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Nanometer control in plasmonic systems through
discrete layer-by-layer macrocycle–cation
deposition†
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In this work, we demonstrate that coordination interactions

between Fe3+ and cucurbit[7]uril (CB[7]) can be utilised to build up

defined nanoscale spacing layers in metallic nanosystems. We

begin by characterising the layer-by-layer deposition of CB[7] and

FeCl3·6H2O coordination layers through the use of a Quartz-

Crystal Microbalance (QCM) and contact angle measurements. We

then apply this layered structure to accurately control the spacing,

and thus optical properties, of gold nanoparticles in a

Nanoparticle-on-Mirror (NPoM) structure, which is demonstrated

via normalising plasmon resonance spectroscopy.

Controlling spacing in assembled nano-scale systems remains
a fundamental scientific challenge. Obtaining reproducible
spacings is of utmost importance as the optical properties of
plasmonic nano-structures depend on the spacing between
plasmonic resonators, and thus control of these properties is
largely related to our ability to reliably control inter-particle
spacing.1–3 Near-field confinement of incident electromagnetic
radiation in the gaps between plasmonic resonators, termed
‘hot spots’, become more intense with decreasing gap size,
magnifying Raman signals via Surface Enhanced Raman
Scattering (SERS).4 Rigid macrocycles known as cucurbit[n]
urils (CB[n]s) have proven to be dynamic self-assembly motifs
for nanoparticle systems,5–7 providing well defined spacings
that can be difficult to achieve with other methods.

CB[n]s are a family of macrocyclic compounds consisting of
n number of glycoluril units, bound together by 2n methylene
bridges, that have a well-defined height of 0.91 nm.5 Due to
their ability to encapsulate various guest species,8 CB[n]s have
been used to create assemblies of nanoparticles based on
complex formation,7 as well as through direct aggregation via
the CB[n] molecules themselves.5,6,9 Given their rigid structure
and fixed height, CB[n]s yield reliable interparticle spacings of
approximately 1 nm, which is ideal for producing strong coup-
ling in nanoparticle systems, and intense hot spots;10,11

however, reliable spacings beyond 1 nm in an incremental
manner have yet to be realised.

The dipolar nature of the carbonyl-fringed portals of CB[n]s
make them highly attractive for cation binding through the
ion–dipole interactions, a well-established area of research.12

Indeed, the first reports of CB[n] binding involved metal
cations acting as ‘lids’ bound to the portals of CB[n].13 Alkali
metals,13,14 alkaline earth metals,15–17 transition metals,17–19

lanthanides and actinides,17,20–22 as well as ammonium and
imidazolium ions23 have been shown to bind to CB[n] portals,
and are often required to enhance the solubility of the poorly
water soluble CB[n]s. Despite intense research, few metal
cations have been found that can bind to the portals of CB[7].
Coordination complexes with CB[7] require the use of exotic
cations (lanthanides, uranium dioxide, etc.) in addition to
CdCl4

−2 and other dianions as stabilizer species in multi-step
syntheses.

Given the ability of CB[n]s to bind to metal cations in the
formation of 1 dimensional coordination compounds, and
their well defined height, we demonstrate here that CB[7] can
be used to create well-defined nanoparticle spacings with step-
wise nanometer control via macrocycle–cation coordination.
Furthermore, we show that this can be done in a simple
manner using FeCl3·6H2O with no stabilizer dianions required.
The interaction of CB[7] and Fe3+ represents a novel coordi-
nation compound, and thus we begin by characterising its
structure. We then demonstrate that CB[7] and Fe3+ can be
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sequentially deposited onto a gold substrate in a layer-by-layer
fashion through a Quartz Crystal Microbalance (QCM) study in
conjunction with contact angle measurements. Finally, we use
Normalising Plasmon Resonance Spectroscopy to probe not
only the spacing in plasmonic structures on the nanoscale, but
also demonstrate the changing refractive index of this system
as the number of deposited layers increases.

The chemical structure of CB[7] is shown in Fig. 1(a)(i). The
carbonyl groups present at the portals of the macrocycle favour
ion–dipole binding with cations, which can lead to the for-
mation of 1 dimensional coordination complexes, highlighted
in Fig. 1(a)(ii). We have developed a method whereby such
coordination complexes can be deposited in a step-wise
manner onto a gold substrate. Firstly, a gold substrate is
immersed in a 1 mM CB[7] aqueous solution Fig. 1(b)(i),
rinsed, then placed in a 1 mM aqueous solution of
FeCl3·6H2O. The substrate is again rinsed and the deposition
steps repeated to create the coordination complex, with a
height that is dependant on the number of CB[7] molecules
within the deposited spacing layer (a detailed experimental
method is given in the ESI†). Noting that CB[7] has a rigid
molecular structure with a well defined height of 0.91 nm, the
CB[7]–Fe3+ complex can then be utilised in obtaining rigid
molecular spacings in Nanoparticle on Mirror (NPoM) plasmo-
nic systems, consisting of a metal nanoparticle on a metal
film, where reliable spacings in between the two plasmonic
elements is crucial in controlling the optical properties of the
system. This forms an ideal ‘plasmonic ruler’ to quantify the
spacer height.

Crystals were grown from a solution of water DMF and ana-
lysed using single-crystal X-ray diffraction. Initial experiments
using laboratory equipment (microfocus source, CuKα radi-
ation) indicated primitive lattice parameters a ≈ b ≈ c ≈
70.4 Å3, α ≈ β ≈ γ ≈ 109.5°, volume ≈ 272 000 Å3. This corres-
ponds to an apparent I-centred cubic unit cell with a = b = c ≈
81.4 Å. On the laboratory equipment, diffraction was observed
to approx. 1.5 Å, which was insufficient to make any progress
with structure solution. A crystal was therefore analysed at
Diamond Light Source (Beamline I19). This indicated the

same lattice parameters, with diffraction data observed to
approx. 1.0 Å. Systematic absence conditions suggest the space
group to be Ia3̄d. The very large unit-cell volume indicates a
large number of formula units within the unit cell. Even for
space group Ia3̄d, with multiplicity 96 for a general equivalent
position, there must be several formula units in the asym-
metric unit. Inclusion of solvent molecules in the crystal is of
course likely, and clearly the structure is complex. Despite all
efforts, we have not to date been able to obtain any structure
from the synchrotron data. It is possible that the crystals could
be subject to twinning, but the apparent quality of the fit for
the lattice parameters and the consistency of the result for
several data sets under different analysis conditions may also
indicate that the determined lattice parameters are correct.
Certainly the lattice appears to be different from any known
structure for CB[7] (lattice parameters a ≈ 12.9 Å, b ≈ 20.1 Å, c
≈ 31.7 Å, β ≈ 92.6°), or FeCl3·6H2O (lattice parameters a ≈
11.89 Å, b ≈ 7.05 Å, c ≈ 5.99 Å, β ≈ 100.5°),24,25 suggesting the
formation of a complex between CB[7] and FeCl3·6H2O. The
synchrotron diffraction data are made available via the
Cambridge Data Depository (10.17863/CAM.24844).

QCM data, in conjunction with contact angle measure-
ments, have been used to confirm that CB[7] and Fe3+ can be
deposited in an alternating fashion onto a gold substrate to
build up a discrete functionalised surface film with specific
control over film thickness on a macroscopic scale. Fig. 2
shows changes in the frequency of a gold-plated quartz crystal
after sequential exposure to separate solutions of CB[7] and
FeCl3·6H2O. Once a 1 mM solution of CB[7] is passed over the
gold-plated quartz crystal, the frequency is seen to decrease
and plateau. This behaviour is indicative of deposition of
material onto the QCM and is attributed to the binding of
CB[7], through its carbonyl-fringed portals, onto the gold
surface. The affinity between CB[n]s and gold surfaces26 is a
well established phenomenon that has been researched inten-
sely for the purposes of gold nanoparticle aggregation.9,27,28

Once the frequency had plateaued, demonstrating maximum
deposition of the initial CB[7] layer, a 1 mM solution of
FeCl3·6H2O was introduced to the quartz crystal. Once again, a

Fig. 1 (a) (i) The chemical structure of CB[7] is shown. (ii) A coordination complex forms when Fe3+ and CB[7] are mixed in water. (b) Schematic of
the layer-by-layer process used to build up coordination complexes of CB[7] and FeCl3·6H2O onto gold substrates. (c) An illustration highlighting
that surface deposited CB[7]–Fe3+ can be used to yield well defined spacings with nanometer control in plasmonic systems consisting of a gold film
and a gold nanoparticle.
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consistent decrease in the frequency is evident, again
suggesting the binding of material to the crystal. This further
frequency decrease is a result of Fe3+ ions binding to the
portals of the CB[7] molecules. This process can be repeated
again by introducing a 1 mM CB[7] solution, which can bind
through to the deposited Fe3+ layer, resulting in another
decrease in the frequency of the quartz crystal. These results
indicate that CB[7] and Fe3+ solutions can be deposited
sequentially onto a gold film using a layer-by-layer method-
ology. Moreover, given that the cavities of the CB[n] macro-
cycles remain empty when forming coordination polymers,
preformed CB[7] inclusion complex with a guest species in its
cavity can be used to form these layer-by-layer coordination
spacing layers. QCM data shown in the ESI† highlights that
layered CB[7]–Fe3

+ structures also form when the CB[7] has
ferrocene encapsulated within.

Contact angle measurements presented in Fig. 3 highlight
the changes in hydrophobicity of a gold substrate after the
deposition of the CB[7]–Fe3+ layered structure. Fig. 3(a) shows
that the contact angle of a CB[7]-coated substrate is 64°, which
decreases to 54° (Fig. 3(b)) when Fe3+ cations are deposited on
top. The contact angle can then be switched back to 61° by the
introduction of another CB[7] layer (Fig. 3(c)), and then
decreased again to 51° through further Fe3+ deposition
(Fig. 3(d)). Therefore, the contact angle can be switched
between approximately 50 and 60° depending on whether
CB[7] or Fe3+ is the terminating layer, which further supports
the formation of 1 dimensional coordination polymers of
CB[7] and Fe3+ on the gold substrate.

Both QCM and contact angle measurements support the
layer-by-layer formation of CB[7]–Fe3+ structures on bulk gold
surfaces, however it is pertinent to probe the integrity of the
structure on the nano-scale. Therefore, Normalising Plasmon
Resonance Spectroscopy, which has recently been employed to
resolve the thickness and refractive index of layers of CB[7] in
the NPoM geometry,29 was utilised to demonstrate the applica-

bility of the CB[7]–Fe3+ layers to nano-scale systems. The
results of this can be seen in Fig. 4.

By collecting dark-field scattering spectra from individual
nanoparticles in NPoM geometries and comparing the posi-
tion and intensity of the coupled mode to finite difference
time domain (FDTD) simulations the refractive index and gap
spacing can be inferred. By collecting >1000 spectra per
sample enough data can be analysed to identify differences
between the samples and eliminate contributions from varying
shape and size of individual nanoparticles. The peak at
533 nm is used as a reference point for normalisation since
the transverse mode in this plasmonic system is less affected
by the distance and refractive index of the gap. As can be seen
in Fig. 4, the NPoM geometry consisting of a single layer of
CB[7] (orange) yields coupled plasmon modes at 720–730 nm
with an intensity ratio of 4.5. Based on FDTD simulations this
would suggest a gap distance between 0.5–1 nm, which agrees
well with the 0.91 nm height of CB[n] macrocycles. Upon
addition of Fe3+ and a second layer of CB[7] (red) the peak
decreases in intensity ratio to 3.8 with peak positions between
720–740 nm, matching an increase in refractive index of 0.3
and a distance increase of 1 nm, and a total gap distance of
2 nm. Adding another layer (pink) sees a further shift to an
intensity ratio of 3 at 730–740 nm, correlating again to a
change of 1 nm, and a total gap distance of 3 nm. Finally,
having four CB[7] layers (blue) shifts the peak positions to
750 nm with intensity ratios just above 2. These results are in
close agreement with the expected increase in gap distance, to
a total of 4 nm, as layers of CB[7]·Fe3+ are stacked.

In summary, we have demonstrated that ion–dipole binding
between CB[7] and Fe3+ cations can be utilised to create struc-
tures with discrete thickness on the nanoscale, which can be
built up in a layer-by-layer fashion. We have shown that CB[7]
and Fe3+ can be sequentially deposited onto a gold substrate,
layer-by-layer, via a QCM study, in conjunction with contact

Fig. 2 Quartz crystal microbalance data demonstrating the layer-by-
layer build up of CB[7]–Fe3+ nano-layers. Fig. 3 Contact angle measurements highlighting the changes in hydro-

phobicity of a gold substrate after the layer-by-layer deposition of the
CB–Fe3+ nanostructure.
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angle measurements. Finally, Normalising Plasmon
Resonance Spectroscopy was used to demonstrate the build up
of these structures on the nanoscale, highlighting the nano-
meter precision that can be obtained. This work highlights
that control over spacings in nanostructures with nanometer
precision can be realised through macrocycle–cation coordi-
nation. The next goal in this area will be to achieve the same
level of spacing control in suspensions of nanoparticles.
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