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Calixarenes are excellent surfactants for enhancing the dispersion and self-assembly of metal

nanoparticles into well-defined structures, particularly those with unit length scales in the

10–100 nm size range. Particles within these ensembles are strongly coupled, giving rise to unique

collective optical or magnetic properties. The self-assembled nanostructures described in this

feature article include 2D arrays of colloidal Au nanoparticles with size-dependent plasmonic

responses, and sub-100 nm Co nanoparticle rings with chiral magnetic states. These nanoparticle

assemblies may be further developed for applications in chemical sensing based on surface-

enhanced Raman scattering (SERS) and as binary elements for nonvolatile memory, respectively.

Introduction

Scientists have had a long-standing fascination for self-

assembled systems, and the opportunities presented for the

spontaneous creation of functional materials and devices from

relatively simple building blocks. At the molecular level,

chemists have become skilled at employing various supra-

molecular interactions to produce multicomponent assemblies

with a sophisticated level of structural complexity and exciting

technological potential.1 As self-assembly progresses toward

nanoscale dimensions, forces of a different nature become

significant: attractive long-range van der Waals (vdW)

interactions, electrostatic double-layer forces, and repulsive

short-range interactions to buffer particles against irreversible

aggregation or adsorption to surfaces.2 Rational control over

these forces becomes increasingly important for the self-

assembly of novel nanoscale architectures with predesignated

functions.

In this feature article we examine calixarenes for enhancing

the dispersion and self-assembly of metal nanoparticles, as well

as fundamental and applied studies of their collective physical

properties. The macrocyclic headgroup and amphiphilic nature

of calixarenes are ideally suited for nanoparticle encapsulation

and dispersion, particularly those with diameters (d) on the

order of 10–100 nm. Although such nanomaterials are widely

available (often from commercial sources) and display useful

optical or magnetic properties, they remain relatively under-

exploited due to the refractory nature of colloidal dispersion

forces. We have found that calixarene-based surfactants can

lower this working barrier substantially; for example, gold

particles as large as 170 nm can be induced to self-assemble on

air–water interfaces when encapsulated by calixarenes.

Our choice of calixarenes have been centered on the

resorcinarenes (see Fig. 1), first introduced by Högberg3 and

developed for supramolecular applications by Cram,4
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Fig. 1 C-Undecyl calix[4]resorcinarene as nanoparticle surfactant.
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Aoyama,5 Reinhoudt,6 and many others. Resorcinarenes can

be synthesized from resorcinol and simple aldehydes in a single

step and high yield,5 and provide a versatile framework for

systematic modifications to the headgroup or tailgroups.6

However, the resorcinarenes’ dispersant properties are not

necessarily unique: other calixarenes, cyclodextrins,7 and

nonplanar macrocycles with dendritic features may also be

developed for nanoparticle encapsulation and self-assembly.

In order to place the title subject within the context of

related research efforts, we begin with a general overview of

nanoparticle self-assembly, followed by a brief discussion on

the role of colloidal forces in surfactant design.

Nanoparticle self-assembly

Self-assembly processes have tremendous appeal for organiz-

ing nanosized particles into materials with well-defined

structure. Self-assembly can generate periodic structures well

below the resolution limits of conventional lithography, and in

a scalable fashion with low overhead cost. Moreover,

nanoscale ensembles often exhibit unique materials properties

as a result of electronic or electromagnetic coupling between

unit particles. These collective states differ from those of either

individual nanoparticles or the bulk solid, and can be adjusted

by changes in physical parameters such as particle size,

interparticle spacing, and higher-order lattice structure.8

Such tunable properties are the quintessence of nanoscale

science and technology, and have given rise to the popular

concept of nanoparticles as ‘‘artificial atoms’’9 and their

superlattices as ‘‘quantum dot solids,’’ or more recently as

‘‘metamaterials.’’ For instance, 2D arrays of alkanethiol-

coated Ag nanoparticles have been shown to undergo an

insulator-to-metal transition when subjected to lateral com-

pression,10 and arrays of superparamagnetic Co nanoparticles

are capable of spin-dependent electronic transport upon a

reduction in interparticle spacing.11

The potential of self-assembly to produce nanomaterials

with tunable properties or device-like function has sparked a

global research effort to develop ‘‘bottom-up’’ approaches

using an expanded set of nanoscale building blocks. Indeed,

the majority of 2D and 3D nanoscale assemblies have been

comprised of spherical nanoparticles with d , 10 nm, and

much of the literature on this topic has been compiled in

several reviews.8,12 More recently, anisotropic particles such as

nanorods have been organized into monolayers or liquid

crystalline phases,13 and fluid-directed assembly has been used

to deposit nanowires as crossbars onto electrical contact

pads.14 ‘‘Programmed’’ nanoparticle self-assembly mediated

by surfactants with molecular recognition elements has also

been demonstrated,7,15 and has been used to control 2D

organization in certain instances.16 Spherical nanoparticles can

also self-assemble into architectures of greater complexity; for

example, mixtures of two different particle types can organize

into binary superlattices, whose lattice structures are deter-

mined by relative particle size and stoichiometry.17

Methods for nanoparticle self-assembly vary considerably,

depending on the nature of the particles used and the media in

which they are dispersed. For nanoparticles with d , 10 nm,

vdW forces are typically at or below thermal energies (kBT),

such that self-assembly can be driven by interactions at

molecular length scales (e.g., surfactant chain interdigitation

and hydrogen bonding).15,18,19 Stable dispersions of nanopar-

ticles can self-assemble into 2D arrays onto wettable surfaces

by simple dropcasting techniques,11,19,20 although long-range

order is critically dependent on the solvent evaporation rate.21

Nanoparticles can also be deposited onto air–water interfaces

and compressed into close-packed 2D arrays in a Langmuir–

Blodgett trough,10,18,22 or organized into 3D superlattices by

molecular crystal growth techniques in organic media.23

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.24

Long-range vdW attractions become difficult to control

when working with metal or inorganic nanoparticles whose

dimensions extend well beyond molecular length scales, i.e. 10–

100 nm. The interaction potentials increase rapidly with

particle size, and exceed the forces typically employed in

supramolecular assembly. However, mid-nanometer sized

particles also exhibit useful size-dependent characteristics,

such as the surface plasmon modes in gold and silver

nanoparticles25 or the onset of ferromagnetic behavior in

magnetic nanoparticles.26 The dispersion and self-assembly of

nanoparticles in the 10–100 nm size range thus constitutes a

critical enabling step in the technological development of these

functional nanomaterials.

Surfactant design considerations

To produce stable nanoparticle dispersions in nonaqueous

media, one must employ surfactants which provide both

miscibility and sufficient steric repulsion for countering long-

range vdW attraction. This repulsion is considered to be

largely entropic in nature and highly dependent on chain

mobility: as two surfaces approach, the compression of the

surfactant layers is accompanied by an increasing loss of

configurational entropy, producing a secondary minimum (see

Fig. 2). In the case of small (d , 10 nm) nanoparticles, single-

chain surfactants such as alkanethiols provide sufficient steric

repulsion to enable self-assembly with thermodynamic control,

as the particle curvature is high enough to allow for significant

chain mobility (see Fig. 3(a)).

Unfortunately, this situation does not hold for particle sizes

significantly larger than 10 nm. In addition to stronger long-

range vdW attractions, metal nanoparticles typically have

planar facets which encourage surfactants to assemble into

close-packed domains, resulting in low chain mobility. Under

these conditions short-range steric repulsion is easily over-

whelmed by vdW attractive forces, with poor control over

dispersion stability and particle aggregation (see Fig. 3(b)).

Entropic steric repulsion can be greatly increased by

modulating the density of chains on the nanoparticle surfaces.

This concept is well accepted in polymer brush theory and used

to describe repulsive interactions between polymer-coated

surfaces, and may also be instructive for describing interac-

tions between surfactant-coated nanoparticles. According to

the Alexander–DeGennes brush model,27 two surfaces with

surfactant coatings of thickness L in a good solvent will

experience a repulsive pressure P(d), where d is the separation
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or spacing between hard surfaces (see Fig. 2). This pressure is

roughly exponential when d , 2L (specifically, when d/2L is

between 0.2 to 0.9):

P dð Þ& 100kT

s3
e{pd=L

where s is the average distance between grafted chains.

The polymer brush model may be extended qualitatively to

molecular surfactant layers if they share some of the criteria

for ‘brush’ conditions. Namely, the chains must have a

separation s which is significantly smaller than their length,

and should have no appreciable self-affinity. However, densely

packed monolayers of single-chain surfactants often do not

meet these criteria because of their strong tendency to form

crystalline domains (see Fig. 3(b)).28 The chains’ conforma-

tional freedom is greatly restricted within the compact

monolayer, with site densities nearly equal to their molecular

cross section. The surfactant layers thus behave as if exposed

to poor solvent conditions, and experience little or no loss of

entropy when approached by another surface.

Surfactants based on the resorcinarene framework offer

some important advantages over conventional surfactants for

enhancing nanoparticle dispersion and self-assembly.

Resorcinarenes possess two salient features which contribute

to their superior dispersant qualities: (i) large, multivalent

headgroups for robust adsorption to the nanoparticle surface,

and (ii) several hydrocarbon tails 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 entropic steric repulsion

regardless of the molecular packing density on the nanopar-

ticle surface.

It is very much worth mentioning that others have found

calixarenes to be useful molecules on nanoparticle surfaces or

for nanosized capsule formation. Atwood and co-workers have

provided a number of elegant X-ray crystal structures of

resorcinarenes and pyrogallolarenes assembled into closed-

shell hexamers with inner cavities on the order of 2 nm,29 and a

tetrahedral cavitand tetra(dithiocarbamate)–Zn coordination

complex has been reported by Beer and co-workers.30

Nanosized calixarene capsules have also been studied in the

solution state by Rebek and Cohen.31 With respect to

nanoscale surface chemistry, Reinhoudt and co-workers have

investigated nanoparticles coated by calixarenes with the

headgroups facing outward,32 and Richardson and Kaifer

have examined the use of calixarenes for templating nanopar-

ticle growth.33 At the submicron scale, Ichimura and co-

workers have encapsulated colloidal silica particles with

resorcinarenes having azobenzenes in their tailgroups, and

demonstrated reversible changes in dispersibility based on cis–

trans photoisomerization.34

Encapsulation of gold nanoparticles

Our initial studies involved the use of C-undecylcalix[4]-

resorcinarene (C11 resorcinarene) 1 and octamethyl derivative

2 to encapsulate and stabilize Au nanocrystals dispersed in

hydrocarbons, in collaboration with Andres (Dept. of

Chemical Engineering, Purdue University). Uncoated nano-

crystals were produced as aerosols and captured by passage

through a millimolar solution of 1 or 2 in mesitylene.35 The

resulting dispersions were indefinitely stable and exhibited a

red–purple hue characteristic of the plasmon resonance

produced by Au nanoparticles, with optical densities several

times greater than those obtained using millimolar solutions of

dodecanethiol (see Fig. 4, right). Analysis by transmission

electron microscopy (TEM) revealed that the resorcinarene

solutions were capable of stabilizing nanoparticles up to 20 nm

in diameter, whereas the corresponding dodecanethiol

Fig. 2 Description of forces between two particles with diameter d,

coated with surfactant layers having separation s between chains.

Thermodynamic self-assembly can be achieved when long-range vdW

attraction (red) is countered by short-range steric repulsion (green).

Fig. 3 (a) Single-chain surfactants such as C12 thiol retain significant

chain mobility when adsorbed onto particles with d , 10 nm. A self-

assembled 2D array of 5.5-nm thiol-coated Au particles is shown

below, prepared with slow evaporation of the wetting layer.21 (b) C12

thiols form close-packed domains with minimal chain entropy when

adsorbed on particles with d > 10 nm. An attempt to assemble 20-nm

thiol-coated Au particles on an aqueous interface produced a

disordered aggregate.44
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(C12 thiol) solutions only supported nanoparticles with

d , 5 nm (see Fig. 5).

Resorcinarenes 1 and 2 were comparable in their efficacies

to capture Au nanocrystals, which indicated that encapsula-

tion was mediated by direct chemisorption rather than by

formation of a supramolecular, hydrogen-bonded shell. The

chemisorption of 2 was further supported by spectroscopic

studies based on surface-enhanced Raman scattering (SERS),

which ruled out the possibility of nonspecific physisorption.

The stability of the chemisorbed resorcinarenes was surprising,

given the weak affinity between Au and O. However, the

cooperative adsorption of multiple oxygen atoms in 2 was

evidently sufficient to passivate the metal surface in the

absence of other strongly chemisorptive species. In compar-

ison, tetra-O,O-methylene derivative (cavitand) 3 was unable

to capture nanocrystals in significant quantities, as the

bridging methylene units prevented cooperative adsorption

of the oxygen lone pairs to the metal surface.

The resorcinarenes’ ability to disperse the larger Au

nanocrystals was confirmed by introducing C12 thiol as a

competing surfactant. A decrease in optical density was

observed over a period of three days until a markedly lighter

solution was achieved, similar to the thiol-stabilized nanopar-

ticle solution in Fig. 4 save for a dark precipitate at the bottom

of the vial. TEM analysis revealed that only particles with

d , 5 nm remained in the dispersion (see Fig. 5), indicating

that the larger particles had precipitated after displacement of

the resorcinarene coating by C12 thiol.

The study above confirmed that the C11 resorcinarenes were

remarkable as nanoparticle dispersants, but at the same time

their adsorption to the metal surface was too labile to be useful

for further manipulations. To address this issue, we first

considered encaging nanoparticles inside of nondesorptive

shells by covalent crosslinking of the resorcinarene monolayer.

Tetraene 4 was used to encapsulate Au nanocrystals in the

manner described above, followed by treatment with Grubbs’

ruthenium carbene catalyst for crosslinking the terminal

alkenes by olefin metathesis (see Fig. 6).36 This proved to be

successful in creating a robust surfactant shell: encaged

nanoparticles could be passed through a polystyrene size-

exclusion column without significant degradation, whereas

encapsulated nanoparticles which were not subjected to olefin

metathesis did not survive chromatography. However, cross-

linking of the surfactant chains reduced the dispersibility of the

encaged nanoparticles, compromising the processing advan-

tages of the resorcinarene surfactant layer. While changes

to the crosslinking procedure have yielded nondesorptive

nanoparticle coatings with improved dispersion characteris-

tics,37 it was evident that robust nanoparticle encapsulation

could be attained more readily via modifications to the

macrocyclic headgroup.

Tetraphosphonite and tetrathiol derivatives 5–7 were all

found to be highly effective at dispersing Au nanoparticles and

were robust to desorption from the metal surface.38,39

Moreover, resorcinarene tetrathiols 6 and especially 7 were

capable of extracting colloidal Au nanoparticles from aqueous

solutions.{ These classic ‘Faraday sols’ are easily produced in

the 10–100 nm size range with narrow size distributions and

are endowed with size-dependent optical properties, but their

organization into well-defined ensembles had never been

systematically addressed because of difficulties in dispersion

control.

Fig. 4 Left, C11 resorcinarene derivatives 1–3; right, Au nanocrystals

encapsulated by C12 thiol, resorcinarene 1, and cavitand 3 (control).

Fig. 5 (a) TEM image (JEOL 2000-FX, 200 keV) of Au nanocrystals

dispersed in mesitylene by C11 resorcinarene octamethyl ether 2. (b) Au

nanocrystals three days after treatment with C12 thiol.35

Fig. 6 Encagement of Au nanocrystals in crosslinked surfactant shell

of resorcinarene 4.36

{ Adding trace amounts of a hydrophobic salt (e.g., n-Oct4NBr) can
aid the extraction into organic solvents by exchanging with residual
inorganic cations associated with the encapsulated nanoparticles.
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Colloidal Au particles as large as 87 nm could be dispersed

in chloroform–THF mixtures by tetrabenzylthiol resorcinarene

7.39 The stability of the nanoparticles encapsulated by

tetrathiols 6 and 7 was also evaluated against alkanethiol-

induced precipitation in organic solvents. Both systems were

far more stable than the nanocrystals coated with resorcinar-

enes 1 or 2, but 7 was significantly more robust in its

chemisorption than 6 and could maintain a long dispersion

half-life (t1/2 y1 month) in the presence of alkanethiols at

ambient temperature (see Fig. 7). X-Ray photoelectron

spectroscopy (XPS) of the resorcinarenes on planar Au

substrates revealed that tetraarylthiol 6 was attached by

essentially a single Au–S bond, whereas tetrabenzylthiol 7

was stabilized by at least two Au–S bonds. This indicated that

the quality of chemisorption is dictated by the accessibility of

the headgroup thiol to the Au surface.

The strength of chemisorption can be further increased by

using dithiocarbamate (DTC) units for surface ligation. DTCs

are readily formed by condensation of CS2 with alkylamines,

in many cases without the need for additional base.40 For

example, a solution of tetra(N-methyl)aminomethyl resorci-

narene in aqueous THF was treated with CS2 to form DTC

ligand 8, which could then extract Au nanoparticles into

CH2Cl2 (see Fig. 8). Very importantly, the chemisorption of

DTCs on Au can withstand high temperatures and is highly

resistant to displacement by thiols, suggesting its utility in

applications involving harsh environmental conditions or

biological fluids.

Self-organization of gold nanoparticles at aqueous
interfaces

One factor which must be taken into account during the

extraction of gold hydrosols is the presence of adsorbed

electrolytes such as chloride or citrate, which gives rise to an

appreciable electrostatic double layer. This can be controlled

by using an ion-exchange resin to minimize the ionic strength

of the colloidal suspensions prior to introducing the surfac-

tant.39,41 Even so, a sublayer of adsorbed electrolyte remains; if

the surfactant is not aggressive enough to completely displace

the adsorbed ions, the encapsulated nanoparticles will not be

fully extracted to the organic phase but instead be confined to

the aqueous interface.{
These effects are illustrated in Fig. 9, in which tetrathiol

resorcinarenes 6 and 7 and pyridinearene 9 were used to

extract 35-nm Au particles from aqueous solution.42 The

strongly passivating tetrabenzylthiol 7 could extract nanopar-

ticles to the organic phase even in the presence of competing

electrolyte, whereas the weakly adsorbing pyridinearene 9

enabled only a partial extraction to the aqueous interface at

minimal ionic strength. Nanoparticles encapsulated by tetra-

arylthiol 6 were amphipathic under either condition, indicative

of strong chemisorption but incomplete passivation of the

particle surface.

Confining the resorcinarene-encapsulated nanoparticles to

the aqueous interface resulted in a dark blue or metallic film,

due to the electromagnetic coupling of densely packed

nanoparticles (see next section). These films could be reliably

transferred onto glass or quartz substrates by collecting and

redepositing the particles onto a fresh air–water interface,

followed by the slow withdrawal of a partially immersed

Fig. 7 Dispersion stability of 19-nm Au particles in toluene at 25 uC
encapsulated by resorcinarene tetrathiols 6 and 7, in the absence and

presence of alkanethiols (filled and open markers).39

Fig. 8 (a) Extraction of 40-nm Au particles into CH2Cl2 by

resorcinarene tetra-DTC 8, formed by the condensation of CS2 with

the corresponding tetraamine. (b) TEM image (Philips EM-400, 80 kV)

of Au nanoparticles encapsulated by 8; scale bar = 100 nm.40

Fig. 9 Illustrations of nanoparticle extractions (d = 35 nm) by resor-

cinarenes 6 and 7 and pyridinearene 9, from solutions of different ionic

strength.42 Nanoparticle films at the aqueous interface are dark blue.
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substrate. TEM analysis revealed that the nanoparticles were

assembled into close-packed arrays of monoparticulate thick-

ness and hexagonal order (see Fig. 10).42,43 After a systematic

investigation of deposition and film transfer conditions, it was

determined that the nanoparticles spontaneously organized

into 2D arrays while suspended at the air–water interface.

To examine the generality of this self-assembly process, Au

nanoparticles ranging from 16 to 170 nm in diameter were

encapsulated by resorcinarene 6 and extracted to the aqueous

interface.43 In each case, the encapsulated nanoparticles self-

organized into hexagonally close-packed 2D arrays with good

local order. Although the nanoparticles were presumably

separated by two resorcinarene monolayers, close inspection of

the TEM images revealed that the interparticle separation

d was on the order of 1 nm or less, which suggested that the

surfactant chains were not interdigitated but compressed

against the particle surfaces. This is in fact consonant with

entropic steric repulsion, which depends on loss of chain

mobility rather than direct physical hindrance.

A statistical analysis of interparticle spacings within well-

defined domains of each 2D array demonstrated small but

significant changes in d (see Fig. 11).43 Despite the limited

accuracy of these measurements, an inverse correlation

between particle size and interparticle spacing could be

established. The decremental changes in d are likely due to

the greater vdW attractive force as a function of particle size.

Optical properties of gold nanoparticle arrays

The dipolar plasmon resonances of the Au nanoparticles

within the self-assembled 2D arrays were strongly coupled,

resulting in a collective plasmon response. The Au nanopar-

ticle arrays varied in hue from blue to a faint grey, and

possessed several size-dependent optical properties ranging

from visible to near-infrared (NIR) wavelengths (see Fig. 12).

Extinction spectroscopy indicated a remarkable shifting and

broadening of the plasmon band by hundreds of nanometers

with increasing particle diameter (see Fig. 13).43,44 The size-

dependent shift in the plasmon bands of the 2D arrays are

much more pronounced than that of individual metal

nanoparticles, because the electromagnetic couplings between

Fig. 10 TEM image (Philips EM-400, 80 kV) of self-assembled Au

nanoparticle array.43 70-nm Au particles were encapsulated and

extracted to the air–water interface by resorcinarene tetrathiol 6.

Fourier transform of TEM image (lower left) provides an indication of

2D order.

Fig. 11 Average particle diameters (d) vs. interparticle spacing

parameters (d) of Au nanoparticle arrays based on TEM image

analysis at high digital resolution.43 Errors are equal to one standard

deviation.

Fig. 12 (a) 16-, 70- and 170-nm Au particle arrays on smooth quartz

substrates, photographed against a lit background. (b) Specular

reflectance from Au nanoparticle arrays at a 60u angle of incidence.47

Substrate width is approximately 1 cm.

Fig. 13 Extinction spectra of Au nanoparticle arrays on quartz

substrates.43 The collective plasmon bands are highly sensitive to

incremental changes in array structure.
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particles are highly sensitive to structural changes.

Interparticle spacing has an especially important influence on

the collective properties of the nanoparticle arrays, as has been

demonstrated in other optical studies of metal nanoparticle

films.10,45,46

The specular reflectance of the 2D arrays was also

dependent on periodic structure, with maximum reflectance

of visible light observed for periodicities between 40 and 70 nm

(see Fig. 12(b)).44,47 These variable reflectivities can be

attributed to several effects: size-dependent optical absorption

in the visible region for 2D arrays with periodicities below

40 nm; angular-dependent attenuation in reflectance as a

function of surface roughness;48 and size-dependent Mie

scattering, which increase in significance for nanoparticles

and metal surfaces with roughnesses of 40 nm or more.8,51

The 2D nanoparticle arrays exhibited size-dependent SERS

activities, with signal intensities varying by two orders of

magnitude under identical sampling conditions and surface

coverages (see Fig. 14).44,47 SERS has attracted widespread

interest as a spectroscopic mode of sensing: it can produce

vibrational Raman spectra from just a few molecules in the

presence of metal nanostructures, and has been shown to be

capable of single-molecule detection.49 SERS is also compa-

tible with water, and its unique combination of high sensitivity

and high information content makes it an attractive method

for detecting trace levels of analyte in a label-free manner.

SERS is primarily derived from the electromagnetic fields

generated by the surface plasmons in metal nanostructures, yet

despite extensive efforts to elucidate the physical basis of the

enhanced Raman signals, the rational design of SERS

substrates with reproducible, ultrahigh sensitivity remains a

challenging goal.

The structural and optical tunability of the Au nanoparticle

2D arrays provided an opportunity to better understand the

relationship between SERS and the nanostructured substrate

(see Fig. 15). Surface-averaged signal enhancement factors (G)

were calculated at three different excitation wavelengths by

comparing the SERS signals from monolayers of 6 on the 2D

arrays (normalized by surface density) with unenhanced

Raman signals from resorcinarene films of known thickness.47

The SERS signal intensities were dependent on both excitation

wavelength and array periodicity, which correlated with the

size-dependent changes in plasmon resonance. Additional

signal enhancement could be obtained by increasing the

incident and collection solid angles to yield G values in excess

of 107. The Au nanoparticle 2D arrays were also capable of

detecting exogenous analytes by SERS, although their signals

were not as strong as those from the surfactants themselves.

Volatile organic compounds produced a detectable signal well

before saturation adsorption,47 and removal of the resorcinar-

ene layer by plasma treatment enabled the detection of

analytes in aqueous solutions at micromolar levels.50

Theoretical studies on closely packed nanoparticles have

indicated that the electromagnetic field enhancements respon-

sible for SERS are highly localized between particle surfaces

(see Fig. 16(a)).51,52 These local SERS enhancements can be

many orders of magnitude greater than the surface-averaged

enhancements, making self-assembly an appealing method to

develop well-defined ‘hot spots’ for ultrasensitive SERS

spectroscopy. On the other hand, restricted access to these

highly active sites limits the usefulness of the close-packed 2D

arrays for analyte detection.

Strategies to further improve analyte sensitivity have been

identified by recent theoretical calculations on periodic 2D

arrays of metal nanoparticles, which indicate that surface-

averaged SERS can be optimized by adjusting the particle

diameter–spacing ratio (see Fig. 16(b)).52 Resonant Gav values

from optimized 2D arrays can be several orders of magnitude

greater than those produced by disordered metal aggregates.

In addition to field optimization, adjusting the spacing d also

increases the available sampling volume for analyte detection,

a current limitation of the close-packed arrays. For example,

the G values of 100-nm Au particle 2D arrays can be optimized

for spacings between 3 and 10 nm, whereas the spacings in the

Fig. 14 SERS spectra of resorcinarene 6 from Au nanoparticle arrays,

using an excitation wavelength of 785 nm (10 mW, area = 700 mm2,

exposure = 30 s).44 Spectra are shifted for clarity of presentation.

Fig. 15 SERS enhancement factors (G) as a function of nanoparticle

array structure, based on the integrated signal at 813 cm21 from

resorcinarene 6.47 (a) G values at excitation wavelengths of 647, 785

and 1064 nm; (b) G values obtained at 785 nm using different solid

angles, as determined by the numerical aperture (N.A.) of the

collection objective.
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resorcinarene-encapsulated nanoparticle arrays were measured

to be less than 1 nm.

Self-assembly of cobalt nanoparticle rings

Many magnetic properties have critical length scales in the 10–

100 nm range: single-domain particles with ferromagnetic

behavior are typically found in this size regime, several of

which have Curie points (the threshold between superpar-

amagnetism and ferromagnetism) near ambient tempera-

tures.53 With respect to self-assembly, ferromagnetic

nanoparticles are subject to two types of attractive forces:

nondirectional longe-range vdW forces which scale as an

approximate function of 1/D2, and medium-range dipolar

attractions which increase as a function of 1/D3, where D is the

distance between particle centers (i.e. d + d).

In order to extend the dispersion-enhancing properties of

calixarenes toward magnetic nanoparticles, we used resorci-

narene 1 to stabilize weakly ferromagnetic Co nanoparticles

(d y27 nm) in nonpolar solvents such as toluene. Deposition

of these stable dispersions onto carbon-coated TEM grids

resulted in the unusual formation of bracelet-like nanoparticle

rings, with the majority of these containing 5 to 10 particles

(see Fig. 17).54,55 The median ring size could be reduced by

diluting the dispersion prior to deposition, to produce rings

less than 100 nm across.56 It is interesting to note that smaller

Co nanoparticles (d , 15 nm) generally did not participate in

ring self-assembly, presumably due to their superparamagnetic

nature at room temperature. Magnetic particles with strongly

cooperative dipolar interactions are well known to assemble

into chains, which provide the basis for field-induced changes

in viscosity of ferrofluids.57 However, in situations where the

dipolar couplings are weak (again on the order of kBT), ring

assembly is entropically favored over chains in the absence of

applied magnetic fields.

Resorcinarene 1 was found to be essential for stabilizing the

nanoparticle rings against ‘‘vdW collapse’’ as the particle

dispersions were dried onto the TEM grids.55 Co nanoparticles

deposited from toluene dispersions with minimal surfactant

produced only densely packed particle films, indicating that

nondirectional vdW forces were predominant. Increasing the

amount of 1 produced a more viscous wetting layer, and

effectively preserved the nanoparticle rings by immobilizing

them at an early stage of the drying process. With respect to

the mechanism of ring self-assembly, the role of magnetic

dipolar interactions was confirmed by TEM analysis of

samples prepared under the influence of a magnetic field,

which induced a transition to oriented nanoparticle chains (see

Fig. 18). However, removing the magnetic field resulted in the

reformation of nanoparticle rings, demonstrating that their

self-assembly was indeed thermodynamically favored over that

of chains.

It is important to mention that several other mechanisms

exist for depositing nanoparticles into ringlike assemblies

down to submicron diameters. These include hole nucleation

in unstable wetting layers,58 cell wall formation by Rayleigh–

Bénard convection,59 and contact line pinning during surface

dewetting.60 Such phenomena are kinetically driven by the

Fig. 16 (a) Electromagnetic field distributions within 2D arrays of

Au nanoparticles with diameter–spacing ratios (d/d) of 5 and 10,

excited by plane-polarized light (l = 647 nm).52 (b) Semilog plot of Gav

values from Au nanoparticle arrays with d/d = 5, 10 and 30 as a

function of l. The Gav plot for a disordered (fractal) metal film is

included for comparison.

Fig. 17 TEM image (JEOL 2000 FX, 200 keV) of Co nanoparticle

rings, deposited from a toluene dispersion containing resorcinarene

1.54,55 Reprinted with kind permission of Springer Science and

Business Media.

Fig. 18 (a) TEM image (Philips EM-400, 80 kV) of Co nanoparticle

chains, deposited under the influence of a magnetic field (B = 225 G).

(b) Reformation of nanoparticle rings, deposited 1 week after exposure

to a strong magnetic field.55 Scale bar = 200 nm.
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rapid evaporation or recession of the wetting layer, and can be

used to produce nanoparticle rings of high radial symmetry. In

our case, deposition of resorcinarene-coated Co nanoparticles

from a CH2Cl2 dispersion could produce submicron-sized

rings via hole nucleation (see Fig. 19).55 However, a close

inspection of such rings revealed numerous gaps between

particles, whereas the nanoparticle rings formed by dipole-

directed assembly were consistently in close contact. Like the

Au nanoparticle 2D arrays of the previous section, the

interparticle spacing has a strong influence over the coupling

between magnetic nanoparticles, with a subsequent impact on

their collective magnetic properties.

Magnetic properties of cobalt nanoparticle rings: the
chiral flux closure state

Rings provide an ideal geometry for supporting a chiral

magnetic state known as flux closure (FC), which has a net

magnetostatic energy of zero and is polarized in either the

clockwise (CW) or counterclockwise (CCW) direction (see

Fig. 20). Magnetic rings with FC states are prime candidates as

electronically addressable memory elements, because their

polarizations can be reversed by passing an electrical current

though their centers. Early magnetic memory devices were

based on the FC states of millimeter-sized ferrite rings, prior to

the advent of semiconductor-based data storage.61 Interest in

magnetic rings has recently resurfaced as potential switching

elements in devices based on magnetoresistive random-access

memory (MRAM).62 Co rings as small as 100 nm across have

been fabricated by electron-beam lithography,63 but further

miniaturization is limited by the present resolution afforded by

‘‘top-down’’ methodologies.

Self-assembly offers an appealing alternative toward the

preparation of magnetic nanorings below 100 nm, and has

the potential for integration with electronically conductive

nanostructures. In addition, the collective magnetic behavior

of single-domain particles arranged in a circular geometry

provides an interesting system which can be modeled by

micromagnetics simulations. Although the physical size limit

for FC stability in nanorings has not yet been determined, it is

likely similar to the limit of ferromagnetic stability in single-

domain particles, so there is considerable opportunity for

further size reduction and densification.

To confirm that the self-assembled magnetic nanorings were

indeed capable of supporting stable FC states, the Co

nanoparticle rings were analyzed at 298 K by off-axis electron

holography, in collaboration with Dunin-Borkowski (Dept. of

Materials Science, University of Cambridge).56 Electron

holography is a specialized TEM technique which enables in-

plane magnetic flux to be visualized with nanometer spatial

resolution, and is one of the few methods which can be used to

study magnetism in isolated nanostructures.64 A well-defined

FC state could be imaged in every nanoparticle ring examined,

despite irregularities in particle shape and deviations from

radial symmetry (see Fig. 21). Furthermore, minimal magnetic

flux was detected beyond the rings’ outer perimeter or within

their centers. These observations are consistent with a

magnetostatic description of cyclic ensembles of single-domain

particles.

Electron holography also records phase information which

reveals the polarization of the FC states within the Co

nanoparticle rings (see Fig. 21). A statistical sampling revealed

a 50:50 (racemic) mixture of CW and CCW ground-state

configurations, indicating the absence of polarization effects.

The chirality of the FC states was stable at 298 K, and was

unaffected by external magnetic fields of up to several hundred

Oe. This degree of coercivity suggests that even smaller

nanoparticle rings can be expected to support chiral FC states

at ambient temperatures.

Conclusions

The studies described in this feature article demonstrate that

calixarenes, which have such a remarkable capacity for mole-

cular encapsulation, are also proficient at encapsulating nano-

particles and enabling their self-assembly into nanostructures

with well-defined properties. Whereas molecular encapsulation

Fig. 19 (a) Co nanoparticle ring formed by a hole nucleation process,

deposited from a CH2Cl2 dispersion containing resorcinarene 1.55 (b)

Co nanoparticle ring formed by dipole-directed self assembly,

deposited from a toluene dispersion.

Fig. 20 Illustration of flux closure (FC) domains in cyclic ensembles

of magnetic dipoles, in CW and CCW configurations.56

Fig. 21 Off-axis electron holography images of self-assembled Co

nanoparticle rings, taken at 298 K using a Philips CM-300 equipped

with a Lorentz lens (300 keV). The polarization of the FC states are

depicted using arrows and colors (red = right, yellow = down, green =

left, blue = up). The magnetic flux enclosed between adjacent contours

is h/128e, and correlates inversely with the contour linewidths.56
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depends on supramolecular interactions between the capsule

units as well as the guest molecule, nanoparticle encapsulation

is mediated by chemisorptive interactions between the

nanoparticle surface and multiple functional groups stationed

around the calixarene rim. The calixarene’s macrocyclic

scaffold is also ideally suited for projecting chains at

intermediate densities from the nanoparticle surface, to ensure

that long-range vdW forces are effectively countered by

entropic steric repulsion.

By combining capabilities in synthesis and self-assembly

with theoretical efforts and high-resolution analytical meth-

ods, our understanding and control of nanoscale self-assembly

can be applied toward the development and optimization of

material function. For example, the characterization and

modeling of the optical properties of the Au nanoparticle 2D

arrays has revealed that their collective plasmon responses

depend not only on particle size but also on interparticle

spacing, suggesting directions for future efforts in synthesis

and fabrication.

Conversely, the creation of new nanostructures may lead to

unique insights in the structure–property relationships of

nanoscale assemblies. In the case of the Co nanoparticle rings,

we have recently discovered that their FC polarizations can be

reversed by out-of-plane magnetic pulses.65 This novel switch-

ing mechanism has no known analogy at the macroscopic level

yet can be reproduced by micromagnetic simulations, provid-

ing a strong incentive to further investigate and understand

this phenomenon. Such efforts depend on a strong and

sustainable synergy between disciplines, which has become

increasingly important for converting scientific discoveries into

useful new knowledge.
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