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ion: localised self-assembly and
metal sequestration at a liquid–vapour interface†

Christopher D. Jones, a Aled R. Lewis,b Daniel. R. Jones,b Christopher J. Ottley,a

Kaiqiang Liu c and Jonathan W. Steed *a

Spatially resolved soft materials, such as vesicles and microgels, have shown promise as selective

adsorbents and microscale reaction vessels. However, spatiotemporal control of aggregation can be

difficult to achieve. In this study, nickel(II) chloride and a dipyridyl oligo(urea) ligand were combined in

a vapour-diffusion setup to produce a localised spheroidal aggregate at the liquid–vapour interface. This

aggregate forms via the self-assembly and fusion of monodisperse colloids and grows until its weight is

no longer counterbalanced by surface tension. A simple physical model reveals that this process, termed

lilypad aggregation, is possible only for surface energies that favour neither bulk aggregation nor the

growth of an interfacial film. These surface energies dictate the final size and shape of the aggregate and

may be estimated through visual monitoring of its changing morphology. Lilypad aggregates sequester

metal from the surrounding sol and can be collected manually from the surface of the liquid.
Introduction

So materials are a key component of biological tissues and
play important roles in a wide variety of technological applica-
tions. They typically consist of a bulk liquid supporting
a colloidal network of particles or bres, which allow the
materials to be moulded and reduce their tendency to ow. Due
to the combined presence of mobile solutes and an internal
scaffold of deformable aggregates, the materials can perform
effectively as electrolytes, reaction media and exible mechan-
ical supports.1 In many of these systems, it is preferable for
aggregation to occur rapidly and in a localised fashion, so that
the liquid phase is immobilised only as required. Targeted
coagulation of biological uids allows for the selective entrap-
ment of pathogens and sealing of wounds,2 and synthetic so
materials may be similarly designed to form exclusively in the
vicinity of a specic stimulus. For example, oleophilic
compounds may be used to immobilise the organic phase in an
oil–water emulsion, aiding the purication of wastewater and
decontamination of oil spills.3,4
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Many studies of spatially controlled aggregation focus on the
formation of a gel, a viscoelastic so material that is almost
fully resistant to ow.5 For gelation to occur in a non-uniform
fashion, the rate of aggregation must exceed the rate of mix-
ing.6 Furthermore, the gel must form under non-equilibrium
conditions, such as a temperature or concentration gradient.7

Low-molecular-weight gelators (LMWGs) are of particular
interest since they interact dynamically via supramolecular
motifs, which rapidly form or disassemble as stimuli are
applied.8–10 Localised gelation is commonly achieved by func-
tionalising an LMWG with photoswitchable groups, such as
stilbenes and azobenzenes, and partially illuminating the
gelator sol.11 For pH-sensitive gelation processes, spatial reso-
lution can also be controlled by varying the concentration of
a proton source, such as glucono-d-lactone,12 irradiating
selected regions of a photoacid solution13–15 or carrying out
electrochemical reactions on the surface of an electrode.16

Likewise, gels may be conned to the interface of two immis-
cible phases17 or shaped by the gradual mixing of co-gelator
solutions.18 Inducing sol–gel transitions at specic locations
can provide exquisite control over mass transport processes,
including molecular diffusion, bacterial motility and enzyme
activity.19

Spatiotemporal control of a sol–gel transition offers access to
aggregates with uniform sizes and well-dened morphologies.
Rapid gelation of liquid droplets may give rise to monodisperse
spheroidal microgels, which can further self-assemble into
a close-packed lattice.20 Microgels are useful as microscale
reaction vessels,21 adsorbents,22 crystallisation media23 and
drug delivery devices,24 and their assemblies can function as
structural colourants for chemical sensors and electrochromic
Chem. Sci., 2020, 11, 7501–7510 | 7501

http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc02190c&domain=pdf&date_stamp=2020-07-18
http://orcid.org/0000-0002-9844-0391
http://orcid.org/0000-0001-7069-566X
http://orcid.org/0000-0002-7466-7794
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc02190c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC011028


Fig. 1 (a) Structure of oligo(urea)s 1 and 2 and (b) schematic illustration
of the vapour-diffusion strategy used to generate interfacial
aggregates.
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displays.25 It is interesting to note that many such technologies
possess analogues in the natural world, wherein clusters of cells
give rise to similar microstructures and rheological properties.
Indeed, microgels have been studied as model cells for simu-
lating the communication and differentiation pathways of bio-
logical tissues.26,27

The self-assembly of microgels and other colloidal aggre-
gates is oen controlled using physical stimuli, such as pho-
toirradiation or magnetic elds.28 However, such processes may
also occur passively in response to surface tension and density
gradients, causing the suspended particles to separate sponta-
neously from a liquid medium.29 For example, gels incorpo-
rating water-immiscible solvents may be dispersed into an
aqueous solution, allowed to bind and absorb a dissolved
species, then manually retrieved from the liquid surface. This
strategy has been used to sequester a range of common
pollutants, including organic dyes and heavy metal ions.30–32

Self-assembly processes have been observed at a variety of
solid–liquid, liquid–liquid and liquid–vapour interfaces.33–35

Colloidal particles can pack together to form symmetrical
clusters and two-dimensional lattices,36 while polymers and
hydrogen-bonding oligomers are oen incorporated into
brous membranes.37 Surface aggregates may prolong the life-
time of metastable phase mixtures, such as foams, emulsions
and bicontinuous uids.38–40 In addition, one self-assembled
material can template the formation of another, such that
successive stages of aggregation give rise to complex hierar-
chical structures.41 At the macroscopic scale, spatiotemporal
control is typically achieved through layering, emulsication or
dropwise addition of precursor solutions.41–45 Aggregation is
thus localised to the initial liquid–liquid interfaces or droplet
boundaries, where critical reagents such as solvents, gelators,
acids and metal ions are most readily mixed.

An alternative method for generating interfacial aggregates
is to identify a liquid in which the material is insoluble and
diffuse the vapour of this antisolvent into the precursor sol.
Vapour diffusion is a popular strategy for crystal growth and has
also been used to control bulk gel formation and colloidal self-
assembly.46,47 A benet of this approach is that a concentration
gradient is established uniformly and reproducibly, without the
local variations produced by manual reagent additions.48

Furthermore, introducing the antisolvent passively minimises
turbulent mixing and deformation of the interface. Thus, the
formation of spatially resolved materials depends solely on
interparticle interactions29 and the composition of the sol,
ensuring that the key physical properties of the system can be
reliably assessed.

In this investigation, a vapour diffusion method was used to
generate interfacial aggregates of nickel(II) chloride and pyridyl-
functionalised oligo(urea)s 1 and 2 (Fig. 1).49 To the best of our
knowledge, this is the rst demonstration of metal sequestra-
tion through in situ aggregation at a liquid–vapour interface.
Aggregates were observed exclusively at the base of the solvent
meniscus and formed in a hierarchical fashion, via the self-
assembly and coalescence of monodisperse colloids.
Compounds 1 and 2 were chosen for this study because they are
simple oligomers which, like lm-forming peptides,50 feature
7502 | Chem. Sci., 2020, 11, 7501–7510
multiple binding sites for both self-association and metal
complexation. Urea groups are known to form robust, linear
arrays of hydrogen bonds known as a-tape motifs, making them
well suited to the growth of brous aggregates.51 Moreover, the
self-assembly of a-tapes may be promoted or disrupted by other
supramolecular processes, allowing aggregation to be triggered
or reversed by strongly binding guests.52

It has previously been shown that compound 1 forms solid
precipitates above its solubility limit, while 2 self-assembles
into gel bres with interesting braided and helical morphol-
ogies.49 Addition of nickel(II) chloride to the oligo(urea) solu-
tions below their solubility limits does not result in visible
precipitation. However, the use of a vapour-diffusion setup
causes the metal to be sequestered into a localised spheroidal
aggregate. We have termed this phenomenon lilypad aggrega-
tion, noting that the materials resemble the aquatic plants in
that they grow at a liquid–air interface while supported by
surface tension. It is proposed that lilypad aggregation repre-
sents an unusual but highly general pathway for non-
equilibrium self-assembly, which arises when neither bulk
aggregates nor interfacial lms are energetically favoured.
Because lilypad aggregates are isolated and well-dened, they
serve as convenient packages for target solutes, which can be
lied manually from the liquid surface without ltering or
evaporating the parent sol.
Experimental section
Materials

All solvents and reagents were purchased from commercial
suppliers and used without further purication. Compounds 1
and 2were synthesised and characterised as previously reported.49
This journal is © The Royal Society of Chemistry 2020
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Aggregation experiments

Solutions of 1 (0.50% w/v, 9.8 mM) and 2 (0.20% w/v, 2.5 mM)
were prepared by sonicating and vigorously heating suspen-
sions of the compounds in dimethylformamide (DMF). Nick-
el(II) chloride hexahydrate (4.8 mg, 20 mmol) was added to the
solution (2 cm3) and dissolved with gentle heating. The result-
ing mixture was placed in an open 7 cm3 vial and immersed in
a 28 cm3 vial of diethyl ether (2 cm3) sealed with vacuum grease
and a microscope slide. Lilypad aggregation typically took place
over 8 hours at room temperature and was monitored inter-
mittently under an optical microscope. The density of the sol,
rsol, was measured at the end of the experiment by weighing 0.1
cm3 aliquots extracted from the surface of the liquid using
a micropipette. The aggregate density, ragg, was determined by
weighing the wet material and measuring the average spherical
radius by optical microscopy.
Material characterisation

FT-IR spectra were measured using a PerkinElmer Spectrum
Two spectrometer with an attenuated total reection (ATR)
accessory. For analysis of the aggregate composition and
morphology, samples were spread over silicon wafers and dried
in air at room temperature for two weeks. Scanning electron
microscopy (SEM) images of the dried materials were obtained
aer coating the samples in 2 nm platinum with a Cressington
328 EM Coating System, while pyrolysates were imaged without
coating. Imaging was performed using a FEI Helios NanoLab
DualBeam microscope, with beam settings of 1.5 kV and 0.17
nA. X-ray photoelectron (XPS) spectra were obtained under
ultrahigh-vacuum conditions (base pressure 4 � 10�10 mbar)
using a Kratos Axis Supra with charge neutralisation (0.18 A
lament current, 1.3 V bias, 4.2 V charge balance) and a mon-
ochromated Al K-a X-ray source. A gun voltage of 15 kV and
lament current of 25 mA were used, with a 500 meV step size
and pass energies of 80 and 20 eV for the wide and narrow
scans, respectively. Spectra were analysed in CasaXPS 2.3.18,
using Shirley background ts for narrow scans and the sp2 C 1s
signal at 284.5 eV for energy calibration.53 The Ni 2p region was
tted with GL(30) peak shapes, a xed doublet separation of
17.3 eV and equal full width at half maximum (FWHM) values
for all core signals eV.54
Pyrolysis experiments

Wet aggregates were pyrolysed under nitrogen during ther-
mogravimetric analysis, using a TA Instruments TGA Q500 with
a sample gas ow rate of 60 mL min�1. The mass of non-
coordinated solvent was measured with a 25 �C min�1 ramp
to 150 �C, followed by isothermal heating until no further mass
loss was detected. Pyrolysis was subsequently achieved by
increasing the temperature to 900 �C at a rate of 2 �Cmin�1. The
pyrolysate was analysed by powder X-ray diffraction (PXRD) at
20 �C, using a PANalytical Empyrean diffractometer operated at
40 kV and 40 mA (unsplit Cu Ka1 + Ka2 doublet, mean wave-
length l ¼ 154.19 pm) with a PIXcel 1D scanning line detector
and step size of 0.02626�. The instrument was tted with a 1/8�
This journal is © The Royal Society of Chemistry 2020
xed divergence slit, 1/4� antiscatter slit and 10 mmmask in the
primary beam, a Ni lter and 7.5 mm antiscatter slit in the
diffracted beam, and 0.04 rad Soller slots in both beam paths.
Inductively coupled plasma mass spectrometry (ICP-MS) data
for samples before and aer pyrolysis were obtained using
a Thermo Scientic X-Series spectrometer, previously optimised
for Ni isotopes 58, 60, 61 and 62 to maximise sensitivity and
minimise oxide interference. Samples corresponding to
approximately 2 mg of wet material were transferred to PFA
vials, dried under vacuum for 24 hours and dissolved in
concentrated analytical grade nitric acid (Romil) over 24 hours
at 20 �C. The solutions were diluted 100-fold in 3% nitric acid
prior to analysis. Measurements were calibrated against stan-
dards made from a 1000 ppm Ni reference solution (Romil). The
close agreement between isotopes conrmed the absence of
signicant spectral interference, while analysis of procedural
blanks indicated that no Ni was present in the reagents used.
Conformational analysis

Density functional theory (DFT) calculations were performed in
Gaussian 16 with the B3LYP functional.55 Geometries were
optimised in the 6-31+G* basis set56 from estimated starting
congurations and rened in the larger basis sets 6-31++G**,
aug-cc-pVDZ57 and def2-TZVP.58 The intramolecular hydrogen
bonding energy of 1 was calculated as the difference in energy
between the folded and extended conformations. For compar-
ison, the interaction energy of a related mono(urea) was deter-
mined by subtracting the energy of its hydrogen bonded dimer
from that of two non-interactingmolecules. Finally, the reaction
prole for intramolecular hydrogen bond formation was
modelled by extending the urea–urea distance of the folded
tris(urea) in 0.4�A increments (or 0.1�A near the transition state)
and reoptimising the structure aer each scan step. The acti-
vation energy for folding was calculated as the difference in
energy between the estimated transition state and most stable
extended geometry.
Results and discussion
Aggregation pathway

The synthesis and aggregation properties of oligo(urea)s 1 and 2
have been described previously.49 The compounds exhibit
solubility limits in DMF of approximately 1.0% w/v (20 mM) and
0.2% w/v (2.5 mM), respectively. Mixing DMF solutions of the
compounds with transition metal chlorides yields only clear
solutions or microcrystalline precipitates. However, when
a solution of 1 (0.50% w/v, 9.8 mM) or 2 (0.20% w/v, 2.5 mM)
and nickel(II) chloride (0.24% w/v, 1 eq.) is exposed to diethyl
ether vapour at room temperature, a circular membrane is
formed at the liquid–vapour interface (Fig. 2a and S1, ESI†). The
membrane develops over 4–8 hours into a spheroidal green
aggregate, which grows to a well-dened threshold size (Fig. S2,
ESI†). For 2, the material cannot exceed a nal volume of
approximately 0.15 mm3 due to the limited solubility of the
oligo(urea). By contrast, an aggregate of 1 may develop until its
weight is equal to its surface tension, whereupon even slight
Chem. Sci., 2020, 11, 7501–7510 | 7503
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Fig. 2 (a) Typical stages of aggregation during the slow diffusion of
diethyl ether vapour into a DMF solution of 1 and nickel(II) chloride; (b)
optical micrograph of a particle raft and aggregate after 1 hour (scale
bar 500 mm); (c) close-packed lattice of monodisperse particles fusing
to form a uniform material (scale bar 100 mm).

Fig. 3 Geometric model of a lilypad aggregate, from which general
expressions for the pattern of growth may be derived.
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mechanical inputs may cause it to sink. The aggregation
process is comparable to the growth of lilypads and other
oating plants, which expand over air–water interfaces and are
prevented from sinking by surface tension.59

Compounds 1 and 2 do not differ signicantly in their initial
lilypad aggregation behaviour. However, given that 1 can ulti-
mately give rise larger and more clearly dened aggregates, this
system was selected for further investigation. Optical micro-
graphs reveal three main stages in the aggregation process
(Fig. 2b, c and S3, ESI†). Firstly, microparticles 5–10 mm in
diameter self-assemble into a membrane-like particle ra that
can be lied intact from the liquid surface.60 The hexagonal
close-packed structure of the membrane is attributed to the
“Cheerios effect”, whereby particles on a liquid surface are
7504 | Chem. Sci., 2020, 11, 7501–7510
drawn together by the tension of the meniscus between them.61

In the second stage, the particles gradually fuse62 into
a continuous aggregate, which adopts a spherical cap
morphology to minimise surface energy. Finally, the aggregate
reaches a threshold volume, Vend, of 1.3–1.8 mm3 and, being
denser than the underlying sol, sinks from the interface. Due to
the small quantity of aggregate generated by this process and
the variability introduced by drying, we were unable to obtain
reliable rheological data for the material. Nonetheless, it should
be noted that the aggregate sometimes remains connected to
the surface by a 2–3 mm ligament, which persists for several
minutes before yielding takes place. This stalling is evidence of
viscoelasticity, as extension of the metastable ligament would
continue if it were not opposed by a signicant increase in
elastic potential energy.63
Model of aggregate growth

A key aim of this investigation is to identify the necessary
conditions for lilypad aggregation, so that the process may be
harnessed and optimised for practical applications. We have
thus sought to develop a simple mathematical framework for
quantifying the physical properties of lilypad aggregates. These
materials offer unique insight into the criteria governing
interfacial self-assembly since they grow continuously and
symmetrically without manual intervention. By contrast,
aggregates formed by dropping reagents onto an interface may
exhibit different shapes depending on the drop diameter and
fall height,64 limiting the reliability of surface energy
measurements.

The evolving shape and size of a lilypad aggregate may be
rationalised via a simple geometric model of the aggregation
process (Fig. 3 and S4, ESI†). The sol is represented as a homo-
geneous liquid of density rsol, with a planar interface inter-
secting a uniform aggregate of density ragg > rsol. The aggregate
represents a spherical cap with radius R and a centre located
a perpendicular distance fR from the sol–vapour interface,
where �1 < f < 1. At each stage of growth, the observed value of f
corresponds to a local minimum in the potential energy, E. The
assumption of a spherical cap geometry prevents consideration
of elastic deformation processes, such as the formation of
a ligament at the end of aggregate growth. Nonetheless, this
simple model reproduces the key features of the aggregation
process and avoids some of the difficulties of classical force-
based models, which oen require the geometry of the inter-
facial phase boundaries to be precisely known.60,65
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The surface energies of a lilypad aggregate may be estimated
by plotting the possible surface energies for three aggregate geom-
etries (shown in blue) and identifying the area of intersection (red) (a).
Side (b) and top-down (c) views are shown for a typical lilypad
aggregate, where f ¼ �0.66, R ¼ 1.34 mm and V ¼ 0.77 mm3. Scale
bars represent 5 mm in both images. The aggregate occupies a frac-
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It can be shown that:

E ¼ pgrR4

12
ðf � 3Þðf þ 1Þ3 þ pR2ðf þ 1Þ�ð1� f Þgvap þ 2gsol

�
(1)

where r ¼ (ragg � rsol), g is the acceleration due to gravity and
gsol and gvap are the surface energies of the aggregate-sol and
aggregate-vapour interfaces, respectively (Section 2, ESI†). The
sol–vapour surface energy is not addressed explicitly in eqn (1)
since any growth of the aggregate-vapour interface reduces the
area of the sol–vapour interface by an equal amount. Thus, gvap

corresponds to the difference between these two interfaces,
rather than the absolute surface energy of the lilypad
aggregate.

Eqn (1) is not applicable to aggregates that are close to
sinking, as changes in elastic potential energy are not accoun-
ted for. Nonetheless, the model accurately describes materials
in the earlier stages of growth, where a lack of deformation away
from spherical cap morphologies suggests these elastic contri-
butions are small. Indeed, for realistic values of r, gsol and gvap,
the value of E in eqn (1) is overwhelmingly dependent on the
surface energy terms (Fig. S5, ESI†). It may be deduced that the
Bond number65 of the aggregate is signicantly less than unity,
causing it to adopt a spherical cap morphology to minimise its
surface area. Closer examination of eqn (1) reveals that lilypad
aggregation is made possible by the term in gsol, as this is the
only contribution that passes through a local minimum with
varying f at constant V. By contrast, the term in gvap remains
small and relatively xed as V increases. Aggregate-vapour
interactions are therefore energetically important only in the
initial stages of aggregate growth.

The lilypad aggregate becomes localised at the base of the
liquid meniscus to minimise the gravitational potential energy,
given by the rst term in eqn (1). For each value of V, the
material adopts a morphology with the most favourable balance
of aggregate-sol and aggregate-vapour surface energies. This
optimal value of f is determined by minimising E at constant V:

V ¼ 2
ffiffiffi
6

p
p

�
2� f

f þ 1

��
fgsol � gvap

rg

�3=2

(2)

Rearranging eqn (2) reveals a linear relationship between gsol

and gvap:

gvap ¼ fgsol �
rg

2

�
1ffiffiffi
3

p
p

�
f þ 1

2� f

�
V

�2=3

(3)

Physical values of V and f are only possible if gsol > 0 and
|gvap| < gsol. In a plot of gsol against gvap, a combination of gsol

and gvap is allowed if it lies in the quadrant bounded by gvap ¼
gsol and gvap ¼ �gsol and bisected by the positive x-axis (Fig. S6,
ESI†). This observation offers a partial explanation for the rarity
of lilypad aggregates: though the aggregate-vapour surface
energy is only weakly constrained, interactions between the
aggregate and sol must be unfavourable. Consequently, in
addition to reducing the solubility of the precursors, an
This journal is © The Royal Society of Chemistry 2020
antisolvent may promote lilypad aggregation by destabilising
aggregates within the bulk of the solvent.

Although the above results do not account for elasticity or
local variations in r, gsol and gvap, they nonetheless provide
realistic estimates for the physical properties of a lilypad
aggregate. Eqn (3) may be used to predict the growth of
a material with known surface characteristics or deduce the
values of gsol and gvap from the aggregate geometry. In a plot of
gvap against gsol, straight lines intersect combinations of surface
energies which, for a given value of f, produce the same value of
V (Fig. 4a). The gradient of the line connecting the origin and
the point (gsol, gvap) is given by the ratio gvap/gsol and equal to
the value of f at the beginning of aggregate growth. Likewise, the
intercept of the line with gradient f ¼ 1 that passes through
(gsol, gvap) may be used to calculate V when the material is fully
spherical. If gvap $ 0, this volume denes the maximum size the
aggregate can reach before sinking. For aggregates with gvap < 0,
however, there is a critical value of f, fend, beyond which the
energy of the system, E, exhibits no local minimum (Fig. S7 and
S8,† ESI). These aggregates become unstable and sink before
attaining a spherical geometry.

In the case gvap < 0, an expression for fend is obtained by
maximising V with respect to f:
tion of a sphere, the full circumference of which is delineated in red.
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fend ¼ 1

2

�
�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ 8

gvap

gsol

r �
(4)

The maximum aggregate volume, Vend, may be calculated by
substituting this expression into eqn (3). Coordinates of
constant fend are specied by straight lines in the surface energy
plot, while Vend and the corresponding radii Rend form curved
contours (Fig. S9, ESI†). Marking the intersection of these lines
may allow gsol and gvap to be estimated in situations where only
the nal aggregate geometry can be accurately observed. It
should be noted that aggregates approaching fend may display
signicant extension under gravity, necessitating the consider-
ation of elastic potential energy and prolate spheroid geome-
tries. At the cost of increasing the complexity of the model, such
corrections could aid our understanding of ligament formation
and enable a more predictive description of aggregates in the
nal stages of growth.
Surface energy measurements

Eqn (1)–(4) were applied to a lilypad aggregate generated from
an 0.5% w/v DMF solution of 1 and equimolar nickel(II) chlo-
ride. Values of R were measured from side-on visual observa-
tions, while mean values of f were obtained from top-down
micrographs of the growing material (Fig. 4b, c and S11, ESI†).
According to eqn (4), fend depends only on the ratio gvap/gsol.
The nal aggregate geometry can therefore be used to estimate
the signs and relative values of the surface energies, even if no
other physical parameters are known. Measurements at the end
of aggregate growth indicate that Rend ¼ 0.76 � 0.06 mm and
fend ¼ 0.50 � 0.07, suggesting that gvap is negative and 38 � 7%
smaller than gsol.

To obtain absolute values for gvap and gsol, additional
measurements are required. The value of r was estimated aer
eight hours of growth by weighing the aggregate and a 0.100
cm3 sample of sol from close to the interface. Averaging the
results of three experiments reveals that rsol ¼ 0.82 �
0.02 g cm�3 and ragg ¼ 1.00 � 0.05 g cm�3, meaning that r ¼
ragg� rsol¼ 0.18� 0.05 g cm�3. The error of approximately 30%
in r affects the intercept in eqn (3) to produce errors of equal
magnitude in the estimated surface energies. The irregular
shape of the aggregate in the early stages of growth adds to
these uncertainties by limiting the precision with which f and R
can be monitored. Nonetheless, the intersection of three
observations in a surface energy plot yields realistic surface
energies of gsol ¼ 0.25 � 0.11 mJ m�2 and gvap ¼ �0.20 � 0.07
mJ m�2. Although the errors in these results are large, the signs
of the surface energies and their orders of magnitude may be
reliably determined.

It should be noted that gvap and gsol correspond to the
changes in surface energy when solution at the interface is
displaced by the lilypad aggregate. The measured energies are
therefore much smaller than values typically reported for
liquid–vapour and solid–liquid interfaces (15–30 mJ m�2 for
organic solvents under air66 and 5–50 mJ m�2 for water on
organic polymers67), which denote the absolute energies for
7506 | Chem. Sci., 2020, 11, 7501–7510
surface formation. Indeed, comparable surface energies below
1.0 mJ m�2 have been measured at the interfaces of liquid
phases.68 Interfacial aggregation occurs because aggregate-sol
interactions are slightly weaker than interactions between the
solvent molecules themselves (gsol > 0), whereas replacing
solvent–vapour interactions with an aggregate-vapour interface
is energetically favourable (gvap < 0).

Lilypad aggregation is an example of a Rayleigh–Taylor
instability, in which layers of immiscible uids interpenetrate
due to the greater density of the upper phase.69 As the radius of
a lilypad aggregate approaches Rend, sinking may occur spon-
taneously and unpredictably in response to mechanical distur-
bances or other minor physical inputs. For systems in which
gvap < 0, this observation may be rationalised by the presence of
a local maximum in E at a value of f > fend. The energy needed to
deform beyond this value of f, Ea, decreases in magnitude as the
aggregate grows larger. Thus, lilypad aggregates with f > 0 and
gvap < 0 are metastable, meaning that they may relax into
a spherical geometry and detach from the interface. For
a typical aggregate in this study, Ea is approximately 50 pJ at f ¼
�0.2, but decreases to 12 pJ at f ¼ 0.0 and just 0.6 pJ at f ¼ 0.2
(Fig. S12, ESI†). The sharp reduction in Ea on approaching fend¼
0.50 � 0.07 greatly increases the probability of sinking, as even
small perturbations can provide the energy required.

Analysing the surface energies of a lilypad aggregate provides
insight into the factors underlying this unusual physical
phenomenon. The values of gsol and gvap are likely to depend on
the ligand structure and aggregation conditions. It is possible
that modifying these parameters will enable rational tuning of
the aggregate process, to generate larger aggregates incorpo-
rating a higher percentage of the dissolved metal salt. A key aim
of future investigations will be to use surface energy measure-
ments to rationalise the design of lilypad aggregate systems and
target more efficient and versatile metal-sequestration agents.
Criteria for lilypad aggregation

According to our model, materials displaying certain values of
gvap and gsol cannot form through lilypad aggregation. If gsol <
0 or gvap > gsol > 0, it is energetically favourable for aggregates to
form in the bulk of the liquid, perhaps giving rise to a precipi-
tate, colloidal suspension or homogeneous gel (Fig. S10, ESI†).
Conversely, materials with gsol > 0 and gvap < �gsol will spread
over the interface as a continuous lm, such that relatively
unfavourable liquid–vapour interactions are minimised. Lily-
pad aggregation is a general phenomenon occurring at the
boundary between these two behaviours, when the developing
material is strongly stabilised by neither the surface nor the
bulk of the parent sol. Given that both gels5 and interfacial
aggregates33 are frequently observed, we expect that lilypad
aggregation is feasible for a variety of compounds, with or
without coordinating metals, under a range of non-equilibrium
conditions.7

Interestingly, if DMF is replaced with dimethylacetamide or
a different metal halide or antisolvent is used, lilypad aggrega-
tion does not occur (Table S1 and Fig. S13, ESI†). However,
lilypad aggregates are formed if the concentration of 1 is
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Hydrogen bonded dimer of mono(urea) 3, optimised with
the DFT functional B3LYP in the basis set 6-31++G**; (b) optimised
geometries of 1 for increasing urea–urea distances, measured
between the carbonyl carbon atoms of the interacting groups. The
geometry scan was performed in the basis set 6-31+G* and larger
basis sets were used for refinements of local energy minima, including
a folded conformation stabilised by intramolecular hydrogen bonding
(inset).
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reduced, albeit more slowly and with smaller nal volumes
(Fig. S14, ESI†). It may be concluded that the experimental
outcome is highly sensitive to the choice of metal and solvent
system but relatively weakly affected by changes in ligand
concentration. To optimise the process for practical applica-
tions, it would be useful to measure the effect of these and other
physical parameters, such as the temperature and container
geometry, on the rate of aggregation.48 Obtaining such kinetic
data will be a key objective of future investigations.

In the absence of metal ions, the oligo(urea)s used in this
study display very different aggregation behaviours. Tris(urea) 1
gives rise to microcrystalline precipitates in DMF while penta-
kis(urea) 2 forms braided networks of helical gel bres.49 In
both cases, however, diffraction and modelling studies suggest
that the aggregates consist of molecules in extended confor-
mations. By contrast, many other linear oligo(urea)s have been
shown to form foldamer structures through intramolecular
hydrogen bonding70 or anion complexation.71 It is proposed that
1 and 2 do not exhibit interactions of this type due to the relative
rigidity of the p-benzyl spacers between urea groups. When the
compounds are incorporated into labile72 nickel(II) complexes,
conformational strain could similarly favour coordination
polymers over discrete chelate structures, generating a exible
cross-linked network as the thermodynamic product.

To assess the potential for folded conformations, we opti-
mised the geometry of compound 1 in Gaussian 16 with the DFT
functional B3LYP, using the 6-31+G* basis set for initial calcu-
lations and a range of larger basis sets for subsequent rene-
ments. The tris(urea) was modelled both as an extended
molecule and in a C-shaped geometry stabilised by intra-
molecular hydrogen bonds (Fig. S15, ESI†). The strength of this
motif was calculated by subtracting the energy of the folded
tris(urea) from that of the extended molecule. For comparison,
we also calculated the interaction energy of mono(urea) 3,
which can form intermolecular hydrogen bonds with little
conformational strain (Fig. 5a). Finally, the activation energy for
intramolecular hydrogen bonding was estimated by incremen-
tally separating the terminal urea groups of the folded confor-
mation of 1 and optimising the remainder of the structure aer
each scan step (Fig. 5b).

The results of our DFT analysis indicate that the backbone of
1 is moderately exible (Table S2, ESI†). For urea–urea distances
greater than 7.5 �A, the molecule can adopt a range of confor-
mations with similar energies. However, intramolecular
hydrogen bonding requires the molecule to access less favour-
able geometries, producing an activation barrier of approxi-
mately 6 kJ mol�1 (Fig. S16, ESI†). This conformational strain
weakens the intramolecular hydrogen bond by 19–20 kJ mol�1

(58–62%) relative to the dimer of 3. The stability of the folded
geometry may be further reduced by the loss of conformational
freedom, which is not accounted for in DFT calculations.73

Indeed, studies of ring closure reactions suggest that the six
fully rotatable bonds between terminal urea groups are signif-
icantly constrained, resulting in a total entropic cost of
approximately 7 kJ mol�1 at 298 K.74

Despite the impact of conformational strain, folding of the
tris(urea) molecule signicantly lowers the energy of the
This journal is © The Royal Society of Chemistry 2020
system. Intramolecular hydrogen bonds may also be kineti-
cally favoured due to the high effective molarities of the
interacting groups.74 However, the greater stabilities of motifs
involving extended tris(urea) molecules, represented by the
hydrogen bonded dimer of mono(urea) 3, likely leads to
a preference for these structures at thermodynamic equilib-
rium. The p-benzyl linkages of 1 and 2 may promote the self-
assembly of so materials because they are compatible with
supramolecular polymerisation but sufficiently exible to
inhibit crystallisation pathways. More versatile lilypad aggre-
gation processes could be developed by incorporating similar
spacers into alternative bidentate ligands, using metrics such
as interaction plots to achieve optimal metal binding in
aqueous solvent systems.75–77
Metal sequestration

Supramolecular gels have been used as selective absorbents for
a range of dissolved pollutants.78 The formation of aggregates at
a liquid–vapour interface could be similarly exploited for metal
sequestration. Lilypad aggregation processes may offer greater
convenience than preformed adsorbents since they are initiated
with an antisolvent vapour and dissolved ligand, which are
readily dispersed into the target metal solution. Furthermore,
lilypad aggregates self-localise in response to surface tension, so
can be collected more easily than a continuous interfacial lm.
While aqueous lilypad aggregates would be of greater practical
use, our model system illustrates the advantages of this
approach as well as the parameters to be optimised for future
applications.
Chem. Sci., 2020, 11, 7501–7510 | 7507
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Fig. 6 Background-subtracted XPS spectra in the Ni 2p region,
revealing the similar coordination geometries in a powdered equi-
molar mixture of 1 and nickel(II) chloride hexahydrate and vacuum-
dried lilypad aggregate prepared from 1 and nickel(II) chloride. Raw
data are shown in blue, components in grey and envelope fits in red.
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To assess the efficiency of metal sequestration, lilypad
aggregates were prepared from DMF solutions of 1 (0.50% w/v,
9.8 mM) and nickel(II) chloride hexahydrate (0.24% w/v, 1 eq.)
and analysed by a variety of techniques. The FT-IR spectrum of
the wet aggregate indicates a high concentration of 1, but the
characteristic signals of this species differ signicantly from
those of the pure compound (Fig. S17, ESI†). In particular,
shiing of the amide I band from 1654 cm�1 to 1710 cm�1

suggests that the urea carbonyl interacts more weakly in the
aggregate,79 and aggregation is likely driven by the formation of
a nickel(II) complex. X-ray photoelectron spectroscopy (XPS)
measurements on the surface of the vacuum-dried aggregate
support this conclusion, as the presence of shake-up peaks in
the Ni 2p region are diagnostic of a paramagnetic octahedral
complex (Fig. 6 and S18 and S19,† ESI).54 Scanning electron
microscopy (SEM) images of the coated aggregate reveal a lack
of discernible microstructure at the surface of the material.
Fig. 7 (a) SEM micrograph of fibres in desiccation cracks of a typical drie
thermogram for a lilypad aggregate undergoing pyrolysis in nitrogen; (c) S
mm).

7508 | Chem. Sci., 2020, 11, 7501–7510
However, brous structures are visible within desiccation
cracks (Fig. 7a and S20, ESI†), suggesting that the nickel(II)
complexes give rise to polymeric assemblies that densely
entangle to form a homogeneous material.

The composition of the lilypad aggregate was analysed by
inductively coupled plasma mass spectrometry (ICP-MS). Aer
drying under vacuum, the material displayed a nickel content of
5.4 � 0.1% w/w (Table S3, ESI†). This value closely matches the
expected value of 5.1% w/w for a 1 : 2 nickel(II)–tris(urea)
complex. It is concluded that the tris(urea) accounts for most of
the organic component of the aggregate, and occupies four of
the six coordination sites of the octahedral nickel(II) complexes.

Further compositional information was obtained through
thermogravimetric analysis (TGA) of the wet, as-synthesised
material under a nitrogen atmosphere (Fig. 7b). An initial
mass loss of 41% below 150 �C is attributed to the removal of
weakly bound solvent, while a subsequent decrease of 47%
between 150 and 900 �C corresponds to decomposition of the
metal complexes. The measured solvent content is at least one
order of magnitude lower than in comparable so materials,
such as supramolecular gels, and consistent with the high
aggregate density observed at the surface of the material. SEM
images of the black pyrolysate powder display a uniform
arrangement of pores, 100–300 nm in diameter (Fig. 7c and S21,
ESI†), on the particle surfaces. It may be concluded that the
organic solvent occupies narrow voids and is homogeneously
distributed in the original material.

Aer a lilypad aggregate is pyrolysed, its metal content may
be usefully recovered from the solid residue. Powder X-ray
diffraction (PXRD) analysis of a pyrolysate sample reveals
peaks at 2q ¼ 44.5 and 51.9�, matching the (111) and (200)
reections of elemental nickel (Fig. S22, ESI†).80 However,
studies of pyrolysed elastomer-metal halide mixtures have
shown that carbonaceousmaterial oen accounts for 20–40% of
the residue mass.81 ICP-MS experiments reveal a total nickel
concentration of 35.5 � 0.3% w/w in the pyrolysed aggregate,
suggesting that the material incorporates just 6% of the nickel
in the parent sol (Table S3, ESI†). Nonetheless, formation of the
aggregate may aid recovery of the metal, as the material exceeds
the nickel concentration of the original DMF solution by 40–80
d lilypad aggregate coated in 2 nm platinum (scale bar 1 mm); (b) TGA
EMmicrograph of an uncoated lilypad aggregate pyrolysate (scale bar 1

This journal is © The Royal Society of Chemistry 2020
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times (Table S4, ESI†) and may be harvested manually from the
surface of the liquid. Future studies will focus on improving the
efficiency and versatility of this metal sequestration and modi-
fying the properties of aqueous lm-forming ligands, such as
peptides,50 to target similar lilypad aggregation pathways.

Conclusions

Lilypad aggregation is a non-equilibrium process involving the
localised formation of so materials at a liquid–vapour inter-
face. This phenomenon has been observed, for the rst time,
upon slow diffusion of an antisolvent into sols of nickel(II)
chloride and an oligo(urea) ligand. It has been shown that
localised interfacial aggregation occurs only when neither bulk
aggregates nor continuous lms are energetically favoured.
Thus, the materials form within a restricted range of aggregate-
sol and aggregate-vapour surface energies, which dictate the
shape and size of the developing aggregate and may be esti-
mated from simple geometric measurements. Optical micro-
graphs reveal that lilypad aggregates are formed via the self-
assembly and fusion of colloidal particles, growing in
a predictable fashion until their weight is no longer counter-
balanced by surface tension. The process can be used to recover
substantial quantities of a dissolved metal salt, packaging the
material into a discrete structure that is easily harvested from
the surrounding solution. Our results may inform further
studies into non-equilibrium aggregation and guide the devel-
opment of more water-compatible systems for mineral pro-
cessing, metal recycling and wastewater remediation.
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