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Gold nanoparticles can be encapsulated by various
resorcinarene derivatives and assembled into monolayer
films at solvent interfaces. Surface charge plays a critical
role in both nanoparticle extraction and self-assembly:
the degree of monolayer formation and local two-
dimensional (2D) order within the nanoparticle arrays
is dependent on the chemical nature of the resorcinarene
headgroup as well as the presence of other electrolytes.
Cluster size distribution analysis can be used to
parameterize local 2D order within the arrays in a
quantitative manner, based on mean cluster sizes and
fractional hexagonal close-packed (hcp) cluster for-
mation. 2D nanoparticle arrays can also be prepared in
some cases using Langmuir–Blodgett techniques. These
studies demonstrate that resorcinarenes with chemisorp-
tive headgroups promote the self-assembly of well-
ordered 2D arrays.

Keywords: Calixarenes; Nanoparticles; Encapsulation; Self-
assembly

INTRODUCTION

There is currently tremendous interest in using the
principles of self-assembly for the construction of
materials with structural features in the low to mid-
nanometer (1–100 nm) size range [1]. Self-assembly
methods have the potential for fabricating well-
defined nanomaterials in large scale and at low cost,
and can be performed in conjunction with high-
resolution lithography for nanoscale patterning.
Examples of two-dimensional (2D) and three-
dimensional (3D) nanoparticle superlattices have
increased dramatically in recent years [2,3]. 2D
nanoparticle arrays have thus far yielded
novel electronic properties such as nonlinear and

spin-dependent transport [4–6] or tunable optical
phenomena such as second-harmonic generation [7]
and surface-enhanced Raman scattering [8–10],
whereas 3D superlattices and colloidal crystals are
promising candidates for photonic band gaps at
visible and near-infrared wavelengths [11,12].

An attractive feature of self-assembly is its ability
to promote crystalline order in two or three
dimensions, enabling ensemble properties to be
correlated with tunable physical parameters such as
particle size and aspect ratio, periodicity and
interparticle spacing, and higher-order lattice struc-
ture. These scalable effects are the quintessence of
nanoscale science and technology — quantized
physical phenomena once considered the domain
of atoms and molecules are now observed in many
types of nanomaterials, giving rise to the concept of
nanocrystals and their ordered superlattices as
“artificial atoms” and “quantum dot solids” [2].
Nanosized logic circuits [13,14], chemical and
biomolecular sensors [1,15–17] and ultradense data
storage devices [18] have all been envisioned as
technologically useful products created by the
ordering of nanoscale components.

The forces that drive colloidal self-assembly
depend on the physical characteristics and surface
chemistry of the unit particle as well as
on environmental factors. Particle size and compo-
sition determine whether long-range van der Waals
(vdW) interactions play an important role in self-
organization. For the very smallest nanoparticles,
such vdW forces are typically at or below thermal
energies (kBT), such that self-assembly would be
mostly driven by interactions at molecular length
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scales (e.g. surfactant chain interdigitation) [19–21].
“Programmed” nanoparticle self-assembly mediated
by molecular recognition has been demonstrated in
several instances [22–28] with at least one example
of ordered superlattice formation reported recently
[29]. As particle size increases, self-organization is
often determined by a more complex balance of vdW
interactions, electrostatic forces and/or short-range
steric repulsion; at still greater (mesoscopic) length
scales, interfacial surface energies and solvophobic
interactions become significant [30].

Not surprisingly, methods for assembling colloidal
particles into ordered superlattices vary consider-
ably, depending on the nature of the particles used
and the media in which they are dispersed.
Surfactant-coated nanocrystals with weak vdW
interactions can be deposited at submonolayer
concentrations onto air–water interfaces and com-
pressed into close-packed 2D arrays in a Langmuir–
Blodgett trough [7,19,20,31–33] or organized into 3D
superlattices by molecular crystal growth techniques
[34–36]. Stable dispersions of nanoparticles and
colloids with greater long-range vdW interactions
can self-assemble into 2D arrays by simple dropcast-
ing techniques onto wettable surfaces [21,37–43].
Air – liquid and liquid – liquid interfaces are
especially useful for tuning particle interactions,
and permit self-assembled films to be transferred
onto solid surfaces with a high degree of fidelity.
Several examples of highly ordered 2D colloidal
arrays have been prepared by Langmuir monolayer
transfer [33,44,45].

With respect to metal nanoparticles, the vast
majority of studies on nanoscale self-assembly have
focused on particles in the low nanometer size range
ðd , 10 nmÞ: Metal colloids in the mid-nanometer
ð10–100 nmÞ size range also have important optical or
magnetic properties, but their strong interaction
potentials promote kinetic aggregation and often
result in poorly organized structures. This is
essentially a problem in dispersion control; if
repulsive interactions are sufficiently strong to offset
particle self-attraction at close range, it should
be possible to achieve conditions for thermo-
dynamically controlled self-organization irrespective
of particle size.

In order to tap the potential of nanomaterials in
the relatively unexplored 10–100 nm size range, we
have developed surfactants derived from C-
undecylcalix[4]resorcinarene [46] to enhance both
the dispersion of colloidal metal particles in
various solvents and their self-assembly into well-
defined nanostructures with tunable properties
[10,47–55]. These compounds possess at least two
salient features that contribute to their superior
qualities as nanoparticle dispersants: (i) large,
multivalent headgroups for robust adsorption
onto the nanoparticle surface, and (ii) several

hydrocarbon chains per molecule spaced several
angstroms apart (see Fig. 1). The latter ensures a
high degree of configurational freedom per chain in
the surfactant layer, which translates into effective
steric repulsion associated with the loss of entropy.
This is particularly important for nanoparticles
with planar facets or a large radius of curvature;
single-chain surfactants on these particles tend to
form densely packed monolayers with minimal
entropic repulsive potential (see Fig. 1, lower right),
which translates into poor kinetic control during
nanoscale self-assembly [47,52].

In the course of these studies, we demonstrated
that colloidal Au particles as large as 170 nm could
be dispersed at the air – water interface and
organized into monoparticulate films when encap-
sulated by resorcinarene tetrathiol 1 [50,52]. These
were deposited onto planar substrates and analyzed
by transmission electron microscopy (TEM), which
confirmed the formation of hexagonally close-
packed 2D arrays with good local order. The Au
nanoparticle arrays exhibited size-tunable optical
properties including surface-enhanced Raman scat-
tering (SERS), a highly sensitive form of surface
spectroscopy with exciting potential for chemical
and biomolecular sensing [10]. The SERS activities
of the 2D arrays was observed to be both
reproducible and stable over a period of months,
attributable to the thermodynamic stability of the
arrays themselves.

In this article we investigate the surfactant
properties of several resorcinarene-like derivatives
(1–8) for nanoparticle dispersion and self-assembly
(see Fig. 2). By varying the chemical functionality

FIGURE 1 Resorcinarenes as nanoparticle surfactants.
Resorcinarene monolayers support chains at intermediate
packing densities (upper right) and retain a high degree of
conformational entropy at the nanoparticle surface. Single-chain
surfactants tend to assemble into monolayers with high packing
densities (lower right) and limited potential for entropic steric
repulsion.
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on the resorcinarene headgroups while keeping
the hydrocarbon chains constant, we are able to
evaluate chemisorption effects on nanoparticle
extraction and self-organization at the air–water
interface. This work complements a recent study
on the influence of adsorbed electrolyte in the
self-assembly and local 2D ordering of nano-
particle arrays stabilized by resorcinarene 1 [56].
Both studies demonstrate the importance of
surface charge for nanoparticle self-organization
at aqueous interfaces.

RESULTS AND DISCUSSION

Extraction and Self-assembly of Resorcinarene-
stabilized Au Nanoparticles

Aqueous suspensions of colloidal Au nanoparticles
ð35 ^ 3 nm; , 1011 particles=mLÞ were first con-
ditioned with an ion-exchange resin to reduce
electrolyte concentrations to a minimum. Resorcin-
arene-encapsulated nanoparticles were prepared by
mixing the conditioned Au nanoparticle suspension
with an equal portion of a 1 mM solution of resor-
cinarene in THF, to produce a homogeneous pink
solution (see Materials and Methods for additional
details). Addition and vigorous mixing of toluene
resulted in a separation of organic and aqueous
layers; in many cases, a dark bluish film could
be observed at the solvent interface, signifying
the formation of a densely packed nanoparticle
film. After removing the organic layer, the films
were transferred onto carbon-coated Cu grids for
TEM analysis.

Resorcinarene derivatives 1–4 were all capable
of mediating the self-assembly of Au nano-
particles at the aqueous interface, but their efficacy
depended on the condition of the aqueous

medium prior to nanoparticle extraction (see
Fig. 3). In particular, the presence of associative
electrolytes such as NaCl and sodium citrate
(Na3Cit) played an important role in determining
the efficiency of extraction. For example, Au
nanoparticles suspended in solutions with minimal
electrolyte ðI ! 1 mMÞ were extracted to the aqueous
interface by tetraarylthiol derivative 1 and octa-
hydroxy derivative 4, but only partially extracted by
tetraazaresorcinarene analog (pyridinearene) 3.
However, Au nanoparticles treated with tetra-
benzylthiol derivative 2 were not confined to the
solvent interface, but were transferred completely
into the organic phase [48,49]. Raising the NaCl
and Na3Cit concentrations to millimolar levels
ðI ¼ 8:95 mMÞ had a dramatic effect. In the case of
tetrabenzylthiol 2, a large fraction of encapsulated
nanoparticles were not transferred into the organic
layer but remained confined at the solvent interface,
whereas in the case of tetraaza analog 3, the
nanoparticles were not extracted at all but remained
suspended in aqueous solution. In comparison,
resorcinarenes 1 and 4 remained essentially constant
in their extraction efficiencies.

Two assumptions can be made based on the
above observations. First, adsorbed electrolytes are
not completely displaced by the resorcinarene
surfactants, such that the encapsulated nanoparti-
cles are rendered amphipathic by the residual
surface charge [56]. This confines the nanoparticles
to the aqueous interface and promotes their self-
organization into 2D arrays, as noted in several
other self-assembly studies involving functionalized
latex and silica particles [44,57–60]. Second, the
resorcinarenes adsorb onto the nanoparticle surfaces
primarily through chemisorption rather than elec-
trostatic interactions. In the cases of tetraazaresorci-
narene analog 3 and octahydroxy derivative 4, both

FIGURE 2 Tetra-C-undecylresorcinarene derivatives and related analogs. 1: X ¼ C–SH, R ¼ –CH2–; 2: X ¼ C–CH2SH, R ¼ –CH2–;
3: X ¼ N, R ¼ H; 4: X ¼ CH, R ¼ H; 5: X ¼ C–CH2NHCH3, R ¼ –CH2–; 6: X ¼ C–CH3, R ¼ H; 7: X ¼ CH, R ¼ OCH3; 8: X ¼ CH,
R ¼ –CH2–.
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of these are expected to adsorb as anions in the
absence of strong acids†,‡ [61,62]. It is worth noting
that while pyridinearene 3 can extract colloidal gold
nanoparticles in the presence of minimal electrolyte,
attempts to extract nanoparticles using tetra(N-
methylamino)methylresorcinarene 5 under identical
conditions were unsuccessful. Furthermore, expos-
ing extracted nanoparticles encapsulated in 3 to
0.1 M HCl resulted in their redispersion to the
aqueous medium. This demonstrates that the Lewis
basicity of the headgroup is important for surface
adsorption.

Nanoparticles encapsulated by tetra-C-methyl-
resorcinarene 6 or octa-O-methyl ether derivative 7

could be extracted to the aqueous interface but were
not well dispersed, suggesting that the surfactant
layer was not sufficiently robust against desorption to
prevent rapid kinetic aggregation (see Fig. 4). We have
previously shown octamethyl ether 7 to be an
effective surfactant for entrapping and dispersing
neutral gold nanoparticles (generated as aerosols) in
hydrocarbon solutions, but this surfactant layer could
be easily displaced by competing adsorbates [47].
Finally, cavitand 8 showed little ability to extract
colloidal Au nanoparticles from aqueous solution and
was deemed to be a poor encapsulating agent, in line
with previous observations using aerosol-generated
gold nanoparticles [47].

Characterization of 2D Nanoparticle Arrays

Au nanoparticle films were transferred onto carbon-
coated Cu grids using Langmuir–Schaefer con-
ditions for TEM analysis (see Fig. 4). Nanoparticles
encapsulated by resorcinarenes 1–3 were observed
to assemble into 2D arrays with good local order,
demonstrative of thermodynamic self-organization.
In comparison, nanoparticles encapsulated by 4

produced monoparticulate films with less order, and
those encapsulated by resorcinarenes 6 and 7

resulted in multilayers. The latter experiments
correlate with a loss of dispersion control, most
likely related to the weaker adsorption of these
surfactants to the nanoparticle surface. Surfactant
desorption compromises short-range steric repul-
sion, permitting self-assembly to be dominated by
kinetic aggregation. Overall, these results confirm
that resorcinarenes with good chemisorption proper-
ties are important for promoting nanoparticle self-
organization at aqueous interfaces.

In order to better characterize the quality of local
2D order within the self-assembled nanoparticle
arrays, the TEM images were subjected to a
quantitative method of analysis based on cluster
size distributions [56]. Radial distribution (g(r))
functions were derived from digitally processed
TEM images, and used to generate lattice parameters
for the determination of hexagonal close-packed

FIGURE 3 Illustrations of nanoparticle extractions by resorcinarenes 1–4, in the absence and presence of aqueous electrolyte.
Self-assembled nanoparticle films at the aqueous interface appeared dark blue.

†While the pKa values of compound 3 have not been measured, it is known that 2,6-dihydroxypyridine exists in monoanionic form
between pH 4.2 and 15.

‡The pKa values of a water-soluble version of 4 have been measured by pH titration, with the first ionization occurring at pH 6.95: see
Ref. [62].
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(hcp) arrays (see Fig. 5). Cluster size distributions
were restricted to nonoverlapping domains to
prevent redundancy in particle count [56]. This
method enables 2D order to be described in quan-
titative terms, using number-averaged and weight-
averaged cluster sizes (Mn and Mw, respectively) and
fractional hcp values ( fhcp) as figures of merit.

Cluster size distribution analyses were performed
on self-assembled nanoparticle films, formed upon
extraction to the aqueous interface by resorcinarenes
1–3. The 2D order within these films was deter-
mined to be comparable, with Mn and fhcp in the
range of 20 and 0.60, respectively (see Table I){.
In comparison, analysis of nanoparticle films formed
with resorcinarene 4 produced significantly smaller
values for Mn and fhcp (15.1 and 0.43, respectively).
A similar loss in 2D order has been observed when

nanoparticles were extracted by 1 from solutions
containing additional NaCl and Na3Cit [56]. Both
results suggest that while surface-bound electrolytes
can be useful for confining surfactant-encapsulated
nanoparticles to aqueous interfaces, they are also
capable of promoting kinetic aggregation and can
have an unpredictable effect on self-assembly.

Nanoparticle Arrays by Langmuir–Blodgett
Compression

Resorcinarene-stabilized nanoparticles have
excellent dispersion characteristics in organic sol-
vents, suggesting the possibility of using Langmuir–
Blodgett techniques for creating 2D nanoparticle
arrays [7,31 – 33]. In particular, nanoparticles
encapsulated by tetrabenzylthiol 2 can be fully

FIGURE 4 Self-assembly of resorcinarene-encapsulated Au nanoparticles ð35 ^ 3 nmÞ upon extraction to aqueous interfaces.
Nanoparticle films were transferred onto carbon-coated Cu grids for TEM analysis. Scale bar ¼ 100 nm. aNanoparticles were extracted
from aqueous suspensions containing electrolyte ðI ¼ 8:95 mMÞ: bNanoparticles remained dispersed in aqueous solution.

{It is worth mentioning that fhcp serves as a lower limit when calculated with the assumption of nonoverlapping clusters. Values in the
range of 0.70 are obtained if partially overlapping clusters (up to 30%) are allowed.
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extracted into the organic phase, and redeposited
onto air–water interfaces [48]. However, when 35-nm
Au particles encapsulated by 2 were extracted into
toluene and condensed onto an aqueous interface,

only multilayered films were produced. This suggests
that as the residual film is concentrated, kinetic
aggregation driven by the nanoparticles’ vdW
attractions supersedes reversible self-organization at
the solvent interface.

To ascertain whether particle size was responsible
for poor kinetic control, the same procedure was
repeated using toluene extracts of 9.2-nm Au
particles. These were indeed amenable to monolayer
film formation, and could be subjected to surface
compression to maximize the overall packing (see
Fig. 6). However, cluster size distribution analysis
revealed no improvement in 2D order; the Mn and
fhcp values of the arrays obtained after Langmuir–
Blodgett compression were no greater than those
formed by self-organization under amphipathic
conditions (see Table I). TEM images of 9.2-nm
particle films obtained in the absence of surface
compression (not shown) revealed that the particles

TABLE I Cluster size distribution analysis of resorcinarene-
stabilized nanoparticle arrays

hcp clusters
(nonoverlapping)

Compound
Particle size

(nm)
Particle count

(N)* Mn Mw fhcp

1† 35 ^ 3 901 21.4 28.5 0.64
2 35 ^ 3 601 17.1 21.9 0.60
2‡ 9.2 ^ 0.8 852 18.4 22.6 0.52
3 35 ^ 3 616 18.7 26.8 0.58
4 35 ^ 3 640 15.1 17.9 0.43

*Number of centroids taken from TEM image (cf. Fig. 5). † Data taken from
Ref. [56]. ‡ Formed after compression in a Langmuir–Blodgett trough
(cf. Fig. 6).

FIGURE 5 Cluster size distribution analysis of resorcinarene-encapsulated Au nanoparticle arrays, based on TEM images in Fig. 4.
Column I: radial distribution functions derived from digitized images. Column II: nonoverlapping hcp clusters within self-assembled
nanoparticle films. Domain boundaries are drawn to guide the eye.
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were already assembled into close-packed domains,
an indication that vdW forces continued to provide
the dominant driving force for nanoparticle self-
assembly. Thus, while resorcinarene 2 substantially
enhances the dispersion of Au nanoparticles,
additional repulsion potential is needed to achieve
self-assembly conditions with complete thermo-
dynamic control.

MATERIALS AND METHODS

Resorcinarene derivatives 1, 2, 4–8 and tetraazar-
esorcinarene analog (pyridine[4]arene) 3 were
synthesized as reported previously or by a slight
modification of published procedures§,k [63–65].
Colloidal Au particle suspensions were purchased
from British Biocell International (EM.GC10, ca.
5.7 £ 1012 particles/mL; EM.GC40, ca. 9 £

1010 particles/mL) and characterized by TEM
(Philips EM-400, 80 keV); the average particle
sizes were 9:2 ^ 0:8 nm ðN ¼ 846Þ and 35 ^ 3 nm
ðN ¼ 1165Þ; respectively. Carbon-coated Cu TEM
grids were purchased from Ted Pella, Inc. and used
as supplied. The resorcinarene-encapsulated nano-
particles were handled in silanized glassware
(SiliClad, Gel-Est) to minimize electrostatic surface
adsorption. High-purity water with measured
resistivity above 18 MV cm was obtained using an
ultrafiltration system (Milli-Q, Millipore) equipped
with an additional 0.22-mm membrane filter.

Aqueous suspensions of colloidal Au particles
were treated with a mixed-bed ion-exchange resin
(Amberlite MB-3, Mallinckrodt) for 30 min to remove
excess electrolyte#. In a typical experiment, resorci-
narene-encapsulated nanoparticles were prepared
by vigorously mixing colloidal suspensions (1 mL)
with 1 mM solution of surfactant in freshly distilled

THF (1 mL) in a silanized glass tube, which resulted
in a homogeneous pink solution. In the case of
nanoparticles encapsulated with resorcinarene 2,
NaCl and Na3Cit were reintroduced in controlled
amounts (1.63 and 1.22 mM, respectively) prior to
extraction. Addition and vigorous mixing of toluene
(1 mL) resulted in a separation of organic and
aqueous layers, with amphipathic nanoparticle
films spontaneously assembled at the solvent inter-
face. The organic layer was removed by pipette, and
the aqueous layer and particles were washed twice
more with toluene (1 mL each) to extract THF and
excess surfactant. The Au nanoparticle films were
drawn up in a silanized glass pipette, then drained
and carefully redeposited onto a clean air–water
interface in a silanized test-tube and allowed to stand
at room temperature for 60 min. The nanoparticle
film was then transferred onto carbon-coated Cu
TEM grids by Langmuir–Schaefer transfer using a
pair of forceps, and dried in air.

Nanoparticle Films by Langmuir–Blodgett
Compression

An aqueous suspension of 9.2-nm Au particles
(3.5 mL) was mixed was an equal portion of a 1 mM
solution of resorcinarene 2 in THF, then extracted
with toluene (17 mL). Encapsulated particles were
treated with methanol (6 mL) and centrifuged
at 6000 g for 20 min, then redispersed in 0.3 mL
toluene with the aid of an ultrasonic cleaning bath
(4 £ 5-s exposures). Nanoparticle dispersions were
drawn up in a silanized glass pipette, then slowly
redeposited onto a clean air – water interface
in a Langmuir–Blodgett trough (Nima Technologies,
611M), allowing time fo the evaporation of toluene.
The resulting Au nanoparticle film was slowly
compressed (barrier speed ¼ 1 mm/min) until

FIGURE 6 TEM image and cluster size distribution analysis of 2D arrays of 9.2-nm Au particles encapsulated by 2, transferred after
compression in a Langmuir–Blodgett trough. I: TEM image of nanoparticle film (scale bar ¼ 50 nm); II: radial distribution functions
derived from digitized images; III: nonoverlapping hcp clusters within self-assembled nanoparticle films.

§Compounds 1, 2 and 6: see Ref. [50]; compounds 4 and 7: see Ref. [47].
kCompound 3; Compound 5; Compound 8.
#Additional experimental details can be found in Ref. [56].
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the theoretical area for a monolayer was achieved.
The film was transferred onto a carbon-coated Cu
TEM grid using a pair of forceps, and dried in air.
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