
Standalone 2‑D Nanosheets and the Consequent Hydrogel and
Coacervate Phases Formed by 2.5 nm Spherical U60 Molecular
Clusters in Dilute Aqueous Solution
Yuqing Yang, Yifan Zhou, Jiahui Chen, Tsuyoshi Kohlgruber, Travis Smith, Bowen Zheng,
Jennifer E. S. Szymanowski, Peter C. Burns,* and Tianbo Liu*

Cite This: J. Phys. Chem. B 2021, 125, 12392−12397 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Unexpected hydrogel and coacervate are observed for dilute
(1 mM) uranyl peroxide molecular cluster (Li68K12(OH)20[UO2(O2)-
(OH)]60, U60) solution in the presence of di- or trivalent salts. We report
the mechanism as the formation of anisotropic two-dimensional (2-D)
single-layer nanosheets, driven by counterion-mediated attraction due to
the size disparity between U60 and small counterions. With weak
monovalent cations, the nanosheets are bendable, resulting in hollow,
spherical blackberry-type supramolecular assemblies in a homogeneous
solution. With extra strong divalent or trivalent cations, the tough, free-
standing sheets lead to gelation at ∼1 mM U60. These stiff nanosheets are
difficult to bend into spherical blackberry-type structures; instead, they stay
in solution and form hydrogel based on their significant excluded volumes.
At higher ionic strength, the large, thin filmlike nanosheet structures stack
together more compactly and consequently lead to the transition from gel phase to a coacervate phase, another surprise since it was
formed without the presence of bulky polycations.

■ INTRODUCTION

Supramolecular two-dimensional (2-D) nanomaterials have
garnered extensive attention in recent years for their potential
applications in electronics,1,2 catalysis,3 sensors,4 and drug
delivery.5 Despite their promising advantages, much attention
has been paid to the synthesis of supramolecular nanosheets
whose formation mechanism is yet to be explored.
In dilute aqueous solution, the phase behavior of salts is

usually simple, they have certain solubility and phase
separation beyond a point if no chemical or coordination
interaction occurs. This general understanding may not be
accurate for ions with nanoscale size. Such macroions exhibit
completely different solution behaviors from small ions and
colloidal suspensions6 but represent a transition region in
between, which cannot be described by either the Debye−
Hu ckel theory7 for small ions (they are no longer point
charges) or the DLVO theory8 for colloids (van der Waals
forces are negligible for macroions). The size disparity between
macroions and their counterions is significant but not
dominant, leading to moderate counterion association around
macroions in polar solvents and the formation of hollow
spherical blackberry structures based on counterion-mediated
attraction.6 Through molecular dynamic simulations, clear
symmetry breakage happens at the initial stage by charge
redistribution closer to the macroion’s equatorial area to

construct 2-D nanosheets9 and consequently blackberry
structures.
U60 (Figure 1) is one of the largest members of the uranyl

peroxide cluster family with a 2.5 nm diamter and a well-
defined C60-like fullerene topology molecular structure,10

which consists of 60 uranyl polyhedra. Its 60− charge and
hydrophilic surface (hydration layer) make it highly soluble in
aqueous solutions, while the overall structure remains intact for
months.11 Due to its high charge density, U60 stays as discrete
macroions in a dilute aqueous solution with high solubility12

and tends to self-assemble into hollow, spherical, single-layered
blackberry structure in the presence of additional monovalent
counterions, e.g., K+.13 Here, two unexpected new phases,
hydrogel and coacervate, are discovered in the dilute U60

aqueous solutions with the addition of di-/trivalent counter-
ions. Without the assistance of any common driving force for
gelation, e.g., hydrophobic, π−π, host−guest interaction, or the
presence of bulky polycations, it is unlikely to observe hydrogel
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and coacervation in dilute solutions only containing U60 and
small electrolytes.

■ METHODS
Gel and Coacervate Preparation. Solid samples of the

U60 cluster were dissolved directly in water to obtain a
concentrated solution that was diluted to appropriate
concentrations for characterization. All of the solutions were
dust-free after passing through poly(tetrafluoroethylene)
(PTFE) filters. Concentrated salt aqueous solutions or solid
salts (to avoid the excess dilution of U60 at a high salt/U60
ratio) were added to U60 aqueous solutions and an inversion
test was conducted after 5 min standing after each addition.

At an appropriate concentration, the U60 aqueous solution
(1.0−4.0 mM for U60 solution with YCl3 and 1.0−6.0 mM for
U60 solution with BaCl2 or SrCl2) remains clear yellow liquid
with the addition of small amounts of salts. As further salt
solutions are added, a clear gel is observed that does not flow
when the tube is turned upside-down. With large amounts of
salts, coacervate that shows a clear liquid−liquid phase
separation with a yellow bottom part and a colorless top part
is obtained. Also, a small volume increase of the colorless top
part is noticed with an elevated amount of added SrCl2. Finally,
a powder-like precipitate can be seen when excess SrCl2 is
introduced. For dilute or concentrated U60 aqueous solution
(<1.0 mM and >6.0 mM for U60 solution with BaCl2 or SrCl2
or <1.0 mM and >4.0 mM for U60 solution with YCl3), a
transition from a homogeneous yellow solution to a liquid−
liquid-separated coacervate was observed with the addition of
salts with no gel obtained.

Small-Amplitude Oscillatory Shear (SAOS). The SAOS
studies were performed using 15.367 mm parallel plates
geometry on a Physica MCR-301 rheometer from AntonPaar.
The measurements were done at room temperature in air. The
strain changed logarithmically from 0.01 to 10%, with five
points recorded per decade, and the angular frequency was
fixed at 10 rad/s.

Transmission Electron Microscopy (TEM). A small
amount of solution dropped onto a holey carbon film placed
on a copper grid was dried and used to take images with a
JEOLJEM-1230 electron microscope operated at 120 kV.

Isothermal Titration Calorimetry (ITC). ITC measure-
ments were performed using a standard volume Nano ITC
isothermal titration calorimeter (TA Instruments) with 1.0 mL

Figure 1. Polyhedral representation of U60. The [(UO2)(O2)2(OH)2]
subunits of 2.5 nm diameter U60 are represented by yellow hexagonal
bipyramids.

Figure 2. (A, B) U60-SrCl2 binary phase diagram in dilute aqueous solution. Solution (black squares), gel (red circles), coacervate (blue triangles),
and macrophase separation (green inverted triangles) phases with approximate boundaries are shown with photos of the coacervate (right up) and
gel (right down). (C) Rheology study of the U60 gel. The storage modulus (G′, black) and loss modulus (G″, red) of 1 mM U60 gel samples with 20
mM SrCl2 at 300 K.
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of Hastelloy C sample cell and 250 μL syringe. The
experiments were carried out at 25 °C using 25 consecutive
injections of 10 μL. A rotation rate of 250 rpm was used to
ensure the proper, continuous mixing of solutions in the
chamber. In all experiments, the background heat was
subtracted to reach the final results. The independent binding
site model was applied to analyze the results, which provided
the binding number and interaction energy between U60
clusters and different salts.
High-Resolution Scanning Electron Microscopy

(HRSEM). Morphological analyses of the samples were
performed using a high-resolution scanning electron micro-
scope (HRSEM) type Tescan Lyra 3 XMU at the operating
voltage of 20 kV and a JEOL JCM-6000PLUS NeoScope
Benchtop SEM using a secondary electron detector (SED)
with an accelerating voltage of 5−10 kV. The samples were
freeze-dried before imaging.

■ RESULTS AND CONCLUSIONS

Gelation of U60. Upon introducing 20 mM SrCl2 into a 1.0
mM (∼20 mg/mL) U60 solution, the original dilute solution
transforms to a homogeneous, transparent gel phase. The
phase diagram (Figure 2A) indicates that the gel phase covers a
considerable area, ranging from 1 to 5 mM U60 and 20 to 80
mM Sr2+. Rheological studies (Figure 2C) reveal their gel state,
as the storage modulus (G′) is higher than the loss modulus

(G″) within a certain range of strain. The relatively small
values of G′ and G″, compared with the polymer gel, are a
typical feature of a weak hydrogel, likely based on electrostatic
interactions.
Upon further increasing the Sr2+ concentration, the U60 gels

demonstrate an obvious transition to two separate, stable liquid
phases, with the upper layer being clear and colorless,
containing no U60, while the lower layer is in yellow color
(Figure 2A). This is a typical coacervate phase.14 The
coacervate region covers a large area in the phase diagram
(Figure 2A). At very high Sr2+ concentrations, considerable
amounts of solid precipitates accumulate at the bottom of the
lower liquid phase, indicating that U60 has separated from the
solution due to its limited solubility. The roughly U-shaped
phase separation curve with U60 concentration in the phase
diagram is similar to that of hydrophilic polymers in aqueous
solution;15 the enhanced screening effect from the extra salts
decreases the solubility of U60 macroions. Similar gel and
coacervate phases were also identified in U60/Y

3+ and U60/Ba
2+

solutions (Figure 3).
Critical Gelation Conditions. It is observed that with

different cations, the lowest gelation concentration for U60 is
always ∼1.0 mM, while the highest U60 concentration for the
gel region is ∼5 mM with divalent cations and ∼3 mM with
trivalent cations.
For other boundary conditions, the sol-to-gel transition

curve roughly follows the trend of molar ratio Y3+/U60
60− =

Figure 3. Simplified aqueous U60 clusters−BaCl2/YCl3 binary phase diagram. Solution (black squares), gel (red circles), and coacervate (blue
triangles) phases with approximate boundaries are shown for (A) U60/Ba

2+ system and (B) U60/Y
3+ system.

Scheme 1. U60 in Aqueous Solution with the Addition of Mono-, Di-, or Trivalent Counterionsa

aCounterion-mediated attraction promotes the formation of U60 nanosheets. Flexible U60 nanosheets formed with monovalent counterions bend to
form blackberry structures; di-/trivalent counterions and U60 lead to more rigid, standalone nanosheets and then hydrogel and coacervate.
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10:1, or a total charge ratio of 30:60, for different U60
concentrations. This critical ratio is the quantity of Y3+ ions
needed to generate enough nanosheet structures in solution for
gel formation. Similar phenomena were observed with Sr2+ or
Ba2+, but with higher critical molar ratios (for Sr2+: ∼20:1;
Ba2+: ∼15:1) at 1.0 mM U60 concentration with charge ratios
of 40:60 and 30:60, respectively. The affinity of Ba2+ ions with
the U60 cluster is comparatively stronger than that of Sr2+,
which is also confirmed by the isothermal titration calorimetry
(ITC) data, the Ba2+−U60 interaction releases more heat under
the same conditions in comparison to Sr2+ (Figure S2).
Different from Y3+, for divalent cations, the sol−gel transition
curves show lower slopes: the critical molar ratios gradually
drop to ∼13:1 for Sr2+ and <10:1 for Ba2+ with increasing U60
concentration.
Mechanism of Gelation. The gelation of small molecules

requires them to be assembled into anisotropic and open
supramolecular structures so that large excluded volumes
increase the lifetime of interparticle bonds to make them able
to sustain stress, surviving for longer than the experimental
probe characteristic time,16 in which case leading to the
observed gelation. Such open structures can be formed via
chemical cross-linking (rubbers17), metal coordination,18 or
physical interactions such as hydrogen bond,19 π−π
interaction,20 hydrophobic interaction (surfactant gels),21 van
der Waals forces (colloid gels),22 host−guest interaction,23 or
chain entanglement (polymer gels),24 among which, electro-
static interaction is not the common driving force. None of the
above-mentioned gelation mechanisms are applicable to U60
due to the lack of corresponding intermolecular forces. That is,
we are dealing with a new type of gel whose formation might
be related to their unique feature as macroions.
As shown in Scheme 1, the counterion-mediated attraction

has been experimentally observed and confirmed by simu-
lations in macroionic systems25 including U60, leading to the
formation of 2-D single-layer sheets. Often such sheets grow
and close to form hollow, single-layer, blackberry-type
structures in polar solvents; this is also the case when Li+/
Na+ are the counterions and blackberry structures are formed;

in the meantime, the solution remained clear and homoge-
neous.8 Stronger counterions (higher valence and/or smaller
hydrated size) result in stronger counterion-mediated
attraction among macroions and slightly shorter inter-macro-
ionic distance, resulting in more rigid sheets and larger
blackberry structures (more difficult for the sheets to bend).26

If the nanosheets are too tough to bend, they could stay as
sheets in solution. High-resolution TEM images (Figures 4A,B
and S1A−C) confirm that many large-scale, open structures
have formed in 1.0 mM U60 aqueous solution with 10 mM
SrCl2 (still a mobile solution to avoid severe aggregation on
the TEM grid). With increasing SrCl2, scanning electron
microscopy (SEM) (Figures 4C,D and S1D,E) images of
freeze-dried samples contained abundant open nanosheets
from the system; meanwhile, the solution of U60 turns into a
gel. The transparency of the sheets under the TEM clearly
demonstrated their very thin nature. They can grow into
several microns in size, providing significant excluded volumes
which hinder their diffusion and lead to gelation. Recently,
another case of electrostatic-interaction-based gelation was
reported for a cationic metal−organic cage.27 With extra salts,
counterion-mediated attraction between cages, along with
other types of interactions (π−π, σ-π and hydrophobic), leads
to the formation of stiff nanosheets and then gelation. U60
represents a much better model system in which electrostatic
interaction is the sole source of attraction.
ITC measurements (Figure S2) quantitatively show the

U60−cation interaction. The sudden change of heat release
from U60 and Sr2+/Ba2+/Y3+ systems indicates the occurrence
of the complex interactions when di- or trivalent cations are
introduced into the U60 solution. Meanwhile, the large heat
release suggests much stronger U60−counterion interactions
for di- and trivalent cations, in comparison with that of
monovalent counterions.
At a given composition, the sol−gel transition can be

achieved by increasing the temperature. A higher temperature
promotes the mobility of ions6 and decreases the stability of
the supramolecular nanosheets, making the gels less stable. An
example (Figure S3) is the gel of 1.0 mM U60 with 10 mM

Figure 4. TEM and SEM images of U60 with SrCl2. TEM images of (A, B) 1.0 mM U60 solution with 10 mM SrCl2 or (E, F) 0.5 mM U60 with 2 M
SrCl2. (C, D) SEM images of 2.5 mM U60 gel with 30 mM SrCl2. Scale bar: (A) 1 μm, (B) 800 nm, (C) 20 μm, (D) 20 μm, (E) 2 μm, and (F) 800
nm.
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YCl3. The clear gel transits to a clear solution at 70 °C; and the
gel forms again when the temperature drops. The process is
reversible and reproducible for multiple cycles.
Gel-to-Coacervate Transition. Coacervate is a liquid−

liquid separation with a dilute supernatant and a dense
macromolecule-rich phase that is driven by electrostatic
attraction between oppositely charged macroions,8 usually
polyelectrolytes. Many charged macromolecules, e.g., col-
loids,28 proteins,29 or polymers,30 are observed to be involved
in coacervation processes. Among these species, a stronger
tendency for coacervate formation is found when components
contain longer chains.31 Its formation becomes less likely if the
two components show a disparity in charge numbers. Here,
coacervates are observed when U60

60− anions are mixed with
small divalent or trivalent cations, which is unexpected from
the perspective of traditional coacervates. This coacervate
phase appears above the gel phase in the phase diagram, i.e., at
higher ionic strength. TEM studies (Figures 4E,F and S4) on
the coacervates show large, thin-film-like nanosheet structures
similar to those observed in the gel phase. Meanwhile, the
stacking of nanosheets seems to be more compact. This could
be explained as excess amounts of salts further strengthen the
attraction among the nanosheets and bring them closer,
leading to the apparent liquid−liquid phase separation.
The coacervate area covers a significant range of salt

concentrations, showing that this metastable phase is dominant
(or it takes a very long time for them to further phase separate,
beyond the time frame of experiments). At very high salt
concentrations, considerable solid precipitates are observed at
the bottom of containers, indicating that the U60 clusters are
not soluble anymore due to the enhanced screening effect.

■ CONCLUSIONS

In summary, nanoscale macroions demonstrate complicated
phase behaviors even in their dilute solutions. The imbalance
between macroions and small counterions leads to counterion
association and then counterion-mediated attraction among
macroions, causing them to assemble into 2-D nanosheet
structures. With weaker counterions, the nanosheets further
bend and enclose to form hollow, spherical blackberry-type
structures; with stronger counterions, the rigid nanosheets
stand along in dilute aqueous solution, leading to large
extended volumes and consequent gelation. With increasing
ionic strength, such electrostatic-based gels further collapse
into the coacervate phase due to the closer stacking of
nanosheets. Eventually, U60 macroions precipitate from the
solution at very high ionic strength. The newly discovered gel
and coacervate phases are expected to be general for macroions
and open new opportunities for nanoscale materials with
counterion-mediated attraction as the driving force.
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