS spectra in both high
(A) and low (B) frequency regions for samples prepared
at a relatively low MUA concentration (3.0 µM). The
MUA-to-Au6-nm molar ratio is ∼6. The spectrum for DT-
capped gold nanoparticles prepared by casting on a gold
film substrate is included for comparison (dashed line).
The diagnostic bands include carbonyl stretching modes
(νCdO) in the low-frequency region and methyl and
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2288.

Figure 2. UV-Vis spectra: (a) DT/Au6-nm in hexane; (b)
MUA-Au6-nm film on glass substrate; and (c) the MUA-Au6-nm

film dissolved in an ethanolic solution of 90 mM MUA. Inset:
TEM image of the nanoparticles sampled from the dissolved
solution.

Figure 3. IRS spectra in high (A) and low (B) frequency
regions for MUA-linked Au6-nm films assembled from a hexane
solution of [Au6-nm] ) 0.48 µM and [MUA] ) 3.0 µM as a
function of assembling time (tassembly: 15 (b), 30 (c), and 120
(d) min). Dotted line (a): DT/Au6-nm cast on Au film/glass
substrate. Insert: spectral deconvolution of the carbonyl-
stretching envelope.
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methylene stretching modes (e.g., νa&s(CH3) and νa&s-
(CH2)) in the high-frequency region.15a

In the high-frequency region (A), the increasing
absorbance of methylene stretching bands at 2918 and
2848 cm-1 supports that the network structure is
primarily composed of alkyl chains. The methyl stretch-
ing bands are small but detectable at 2960 and 2878
cm-1. In comparison with the relative absorbance ratio
of the methyl band (νa (CH3)) vs the methylene band
(νa (CH2)), i.e., A(νa(CH3))/A(νa(CH2)), for the cast DT-
Au nanoparticles (d), a reduction is evident for the
MUA-linked nanoparticle films, indicating a partial
replacement of the capping DT by MUA molecules (see
Figure 3 from a to b, and Table 1). The fact that there
is little shift in both νa(CH2) and νs(CH2) bands as a
function of immersion time is in contrast to those
observed for self-assembled monolayers with a similar
chain length,23 where νa(CH2) shifted from 2926 to 2918
cm-1 due to an increased packing of the alkyl chains.
This observation demonstrates that the packing struc-
ture of the shell in the thin film assembly remains
crystalline-like.24-26 The relatively little change in the
ratio Aνa((CH3))/A(νa(CH2)) (Table 1) after the initial
layer formation indicates the structural similarity of the
linked nanoparticles in the different growth layers.

In the low-frequency region (B), two overlapping
bands diagnostic of carboxylic acid groups can be
identified at 1710 and 1743 cm-1. In our earlier study
of MUA-linked 2∼5 nm nanoparticles from higher
concentration solutions,15a the bands observed at 1740,
1710, and ∼1670 cm-1 were assigned to free, head-to-
head hydrogen-bonded and polymeric hydrogen-bonded
-CO2H groups, respectively. As shown by the spectral
deconvolution (Figure 3B, insert, and Table 1), the
polymeric H-bonding component is largely absent. The
relative ratio of free (1740 cm-1) vs hydrogen-bonded
(1710 cm-1) CO2H groups, i.e., A[ν(free)]/A[ν(H-bonded)],
is dependent on the immersion time. The relatively
small change after the initial layer formation (b) indi-

cates again the structural similarity in the subsequent
hydrogen-bonding for the thin film growth. In general,
the free-acid component is less than 20% of the total
-CO2H groups, suggesting a predominant head-to-head
hydrogen-bonding.

The spectral evolution was dependent on the concen-
tration of MUA. Figure 4 shows another set of IRS
spectra for thin films prepared at an 8-fold lower
concentration of MUA (0.4 µM). The MUA-to-Au6-nm
molar ratio (1.6) was also reduced by a factor of ∼4. By
comparing Figures 3 and 4, it is evident that while the
C-H stretching region shows a very similar evolution,
the carbonyl region reveals two major distinctions. First,
the absorbance is much weaker for the low concentra-
tion case, suggesting a relatively smaller extent of
exchange. The relatively little change in absorbance is
again indicative of the structural similarity in layer-
by-layer growth. Second, the spectral deconvolution
(Figure 4B, insert, and Table 1) shows that the relative
absorbance ratio of the hydrogen-bonded (1710 cm-1)
vs free (1740 cm-1) -CO2H groups remains constant
during the film growth, each of which is ∼40% of the
total (in addition to a ∼20% of polymeric hydrogen-
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Table 1. Relative Ratio of the Peak Areas Based on
Spectral Deconvolution of the Spectra in the C-H
Stretching and the Carbonyl Stretching Regions

IRS peak area ratio

assembling
time (min)

A[νa(CH3)]/
A[νa(CH2)]

A[ν(free CO2H)]/
A[ν(H-bonded CO2H)]

[MUA] ) 3.0 µM
0.26

15 0.16 0.31
30 0.13 0.17

120 0.15 0.27

[MUA] ) 0.4 µM
0.26

5 0.21 1.02
15 0.20 1.05
45 0.20 1.23
90 0.20 1.11

Figure 4. IRS spectra in high (A) and low (B) frequency
regions for MUA-linked Au6-nm films assembled from a hexane
solution of [Au6-nm] ) 0.24 µM and [MUA] ) 0.4 µM as a
function of assembling time (tassembly: 5 (a), 15 (b), 45 (c), and
90 (d) min). Insert: spectral deconvolution of the carbonyl-
stretching envelope.
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bonding component (∼1640 cm-1)). The finding is in
sharp contrast to the fact that less than 20% of free acid
was observed for the films from a higher MUA concen-
tration, indicating a relatively lower extent of hydrogen-
bonding.

The dependence of the nanoparticle assembly on the
concentration of MUA shows the effective mediation of
the interparticle hydrogen-bonding. The MUA-to-nano-
particle molar ratio of ∼1 translates to ∼1 MUA per
∼500 capping DT molecules on the nanocrystal (Au6-nm)
in the solution. As shown in Table 2 by the relative
changes of the characteristic bands, the extent of
exchange clearly decreases when the MUA concentra-
tion is decreased. These insights are important for
assessing the interparticle morphological properties, as
described next.

2. Interparticle Morphology. A. Ordered Array.
Figure 5 shows a representative TEM micrograph for a
thin film assembly prepared from a hexane solution of
MUA (0.39 µM) and DT-capped Au6-nm (0.24 µM). The
preparation involved a vertical immersion of a carbon-
film-coated TEM grid in the solution that was followed
by an immediate thorough rinsing with hexane upon
emersion. The assembly displays large domains of an
ordered array with hexagonal packing. Such a morphol-
ogy was not observed in a control experiment (i.e., the
same preparative procedure and solution constituents

but in the absence of MUA). A close comparison with
DT/Au6-nm nanoparticles evaporated on the TEM grid
(Figure 1) reveals a subtle difference in packing density.
It is important to emphasize that although the evapo-
rated DT/Au6-nm film can be redissolved in hexane, the
MUA-linked film is not soluble in either hexane or
ethanol solvent. The driving force for the interparticle
packing in the DT/Au6-nm case involves only VW inter-
action through interdigitation of alkyl chains.15 For the
MUA-linked film, a combination of hydrogen-bonding
and VW interactions must be involved, as revealed by
IRS data.

Similar features of the interparticle ordering have
also been observed using a different chain length in the
mediator structure, i.e., MHA, to assemble Au6-nm
particles (Figure 6). The assembly also displays large

Figure 5. TEM micrographs of MUA-linked Au6-nm assembly from a hexane solution of [Au6-nm] ) 0.24 µM and [MUA] ) 0.39
µM (tassembly: 12 min).

Figure 6. TEM micrographs of MHA-linked Au6-nm assembly from a hexane solution of [Au6-nm] ) 0.24 µM and [MHA] ) 0.39
µM (tassembly: 15 min).

Table 2. Dependence of the A[νa(CH3)]/A[νa(CH2)] and
A[νa(CH2)]/A[ν(CO2H)] Ratios on the MUA Concentration

in the Assembly of MUA-Linked Gold Nanoparticles

[MUA] (µM)a A[νa(CH3)]/A[νa(CH2)] A[νa(CH2)]/A[ν(CO2H)]

0 0.26
0.4 0.20 3.6
3.0 0.15 2.8

50 0.01 2.2
a Corresponding to the MUA concentrations of 0.4, 3.0, and 50,

the [MUA]-to-nanoparticle mole ratio is 1.7, 6.3, and 50, respec-
tively.
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domains of ordered array with hexagonal packing. The
apparent two-layer patches or spots are either due to
the formation of a second layer of nanoparticles on the
first layer or nanoparticles assembled on the other side
of the grid. Again, a comparison with the evaporated
DT/Au6-nm particles reveals subtle differences in the
periodicity or interparticle spacing and in the solubility,
similar to those for the MUA-linked nanoparticles.

To determine the interparticle distance in the above
ordered arrays, a direct method is to measure the
average center-to-center or edge-to-edge distances. As
shown in Figure 7, we mapped the interparticle center-
to-center distances via a software-assisted statistical
analysis of the data in Figures 1, 5, and 6, from which
the edge-to-edge distance was calculated by subtracting

the average diameter of the nanoparticles. Table 3
summarizes the results. Because the edge-to-edge dis-
tances were derived from the center-to-center distances,
they should be within the same statistical uncertainty.
The DT/Au6-nm array formed by evaporation has an
average edge-to-edge distance of 1.5 nm, which is quite
consistent with the expectation based on a model of
interdigitation of alkanethiolates on the shells between
neighboring nanoparticles.1,5,27 Interestingly, this value
is slightly different from both MUA-linked Au6-nm (1.2
nm) and MHA-linked Au6-nm (1.4 nm). The edge-to-edge
distance for the MHA-linked Au6-nm assembly appears
comparable to that for the MUA-linked Au6-nm in view
of the standard deviation. A key observation here is that
the average edge-to-edge distance is much smaller than
expectation based on a model of 100% head-to-head
hydrogen-bonding between -CO2H terminal groups of
the trans alkyl chain structure. The modeling analysis
would yield ∼3.6 nm for (MUA)2 and ∼4.8 nm for
(MHA)2.

To account for the interparticle distance being smaller
than the expected lengths, we have considered several
interparticle interaction forces. Two of the most impor-
tant forces are VW and hydrogen-bonding interactions
for the examined systems. The former occurs via inter-
penetration of the alkyl chains,27 whereas the latter
occurs at the terminal functional groups. We believe
that a combination of the two interactions played a
significant role in the final interparticle packing after
the initial mediation by exchange and hydrogen-bond-
ing. This assessment is supported by the shell composi-
tion. In comparison with the extent of exchange (∼8%
DT) for samples prepared at high NL/NNP ratios, the
shell for thin films prepared at a very small NL/NNP
molar ratio (1∼2) must consist of a larger fraction of
DT. This is evidenced by the IRS and solubility data.
For the mixed -CO2H and -CH3 shell, while the
relatively limited sites of hydrogen-bonding mediate the
interparticle linking, the inter-penetration of DT
thiolate components has the propensity of maximizing
the interdigitative cohesive interaction. The combination
of the two forces leads to a “squeezed” interparticle
spatial property (Scheme 2), which is neither purely VW
interdigitation as known for cast alkanethiolate-capped
nanoparticles,5,27 nor purely interdigitated hydrogen-

(27) (a) Wang, Z. L.; Harfenist, S. A.; Whetten, R. L.; Bentley, J.;
Evans, N. D. J. Phys. Chem. B 1998, 102, 3068. (b) Petroski, J. M.;
Green, T. C.; El-Sayed, M. A. J. Phys. Chem. A 2001, 105, 5542.

(28) (a) Liu, J.; Shin, Y.; Nie, Z. M.; Chang, J. H.; Wang, L. Q.;
Fryxell, G. E.; Samuels, W. D.; Exarhos, G. J. J Phys. Chem. A 2000,
104, 8328. (b) Li, L. S.; Jin, J.; Yu, S.; Zhao, Y. Y.; Zhang, C. X.; Li, T.
J. J. Phys. Chem. B 1998, 102, 5648.

Figure 7. Statistical analysis results of the number of
nanoparticles vs the interparticle center-to-center distances
based on the TEM images in Figures 1a, 5b, and 6c.

Table 3. Average Interparticle Distances Derived from
TEM Image Analyses of the Data in Figures 1, 5, and 6

interparticle distance

assembly

d1
(center-to-center)

(nm)a)

d2
(edge-to-edge)

(nm)b)

(a) DT-Au6-nm 7.7 ((0.5) 1.5
(b) MUA-linked Au6-nm 7.4 ((0.5) 1.2
(c) MHA-linked Au6-nm 7.6 ((0.4) 1.4

a Based on a computer analysis of domains with 1300 counts of
particles for a and 250 counts for b and c. b Based on d1 and a
spherical model for the particle (average diameter: 6.2 ( 0.5 nm).
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bonding as proposed for nanoparticles capped with
amide-functionalized thiolates.13 We note that smaller
interparticle distances have been reported for gold or
silver nanoparticle assemblies1,5,20,27,31-33 that do not in-
volve interparticle hydrogen-bonding interactions. The
“squeezed” model proposed in this paper is also in
agreement with a recent report by Zamborini et al.32

that concluded a similar observation from electrical and
optical measurements about the interparticle properties
for a Cu2+-carboxylate bridged gold nanoparticle as-
sembly.

The evidence to support the “squeezed” interparticle
spatial model has been provided by grazing angle X-ray
diffraction characterization and a comparison with the
nanoparticle assembly thickness data from two different
techniques, AFM and QCM. The former provided a d
spacing value of 5.1 nm for a MUA-linked Au5-nm film
deposited on glass substrate (see Supporting Informa-
tion). This value is comparable to an estimate from the
inter-layer distance of closely-packed nanoparticles on
the substrate, and is largely consistent with the expec-
tation based on the TEM result. The latter allowed the
determination of the total mass of assembled nanopar-
ticles from which the thickness can be derived based
on the particle size and interparticle edge-to-edge
distance. The 6.2-nm nanoparticle is modeled as a
truncoctahedron,4a which gives 8307 gold atoms and 713
thiolates. Table 4 shows the data determined for a
MUA-linked Au6-nm film. The data for a NDT-linked
Au6-nm film are also included for comparison. The
results reveal a very good agreement between the AFM-
determined (8.0 nm) and the QCM-determined thick-
ness (8.2 nm) when the edge-to-edge distance of 1.2 nm
is used. The data therefore support the “squeezed”
interparticle spatial model in Scheme 2. In the case of

NDT interparticle linking, while only very small do-
mains of ordered array (∼15 particles) could be identi-
fied, the estimated average edge-to-edge distance (1.4
nm) was only slightly smaller than the theoretical
distance (1.5 nm). The close agreement between the
AFM- (17.2 nm) and the QCM-determined thickness
(20.1 nm) further supports the above assessment.

We also note that the interparticle ordering depends
on size and monodispersity of the nanoparticle cores.
Using 2∼5-nm core-sized particles which are relatively
less monodispersed (g0.6), we did not detect significant
domains of ordered arrays (see Supporting Information).
The capability of large and monodispersed nanoparticles
to maximize the inter-shell cohesive interaction is
consistent with a recent finding from a study of resor-
cinarene-encapsulated gold nanoparticles (16-170 nm),12e

which showed that the interparticle distance decreases
with core size and is much smaller than the expected
size of the capping molecule.

B. 2D Branching. Figure 8 shows another representa-
tive TEM micrograph for a MUA-linked Au6-nm thin film

(29) Fujii, T.; Yano, T.; Nakamura, K.; Miyawaki, O. J. Membrane
Sci. 2001, 187, 171.

(30) (a) Gulley, G. L.; Martin, J. E. J. Colloid Interface Sci. 2001,
241, 340 (b) Hiddessen, A. L.; Rodgers, S. D.; Weitz, D. A.; Hammer,
D. A. Langmuir 2000, 16, 9744. (c) Hanus, L. H.; Sooklal, K.; Murphy,
C. J.; Ploehn, H. J. Langmuir 2000, 16, 2621. (d) de Hoog, E. H. A.; de
Jong-van Steensel, L. I.; Snel, M. M. E.; van der Eerden, J. P. J. M.;
Lekkerkerker, H. N. W. Langmuir 2001, 17, 5486.

(31) Motte, L.; Lacaze, E.; Maillard, M.; Pileni, M. P. Langmuir
2000, 16, 3803.

(32) Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.;
Malik, M. A.; Murray, R. W. J. Am. Chem. Soc. 2002, 124, 8958.

(33) (a) Ohara, P. C.; Gelbart, W. M. Langmuir 1998, 14, 3418. (b)
Ohara, P. C.; Heath, J. R.; Gelbart, W. M. Angew. Chem., Int. Ed. Engl.
1997, 36, 1078. (c) Maenosono, S.; Dushkin, C. D.; Saita, S.; Yamaguchi,
Y. Langmuir 1985, 1, 5, 957.

Scheme 2. “Squeezed” Packing Model Involving
Hydrogen-Bonding at Carboxylic Acid Groups and

Cohesive Interaction through Interdigitation of
the Alkyl Chains

Table 4. Comparison of Thin Film Thickness Determined
from Quartz-Crystal Microbalance (QCM) and AFM for

the Mediator-Linked Gold Nanoparticle Films

film thicknessa, d (nm)

by AFM by QCM

assembly d ∆f (Hz)b dc dd

(a) MUA-linked Au5-nm film 8.0 ( 0.3 2523 ( 10 19.0 8.2
(b) NDT-linked Au5-nm filme) 17.2 ( 0.4 5426 ( 10 20.9 20.1

a The nanoparticle films were assembled on a 10-MHz polished
quartz crystal coated with a gold film. b ∆f is translated to mass
loading (∆m) based on Sauerbrey’s equation ∆m ) -Cf∆f, where
the mass sensitivity C×c4 ) 5.5 ng/cm2/Hz. c Calculated from ∆f,
using a theoretical edge-to-edge distance of 3.6 nm based on an
idealized model of the head-to-head hydrogen-bonding by Au-
S(CH2)10CO2H‚‚‚HO2C(CH2)10S-Au. d Calculated from ∆f, using
the experimental edge-to-edge distance of 1.2 nm, which is
determined from the ordered array (Table 3) and is hypothesized
as hydrogen-bonding mediated cohesive interparticle linkage
(Scheme 2). e Based on very small domains (average domain size
∼15 particles) of ordered array in TEM micrograph for NDT-
Au6-nm film. The determined average edge-to-edge distance was
1.4 ( 0.5 nm.

Figure 8. TEM micrograph of the branching morphology for
a MUA-linked Au6-nm film assembly from a hexane solution
of [Au6-nm] ) 0.24 µM and [MUA] ) 0.39 µM (tassembly: 15 min).
Insert: an enlarged view.
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prepared from a dilute solution, which is characteristic
of 2D branching as depicted in Scheme 1(b). The film
displays a clear nanoporous network created by the
branched architecture with an average pore size of ∼80
nm. A certain fraction of the nanoparticle array similar
to the ordered arrays described in the previous subsec-
tion is evidently embedded in the 2D branching archi-
tecture. Under a given concentration, the relative
coverage of the densely packed array area vs the 2D
branched pore area is highly dependent on the mono-
dispersity of the nanoparticles. By increasing monodis-
persity, the average size of the pore decreases. The 2D
branching morphology is also dependent on the NL/NNP

ratio. For example, pore sizes of an average diameter
of 30-60 nm were observed using a much smaller MUA
concentration (e.g., 0.4 µM). In contrast, much smaller
pore sizes were observed when using a much larger ratio
(g50). In the latter case, the particles were densely
packed in a 3D architecture.

We have also observed similar branching or fractal
growth phenomena on other substrates. For example,
for a thin film assembled on a Au/mica substrate under
a similar condition, domains of dense packing and
branching morphology as large as a few microns have
been observed using AFM (see Supporting Information).
Although not as well resolved as in the TEM image due
to tip-sample convolution of the AFM imaging, a close
examination can identify subtle branching morphology.
The cross-section view reveals a height variation cor-
responding to the size of the assembled nanoparticles.

To a certain degree, the branched structure resembles
those of fractal aggregation for colloids28 known in sol-
gel technology. The fractal growth can be described by
mass fractal dimension (d),29 i.e., M ∝ Rd, where M
represents the mass of the branched structure and R is
the corresponding radius. The fractal component d
equals 2 for 2D growth on a planar substrate, and
equals 3 for growth in 3D space. Importantly, on the
basis of our earlier kinetic studies of the mass changes
in the nanoparticle assembling process to which the
fractal component can be related,15b we found an
exponential growth which is characteristic of a reaction-
limited aggregation process mediated by the linker
molecules for the formation of both the compact and
branching morphologies.30 We also note that the lack
of symmetry is partially responsible for the formation
of the branched morphology in Figure 8. Under such a
low concentration of linker molecules, it is possible that
some of the exchanged -CO2H ligands are not sym-
metrically distributed in the shell. The mechanistic
details are a subject of our further investigation.

Conclusions

In conclusion, we have demonstrated that the use of
a highly dilute concentration of carboxylic acid func-
tionalized alkanethiol mediation agent in the assembly
of decanethiolate-capped gold nanoparticles leads to the
formation of controllable interparticle packing, ordering
and branching. A “squeezed” interparticle spatial model
involving both hydrogen-bonding at the carboxylic acid
terminal groups and cohesive VW interdigitation of the
capping decanethiolate molecules is concluded to be
responsible for the interparticle assembling forces. This
model implies that the -CO2H groups are mostly
located at the interparticle void spaces, which shines
new light into the mechanistic aspect in our recent
finding of ion-channeling properties of the nanostruc-
tured thin films.15a The interparticle morphologies can
be controlled by manipulating an extremely small
quantity of the carboxylic acid functionalized alkaneth-
iol mediation agent. We further note that the use of
simple alkanoic acid did not produce any of the phe-
nomena reported in this paper, thus ruling out possible
surfactant effects. These findings are significant because
the controllable 2D morphology with a regulation in
interparticle spatial properties may be exploited for
manipulating mass transport in nanostructured sensor
or catalysis applications where the interparticle distance
is an important parameter. The two-component inter-
particle forces may be generalized to many nanoparticle
assemblies involving different mediators including or-
ganic, inorganic, polymeric, and biological molecules
such as vesicle aggregation with a controlled ligand-
receptor stoichiometry.34 A further study of the inter-
facial nanochemistry in terms of models of reaction- vs
diffusion-limited assembling processes30 as well as
fractal dimension theory29 is in progress.
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