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ABSTRACT: We report a complex coacervate formed by a 2.5 nm-diameter, rigid uranyl peroxide molecular cluster
(Li68K12(OH)20)[UO2(O2)OH]60, U60

60−) and SrCl2 salt in dilute aqueous solutions, including its location in the phase diagram,
composition, rheological features, and critical conditions for phase transitions. In this coacervate, the Sr2+ cations are a major
building component, and the coacervate phase covers a substantial region of the phase diagram. This coacervate demonstrates
features that differ from traditional coacervates formed by oppositely charged long-chain polyelectrolytes, especially in its formation
mechanism, dehydration, enhancement of mechanical strength with increasing ionic strength, and the change of salt partition
preference into the coacervate and supernatant phases with ionic strength.

■ INTRODUCTION
This paper is dedicated to Professor Achim Müller for his great
scientific career. One of the author groups (T.L.) had been
extensively collaborating with him for over 20 years. The high-
quality, single-crystalline samples provided by Müller’s group
(mostly discovered by them), such as {Mo154}, {Mo176},
{Mo72V30}, {Mo72Cr30}, and more, served as nice, valuable
models for our early explorations on the uncharted macroionic
solutions. The collaborations resulted in new discoveries such
as the self-assembly of such macroions into blackberry-type
structures,1,2 the gradual, controllable deprotonation of
clusters,3,4 cation transport inside and outside the shells of
Keplerate clusters,5 etc.6−11

While the self-assembly of such clusters was a surprise 20
years ago, our recent studies indicated that their macrophase
transitions in dilute aqueous solutions were also unique and
complicated. Contradicting to the common understanding that
inorganic ions usually possess two macrophasal scenarios in
solution if only physical forces are involved�soluble or
insoluble (forming amorphous or crystalline structures and
precipitate out from solution), we observed macrophase

transitions from solution to gel and coacervate phases,12,13 in
the absence of any organic ligand or component, showing that
macrophase transition in dilute solutions of inorganic macro-
ions is another area that deserves further studies. Here, we
report detailed studies on the coacervate phase formed by a 2.5
nm - s i z e u r a n y l p e r o x i d e mo l e c u l a r c l u s t e r ,
Li48+mK12(OH)m[UO2(O2)OH]60(H2O)n (m ≈ 20 and n ≈
310, U60

60−),14 in aqueous solution.
Coacervation is a common liquid−liquid phase separation

(LLPS) that usually forms with two oppositely charged
polyelectrolytes, yielding a dense macromolecule-rich phase
(coacervate phase) and a dilute solution phase (supernatant
phase).15,16 This macrophase separation results in two clearly
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distinguished stable liquid phases, with almost all solutes
remaining in the coacervate phase. Over the past decade,
considerable effort has focused on expanding the scope of
coacervation, which now includes any combination of
biomolecules (proteins,17,18 polysaccharides,19 peptides,20−23

and polynucleotides24,25), colloids,26 synthetic polymers,27−30

and surfactants.31,32 Numerous efforts have been directed
toward understanding the physical chemistry underlying
coacervation,33−38 which can be used as an in vitro model to
mimic some aspects of membraneless organelles (MLOs).39−41

Coacervation has been proposed as the mechanism by which
MLOs compartmentalize and organize biomolecular processes
in our living systems, accounting for “the origin of life”.42

It is widely thought that the electrostatic interaction (or
charge pairing) between oppositely charged groups, associated
with the entropy-favored release of counterions, drives
coacervate formation.37,43−45 To maximize the interactions,
most coacervation studies have focused on heavily charged
macromolecules or macromolecules with many charged
units.27 For example, coacervations in synthetic or biological
systems are usually demonstrated between long-chain poly-
electrolytes or proteins.16,19 Notably, the addition of simple
salts (e.g., NaCl) is typically required in the coacervation to
weaken the bindings between the oppositely charged
components.46 The transformation from coacervate to solution
state is normally observed upon adding large amount of salts�
the so-called “salt-induced suppression”.47

Coacervates consisting of low-complexity molecules are also
of interest.48 Recent studies revealed the potential of less
complex molecules with lower-molecular-weight or fewer
charges as one coacervation component to drive LLPS.49−51

Mann et al. first reported a complex coacervation combining
cationic oligopeptides (<10 monomers) and anionic nucleo-
tides.20 Keating et al. demonstrated successful LLPSs upon
combining one type of macromolecules with oppositely
charged small molecules, such as longer polyanionic RNA
with a small cationic peptide or organic amine molecules,
etc.22,24,25 In addition to organic molecules, a few studies have
exploited small inorganic multivalent ions to mediate the
complexation with peptides/RNAs for coacervation.52−54 At
least one component in these coacervates is always long-chain
polyelectrolytes, with often inhomogeneous charge distribu-
tion. Moreover, the hydrophobic interaction resulting from
their nonpolar groups and potential intramolecular interactions
originating from their flexible chains inevitably make the

mechanism of coacervation complicated. To avoid these,
water-soluble inorganic molecular clusters (e.g., polyoxometa-
lates, POMs) that possess rigid configurations, uniform shapes,
and known charge distributions55 were employed for complex
coacervation by combination with gelatin,56 polyzwitteri-
ons,57,58 or short peptides.59,60 Overall, small organic or
inorganic molecules can be used to form complex coacervates,
which provide a simple mechanism for the compartmentaliza-
tion of dilute molecules to generate protocells.
We have recently observed, with the addition of di- or

trivalent countercations (e.g., Sr2+ and Y3+), two new phases�
gels and coacervates�formed in the dilute aqueous solutions
of the U60

60− cluster (Figure 1).12 The U60
60− molecular

macroion has a C60-like spherical structure consisting of 60
uranyl polyhedra that are arranged into 20 hexagons and 12
pentagons and carries 60− charges (Figure S1).14 Different
from the above-mentioned POM-based coacervates that
contain additional organic species, the U60

60− divalent cation
coacervates comprise only inorganic clusters as macroanions
and countercations. Herein, we explore this unconventional
coacervation by combining turbidimetry, transmission electron
microscopy (TEM), Raman spectroscopy, composition anal-
ysis, and rheology techniques. The physical behaviors of this
coacervate are remarkably different from conventional complex
coacervates in terms of its formation mechanism, composition,
structure, and mechanical properties. The structural profile,
composition analysis, and viscoelastic response demonstrate an
excellent agreement and elucidate an unusual mechanism that
captures the intriguing stimuli-responsive behavior of this
coacervation system. Noteworthily, as the properties of
coacervates formed by U60

60− with Sr2+ or Ba2+ are very
similar, the discussions are focused on U60

60−−Sr2+ coacervates
only. The data for U60

60−−Ba2+ coacervates are shown in the
Supporting Information.

■ MATERIALS AND METHODS
Materials. U60

60− cluster crystals were synthesized according to
previously reported procedures.14 Raman spectroscopy and electro-
spray ionization-mass spectrometry (ESI-MS) characterizations
support the successful synthesis of clusters (Figure S2). Strontium
chloride hexahydrate and barium chloride dihydrate were purchased
from Sigma-Aldrich and used directly without further purification. All
water used during the experiment was from a Milli-Q water
purification system at 25 °C. All of the experiments were carried
out at ambient temperatures unless stated otherwise.

Figure 1. (A) U60
60−−SrCl2 binary phase diagram in a 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). (B) Schematic illustration showing the self-assembly of U60

60− with mono-, di-, and trivalent counterions into
“blackberry” solutions, gels, or coacervates. Adapted with permission from ref 12. Copyright 2021 American Chemical Society.
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Sample Preparation. U60
60− cluster crystals were dissolved in

Milli-Q water in a 2 mL microcentrifuge tube to obtain a U60
60−

aqueous solution. Concentrated SrCl2 aqueous solution or SrCl2 solid
(to avoid the excess dilution of U60

60− at a high salt-to-U60
60− ratio)

was added to the U60
60− aqueous solution. The mixture was

immediately vortexed for at least 30 s. The concentration of the
U60

60− aqueous solution (CU60
60−) was equal to or smaller than 0.5

mM, where a liquid-to-coacervate transition could be observed
depending on the amount of added salt.12

Turbidity Measurement. Turbidity measurements were carried
out by employing a UV spectrophotometer (Agilent Cary 60) at a
wavelength of 570 nm. Neither the U60

60− cluster nor strontium
chloride absorbs light at this wavelength. After adding SrCl2 to the
U60

60− aqueous solution in a UV quartz cuvette, the suspension was
first mixed by vigorously pipetting at least three times and then
quickly conducting the turbidity measurements. The turbidity is
defined by T = −ln (I/I0), where I0 is the incident light intensity and I
is the intensity of light passed through the sample volume. Triplicate
measurements were made for each sample, and the turbidity was
recorded in absorption unit (a.u.).
Determination of the Critical Charge Ratio. The charge ratio

[+]/[−] is defined as the charges of divalent cation Sr2+ over the
charges of the U60

60− macroanion which carries 60− charges per
cluster. The critical charge ratio ([+]/[−]c) is defined as the charge
ratio of divalent cation Sr2+ to the U60

60− macroanion ([+]/[−]) for
coacervation to occur. It was determined upon the gradual addition of
divalent salt SrCl2 to the U60

60− aqueous solution. For a constant
CU60

60−, [+]/[−]c was calculated based on the critical salt
concentration at which the solution became turbid, which was
confirmed visibly and by turbidimetry (the intersection of two
tangents at the start of the significant turbidity increase).
Transmission Electron Microscopy (TEM). TEM images were

acquired by utilizing a JEOL-2010 electron microscope operating at
100 kV. In a typical experiment, 3 μL of sample was dropped onto a
carbon-coated copper grid and air-dried overnight before imaging.
Raman Spectroscopy. U60

60−−Sr2+ samples at varied [+]/[−]
(∼10 μL) were loaded on the glass slide to afford solids after air
drying. Raman spectra were collected by using a Renishaw inVia
instrument equipped with a thermoelectrically cooled CCD detector
and a 785 nm laser source. Statistic scans were taken from
wavenumber 600 to 1100 cm−1 using 5% laser power with 5
accumulations, 10 s exposure time, and cosmic ray removal.
Coacervate Volume Fraction Measurement. U60

60−−Sr2+
mixtures were prepared as described in the sample preparation part.
The resulting coacervate samples were equilibrated by sitting at room
temperature for 48 h, after which the volumes of the coacervate phase
did not change. The volumes of the dense coacervate phase after the
bulk phase separation were measured using micropipettes. The
coacervate volume fraction was calculated based on the ratio of the
volume of the coacervate phase to the total volume of the sample
mixture.
Dry Weight Analysis of Coacervates. Following the sample

preparation protocol, the resulting mixtures were equilibrated for over
48 h. The coacervate phases were collected by carefully removing the
supernatant phase via a micropipette. The collected coacervate
samples were dried in the oven at 110 °C overnight until obtaining
constant masses.27 Water content or weight percentage of water in the
coacervate phase was determined based on the wet weight and dried
weight of the coacervate samples. In addition, the amount of
remaining SrCl2 salts that exist in the coacervate phase was derived as
the mass difference between the dried weight of the coacervate sample
and the mass of the remaining U60

60− cluster in coacervate (part of the
clusters would be broken down after the heating process14). Assuming
that all of the counterions (K+, Li+) would stay in the supernatant
phase, the SrCl2 concentration in the coacervate phase can be
determined quantitatively.
Rheological Measurements. Dynamic rheology of U60

60−−Sr2+
coacervates was characterized at ambient temperature by using a TA
Instruments DHR-2 strain-controlled rheometer fitted with 8 mm
parallel plates. The coacervate samples were prepared based on the

preparation protocols at 0.5 mM CU60
60− but different charge ratios

[+]/[−]. The samples were equilibrated by allowing them to rest at
room temperature for 48 h. Afterward, for each sample, the bottom
phase was carefully extracted by removing the supernatant layer and
then loaded onto the bottom geometry. The gap spacing was kept at
0.5 mm. A strain amplitude sweep test was conducted to determine
the linear viscoelastic regions of the samples. After that, an oscillatory
frequency sweep was performed from 0.1 to 30 rad/s at a constant
strain amplitude of 1%.

■ RESULTS AND DISCUSSION
U60

60−−Sr2+ Coacervates in Dilute Aqueous Solu-
tions�Location in the Phase Diagram and Critical
Conditions. When the U60

60− concentration (CU60
60−) is

above 0.5 mM, a gel state and a coacervate state are found with
increasing SrCl2 concentration (Figure 1).12 As the focus of
this work is to understand the U60

60− coacervation, the scope is
limited to CU60

60− ≤ 0.5 mM.
We first investigated the critical transition conditions for the

formation of U60
60−-simple divalent cation coacervates. Upon

gradual addition of SrCl2 into a 0.5 mM (∼10 mg/mL) U60
60−

aqueous solution, the mixed solution changes from transparent
to cloudy by visual observation. In a few minutes, liquid−liquid
phase separation occurs, resulting in a dense, homogeneous,
yellow coacervate phase and an upper transparent supernatant
phase (Figure 2A). The coacervate phase occurs over a wide
range of Sr2+ concentrations up to 1.0 M; above that
concentration, considerable solid precipitates appear and
accumulate at the bottom of the lower phase. For U60

60−

concentrations lower than 0.5 mM, similar phenomena were
also observed when gradually adding SrCl2.

Figure 2. (A) Photographs of U60−Sr2+ samples prepared at a 0.5 mM
CU60

60− with an increased charge ratio of the Sr2+ to
U60

60−macroanion: sample changes from a clear solution to a turbid
mixture and eventually undergoes a macroscopic phase separation
(from left to right). (B) Turbidity plot as a function of the charge
ratio of the Sr2+ to U60

60− macroanion at 0.05, 0.1, 0.25, and 0.5 mM
CU60

60−, respectively.
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Turbidity measurements were performed to investigate the
impact of the charge ratio between Sr2+ and U60

60− ([+]/[−])
on coacervate formation (Figure 2B). When the U60

60−

concentration is relatively high (0.25 and 0.5 mM), the initial
turbidity of the mixed solution increases slightly until the Sr2+/
U60

60− charge ratio ([+]/[+]) reaches 0.6, where an abrupt
increase in turbidity is observed, corresponding to the
formation of a significant amount of coacervates. Above this
critical charge ratio ([+]/[−]c ∼ 0.6), a turbidity plateau
prevails up to [+]/[−] ∼ 100, suggesting a broad coacervation
range over Sr2+ concentration. Similar trends were observed in
U60

60− solutions with lower concentrations (0.1 and 0.05 mM)
but with a higher critical charge ratio ([+]/[−]c ∼ 0.8).
Meanwhile, the maximal turbidity is observed at [+]/[−] ∼ 1
for all U60

60− concentrations, the situation where Sr2+ and
U60

60− have equivalent total charges. This has also been
extensively reported in complex coacervates.45 Although many
complex coacervates appear around the equivalent charge ratio,
those coacervates involving rigid cluster macroions often show
a broad range of charge ratios,57,60 including the current one.
The U60

60− coacervates can be formed over a very broad range
of charge ratios up to 100, similar to some RNA-based
coacervates in which one of the components has lower
multivalency compared to the other.22,24,25 In addition, as
shown in Figure 2A, the maximum turbidity increases from
0.75 to 1.8 with an increasing U60

60− concentration from 0.05
to 0.5 mM, implying an increasing amount or size of the
coacervate complexes.
Formation Mechanism of U60

60−−Sr2+ Coacervates.
Based on the experimental results described above, a
mechanism for the evolution of the unconventional U60

60−−
Sr2+ coacervation is proposed (Scheme 1). The process
involves two major stages corresponding to the two states: a
clear solution and a turbid suspension followed by liquid−
liquid phase separation. First, when the charge ratio is below
the critical charge ratio for coacervation ([+]/[−]c), the
imbalance between macroanions and Sr2+ cations leads to
moderate counterion association around U60

60− macroanions

upon adding Sr2+ cations to the solution.61,62 Molecular
dynamics simulation confirms that the consequent counterion-
mediated attraction will lead to the formation of two-
dimensional (2-D) sheets because the counterions tend to be
distributed around the equatorial area of the U60

60− macroions
with U60

60− having one of its topological pentagons facing the
bottom (in this way, U60

60− has the maximum charge density
around its equatorial area).63,64 These 2-D nanosheets of
relatively smaller sizes carry negative charges and thus remain
isolated in solution owing to their electrostatic repulsion. At
this stage, the U60

60−−Sr2+ mixture continued to be a
transparent solution. With the continuous addition of Sr2+,
the nanosheets gradually grow. In the presence of weaker
(monovalent) counterions, the sheets will be more flexible and
will bend to form hollow, spherical, single-layered blackberry
structures (Figure 1B).65,66 With stronger counterions such as
Sr2+, however, the sheets are more rigid. They persist as
extended sheets in solution and internanosheet attraction will
occur, leading to further aggregation. The less soluble
internanosheet aggregates ultimately sediment into a dense
coacervate phase, resulting in the macroscopic phase
separation at the critical charge ratio [+]/[−]c.
TEM was utilized to characterize the formation and

structure of the U60
60−−Sr2+ coacervates. The formation of

large 2-D thin-layered sheets has been identified in U60
60−

solutions by experimental and simulation approaches and is
attributed to the counterion-mediated attraction between Sr2+
and U60

60− macroions (Figure 1B).12,64 Herein, thin-film-like
nanosheet structures are confirmed for a solution sample
prepared at 0.5 mM CU60

60− and [+]/[−] = 0.47 by TEM
(Figure 3A). With a further increase in SrCl2 concentration,
coacervation occurs, and less transparent (darker in the
images) and larger nanosheets (Figure 3B, compared with
Figure 3A) are observed, which suggests a more compact
stacking of nanosheet structures in the U60

60−−Sr2+ coac-
ervates. In addition, Raman spectroscopy was applied to probe
any structural change of the U60

60− cluster in the presence of
Sr2+. At varied [+]/[−], there are no obvious shifts for the two

Scheme 1. Proposed Coacervation Mechanism between U60
60− Macroanions (Larger Yellow Spheres) and Sr2+ Cations

(Smaller Green Spheres) with Increasing Charge Ratio [+]/[−]: The Sample Mixture Persists as a Clear Solution Initially
Followed by a Liquid−Liquid Phase Separation
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prominent bands of U60
60− that are located at 805 and 842

cm−1, corresponding to the symmetric stretch of the uranyl
cation (vO−U−O) and the peroxo ligand (vO−O), respectively
(Figure S3).67 The results confirm the integrity of the U60

60−

macroion that no chemical reaction is involved in U60
60−Sr2+

coacervations. The coacervate is formed completely by physical
interactions and can be converted back to the solution state
through dilution with the retention of thin-film-like sheet
structures and structural integrity of the U60

60− cluster (Figure
S4).
Composition of the U60

60−−Sr2+ Coacervates. The
compositions of U60

60−−Sr2+ coacervates were determined at
different U60

60− concentrations and Sr2+/U60
60− charge ratios

above [+]/[−]c. The yield of the coacervate is determined by
the volume fraction of the coacervate phase in the mixture after
phase separation. At [+]/[−]c, the maximum coacervate yield
is ∼50% at 0.5 mM CU60

60− (Figure 4A). When CU60
60− in the

system decreases to 0.1 mM and the charge stoichiometry
reaches about 1:1, the yield of coacervate decreases to ∼16%
(Table S2). A colorless supernatant phase and a yellow
coacervate phase are always observed after the bulk phase
separation, as depicted in Figure 2A, indicating that essentially
all of the yellow U60

60− macroanions are in the coacervate layer
after phase separation. Therefore, it is reasonable to expect that
the coacervate yield is lower at smaller CU60

60− owing to the
smaller amount of U60

60− in solution.

Next, we examined the effect of the charge ratio on the yield
of coacervates by increasing the amount of added salt at a
constant CU60

60−. Figure 4A demonstrates the relationship
between the volume fraction of coacervates and the charge
ratio at 0.5 mM CU60

60−, where two regimes can be identified
based on the variation of the coacervate yield. In the low-
charge ratio regime (0.6 < [+]/[−] ≤ 3.33), with increasing
charge ratio, the volume fraction of coacervates first decreases
significantly from ∼50 to ∼28% and then remains ∼28 ± 2%
upon further increase of the charge ratio, suggesting that the
coacervation reaches a steady state in the high-charge ratio
regime ([+]/[−] > 3.33). In addition, the “strength” of the
coacervation is estimated based on the amount of water
expelled from the U60

60−−Sr2+ coacervate phase. As shown in
Figure 4B, at [+]/[−]c, ∼98 wt % of the coacervate phase is
water, analogous to the water content in reported hydrophilic
polyelectrolyte coacervates.27,41 Upon increasing the charge
ratio, the measured water content dropped dramatically from
98 to 84 wt %, implying that the strength of the coacervation is
enhanced at higher salt concentrations. Notably, the
dehydration of U60

60−−Sr2+ coacervates with salt addition is
in contrast to the salt-induced suppression of conventional
polyelectrolyte coacervates where the water content normally
goes up with added salt.29 Indeed, we contend that the
expulsion of water from our U60

60−−Sr2+ coacervate can be
attributed to its salt-stiffening behavior, which is demonstrated
in the following section.
To gain further insight into the U60

60−−Sr2+ coacervates that
are formed at different charge ratios, we estimate the
distribution of salt ions qualitatively. The concentration of
Sr2+ in the coacervate phase as a function of the charge ratio
[+]/[−] is shown in Figure 5A. With increasing [+]/[−], the
Sr2+ concentration in the coacervate phase increases. The
existence of more Sr2+ cations in the coacervate phase at a
higher [+]/[−] can bring U60

60−−Sr2+ nanosheets into closer
proximity and repel more water into the supernatant phase.
The Sr2+ distribution is further quantified by using the salt
partition coefficient Pc/s, which is defined as the ratio of salt
concentrations in the coacervate and supernatant phases. At
[+]/[−]c, the majority of SrCl2 remains in the coacervate
phase with the corresponding Pc/s being ∼13. In other words,

Figure 3. TEM images of the (A) U60
60−−Sr2+ solution prepared at

0.5 mM CU60
60− and [+]/[−] = 0.47 and (B) U60

60−−Sr2+ coacervate
prepared at 0.5 mM CU60

60− and [+]/[−] = 0.67. Scale bar: (A) 200
nm, (B) 2 μm.

Figure 4. (A) Volume fraction of coacervates indicating the coacervate yield as a function of charge ratio [+]/[−] between added Sr2+ cations and
U60

60− macroanions. Yellow- and blue-highlighted backgrounds represent the low-charge ratio region and high-charge ratio region after bulk phase
separation, respectively. (B) Weight percentage of water in the U60

60−−Sr2+ coacervate phase as a function of charge ratio [+]/[−]. For (A) and
(B), the U60

60− concentration is fixed at 0.5 mM to prepare coacervate samples.
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most of the divalent countercations accumulate within the
U60

60−−Sr2+ coacervates at this stage. The ability of
compartmentalizing smaller charged molecules (e.g., nucleo-
tides, short peptides, or simple ions) has been greatly
emphasized in biological coacervates,25,68,69 which are believed
to facilitate crucial chemical reactions in living cells.70 Upon
further addition of SrCl2, Sr2+ exhibits a very intriguing
partitioning behavior into either the coacervate or supernatant
phase depending on the ionic environment (Figure 5B). In the
low-charge ratio regime (0.6 < [+]/[−] ≤ 3.33), Pc/s decreases
dramatically as [+]/[−] increases. A value of Pc/s over 1.0
indicates the preferential partitioning for Sr2+ cations into the
coacervate phase. When [+]/[−] > 3.33, Pc/s becomes smaller
than 1.0, suggesting a transition for Sr2+ to preferably partition
into the supernatant phase. We speculate that the more
significant excluded volume interaction might be responsible
for the reversed salt partitioning behavior. With further
increasing [+]/[−], Pc/s continues to decrease until it
approaches a constant value of ∼0.5. The coacervate phase
again reaches equilibrium in the high-charge ratio regime. It is
noted that the external osmotic pressure from the gradient of
salt concentration in different phases has been attributed to the
dehydration of polyelectrolyte complexes previously.71 We
contend that it is also a reasonable explanation for the salt-
induced water loss observed in our U60

60−−Sr2+ coacervates
formed at high charge ratios. Overall, a responsive partitioning
preference for the simple divalent cations, as one component
of the U60

60−−Sr2+ coacervation, is found depending on the
ionic environment. Such responsive behavior is unconventional
when compared with the synthetic polyelectrolyte coacervates
where the salts are normally excluded into the supernatant
phase38 and the biological complex coacervates that normally
sequester a large amount of salt ions.25

Rheology of the U60
60−−Sr2+ Coacervates. In addition

to understanding the formation mechanism of complex
coacervates, extensive studies have been focused on their
structures and mechanical properties.34 Herein, small ampli-
tude oscillatory shear (SAOS) measurements were used to
examine the microstructures and mechanical properties of
U60

60−−Sr2+ coacervates. As shown in Figure 6A, for the
U60

60−−Sr2+ coacervate prepared at [+]/[−]c, the storage
moduli (G′) are larger than the loss moduli (G″) over the

entire measured frequency range and the two moduli are
almost independent of the measured frequency. Such a
viscoelastic response suggests the formation of a gel-like
network structure, which is enabled via the electrostatic
attractions between the negatively charged U60

60−−Sr2+
nanosheets and Sr2+ cations with Sr2+ serving as the junction
points (nodes) (Scheme 1). It is noteworthy that this “soft gel”

Figure 5. (A) Concentration of SrCl2 (mM) in the coacervate phase as a function of charge ratio [+]/[−] for the U60
60−−Sr2+ coacervate prepared

at 0.5 mM CU60
60−. (B) Salt partition coefficient Pc/s trends with a charge ratio [+]/[−] for the U60

60−−Sr2+ coacervate prepared at 0.5 mM CU60
60−.

Yellow- and blue-highlighted backgrounds represent the low-charge ratio region and high-charge ratio region after bulk phase separation,
respectively.

Figure 6. Rheological measurements for the U60
60−−Sr2+ coacervate

prepared at 0.5 mM CU60
60− and (A) [+]/[−] = 0.67 or (B) [+]/[−]

= 13.3. Red and blue symbols denote the storage (G′) and loss (G″)
moduli, respectively.
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feature is different from the conventional polyelectrolyte
complex coacervates that usually exhibit liquid-like viscoelastic
features34 but analogous to some protein−polysaccharide
complex coacervates.72−74 Furthermore, the continued addi-
tion of salt can effectively modify the viscoelastic response of
the U60

60−−Sr2+ coacervate (Figure 6B). Distinct from the salt-
weakening behavior of conventional synthetic coacervate
complexation, we notice that the magnitude of G′ increases
from ∼20 to ∼200 Pa upon the increase of [+]/[−]. In other
words, increasing the salt concentration can considerably
enhance the mechanical strength of the U60

60−−Sr2+

coacervate. Such salt-stiffening behavior again aligns with the
composition profile and can be explained based on our
proposed model: A larger number of Sr2+ cations in the
coacervate phase will have stronger electrostatic attractions
with the U60

60−−Sr2+ nanosheets, and the corresponding
dehydration of coacervate, altogether, will make the coacervate
stiffen, resulting in a more compact and stronger coacervate
network.

■ CONCLUSIONS
We have shown that formation of a complex coacervate can be
induced by an inorganic macroanion U60

60− and a divalent
cation Sr2+. This U60

60−−Sr2+ coacervate is considerably
different from conventional complex coacervates in regard to
its composition, formation mechanism, and structural and
rheological properties. In the presence of Sr2+, U60

60−

macroanions can self-assemble into 2-D nanosheet structures
via counterion-mediated attraction. Further addition of Sr2+

enables the formation of internanosheet aggregates between
the negatively charged 2-D nanosheets. As a result, phase
separation occurs, and a dense coacervate phase is generated.
By varying the ionic strengths, we have observed interesting

salt-responsive properties of the resulting U60
60−−Sr2+

coacervates. At low ionic strengths, Sr2+ countercations
preferentially partition into the coacervate phase. The
counterion-mediated attraction among the internanosheet
aggregates becomes stronger, strengthening the packing of 2-
D nanosheets to repel water molecules from the coacervate to
the supernatant phase. With the continuous addition of Sr2+, it
undergoes a preferable partitioning into the supernatant phase,
possibly owing to the stronger excluded volume interaction.
Dehydration of the coacervate phase could be induced by
osmotic deswelling, while the excess of added Sr2+ replaces
water molecules that are expelled from the coacervate phase,
resulting in the overall equilibrium of the coacervate phase
formed at high ionic strength. Rheological measurements
reveal a weak gel-like network structure in the U60

60−−Sr2+

coacervate. At higher ionic strength, the U60
60−−Sr2+

coacervate is stiffened owing to the above-mentioned
dehydration. This uncommon salt-enhancing behavior con-
firms our proposed model: with larger quantities of counter-
cations, stronger attractions between 2-D nanosheets will lead
to the formation of a more compact internanosheet network.
Overall, our findings further expand the coacervation scope
and demonstrate that coacervation between macroions and
simple salts can be a general phenomenon, with features
different from conventional coacervates formed by oppositely
charged polyions.
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