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Thermal Responsive Ion Selectivity of Uranyl Peroxide Nanocages: An
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Abstract: An actinyl peroxide cage cluster, Li48+mK12(OH)m-
[UO2(O2)(OH)]60 (H2O)n (m� 20 and n� 310; U60), discrim-
inates precisely between Na+ and K+ ions when heated to
certain temperatures, a most essential feature for K+ selective
filters. The U60 clusters demonstrate several other features in
common with K+ ion channels, including passive transport of
K+ ions, a high flux rate, and the dehydration of U60 and K+

ions. These qualities make U60 (a pure inorganic cluster)
a promising ion channel mimic in an aqueous environment.
Laser light scattering (LLS) and isothermal titration calorim-
etry (ITC) studies revealed that the tailorable ion selectivity of
U60 clusters is a result of the thermal responsiveness of the U60

hydration shells.

Ion channels are transmembrane proteins with the ability to
discriminate between different ions.[1] Their high fidelity
towards specific ions plays an essential role in regulating
many kinds of cellular processes.[2] Given the broad applic-
ability of ion channels, considerable efforts have been
dedicated to investigating ion transport and ion selectivity
phenomena.[3] Inorganic molecular clusters with well-defined
porous surfaces are ideal model systems, which could refine
our understanding of the transport and encapsulation behav-
ior of ions in sub-nanometer pores.[4] The ion selectivity of
inorganic capsules can be influenced by properties of the
capsuleÏs interior structure,[5] the flexibility of surface pores,
and exterior stimuli arising from the bulk media.[6]

Actinyl peroxide cage clusters, with nanopores of various
sizes and rigid structure, are promising candidates for this
study. Understanding the properties of uranium-based nano-
materials is also fundamental for developing an advanced
nuclear fuel cycle.[7] Li48+mK12(OH)m[UO2(O2)(OH)]60-(H2O)n

(m� 20 and n� 310; U60),[8] demonstrates selective perme-
ability for Na+ and K+ ions.[9] However, making U60 clusters
differentiate between Na+ and K+ ions, which are almost
identical in size, remains a challenge. As the morphology of
U60 surface pores is fixed, controlling its hydration shells may
be the only way to selectively modify the permeability of U60

cages with respect to certain ions. While there is substantial
evidence for the significance of hydration shells,[10] few
experimental models have attempted to modify this charac-
teristic in pursuit of controlled ion selectivity. Tuning the
hydration shells of U60 can be achieved simply by regulating
the temperature of the aqueous medium. Herein, we present
the thermally responsive properties of U60, and the corre-
sponding effect on ion selectivity. It has been demonstrated
that U60 clusters self-assemble into hollow, spherical, single-
layered “blackberry” structures in response to counterion-
mediated attraction (Figure 1).[9, 11] This behavior is shared

with other hydrophilic macroions.[12] The size of the black-
berry is controlled by the effective charge of macroions,[12c]

solvent polarity,[12d] the type of counterions employed, and
additional salts.[12e] The preference of U60 clusters for a specific
type of counterion can be determined by comparing the sizes
of assemblies. Since blackberry formation is charge regulated,
size of the cluster does not change significantly with temper-
ature.[12] Interestingly, the behavior of U60 clusters is not
consistent with this observation.

Small amounts of alkali salt solutions were titrated into
U60 solutions (1.0 mg mL¢1, 3.0 mL) at room temperature
(Group 1, same volume and concentration applied to all
groups; Figure 2). The concentration of additional alkali salts
was 5 mm, with an approximate 1:130 molar ratio of U60 with
respect to additional couterions. U60 precipitated quickly after
titration of NaCl into the solution, whereas U60 precipitated
gradually with CsCl. In the presence of KCl and RbCl, large
assemblies were formed with U60. The hydrodynamic radius
(Rh) and radius of gyration (Rg) of the assemblies were
obtained by dynamic light scattering (DLS) and static light
scattering (SLS) measurements after stabilization of the
scattering intensity (Figure 2; Supporting Information,
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Figure 1. U60 clusters and their self-assembled blackberry structures.
Inset: dots in the void space between clusters represent counterions.
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Tables S1–S4). A ratio of Rh/Rg� 1 indicates the formation of
hollow, spherical “blackberry” structures (for example, Rh�
Rg� 36 nm for a U60/KCl solution). As expected the Rh of U60/
KCl was larger than that for U60/RbCl because K+ ions can
penetrate the surface pores of U60, thereby lowering the
effective charge of U60

[9] and allowing formation of larger
assemblies.

After blackberry formation at room temperature, the
Group 1 solutions were heated to 70 88C. After 2 weeks,
a number of observations were made. 1) Precipitates in both
U60/NaCl and U60/CsCl solutions disappeared and the solu-
tions become clear again, indicating that the U60 clusters
become more soluble at higher temperatures. The U60/CsCl
solution retained strong scattering intensity, indicating the
presence of large species. The measured values of
Rh�Rg� 14 nm suggest that blackberry structures exist.
However, the U60/NaCl solution showed a very low scattered

intensity after being incubated at 70 88C, indicating no
assembly formation. 2) While the radii of U60/RbCl assem-
blies remained stable at about 15 nm, the assembly radii of
U60/KCl exhibited an obvious drop from 36 to 23 nm. More
interestingly, when the solutions returned to room temper-
ature, the assembly size in the U60/KCl solution remained
stable for at least 2 weeks (Figure 2).

Several conclusions can be drawn from our observations.
Firstly, the reasons for precipitation of U60/NaCl and U60/CsCl
are different. The low scattered intensity from the U60/NaCl
solution after heating suggests that U60 clusters exist as
soluble discrete macroions. Precipitation at room temper-
ature is a result of the aggregation of single U60 clusters. The
low solubility of U60 clusters here is subject to a reduction in
charge when Na+ ions enter the U60 cages.[9] In U60/CsCl
solution, U60 clusters initially form blackberries, which slowly
aggregate and precipitate because of the high ionic strength of

Figure 2. Change of U60 assembly sizes (Rh) with additional counterions (molar ratio of U60 :K+/Rb+/Cs+, ca. 1:130) upon heating at different
temperatures. For Group 1, the solutions were initially titrated and held at room to allow blackberry formation. Subsequently, the solutions were
heated to 70 88C and then returned to room temperature. For Group 2, the solutions were initially titrated at room temperature and held at 50 88C
for blackberry formation, followed by the same thermal sequence conducted for Group 1. In Group 3 and 4, the U60 solutions were pre-incubated
at 50 88C/70 88C for 3 days before titration.
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the solution, which makes the blackberries less stable.[13] At
70 88C, these aggregates are redissolved into discrete black-
berries, and thus the scattered intensity remains high.
Secondly, the size decrease of the KCl blackberries indicates
an increase of surface charge density of U60. After incubating
the solution at 70 88C, some K+ ions that have already entered
the U60 cages migrate out as a result of the higher kinetic
energy. Additionally, the hydration shell thickness decreases
at higher temperatures;[14] a thinner hydration shell facilitates
the escape of K+. Therefore, the effective charge of U60

increases, leading to a stronger repulsion between U60

clusters. Consequently, the larger distance between two U60

clusters leads to a smaller blackberry size[9] (Figure 3).
Furthermore, once K+ ions are released into the solution,
they do not return to the U60 cages, which explains why the
blackberry size does not change after the solutions return
from 70 88C to room temperature. Additional counterions can
only interact with discrete U60 clusters. Once U60 clusters self-
assemble into blackberry structures, the overall surface

charge on the blackberries screens the entry of free counter-
ions into the U60 cages.

To verify the role of the U60 hydration shells on the ion
transport process, another two sets of U60 solutions were
prepared. One set was directly titrated with different alkali
ions at room temperature (Group 2). The other set was pre-
incubated at 50 88C for 3 days before titration (Group 3). Both
sets were held at 50 88C after titration. Later the assembly sizes
were measured. As shown in Figure 2, for U60/NaCl solutions,
the scattered intensities remain relatively low for both
Groups 2 and 3. For U60 with RbCl or CsCl, the blackberry
sizes are almost the same as they were in Group 1, whereas for
U60/KCl, the assembly sizes of Group 2 are similar to
Group 1. However, the blackberry size of the Group 3
solutions shows a noticeable increase compared to Group 1.
Overall, only the pre-incubated U60 solutions with K+ ions can
respond to the temperature change before blackberry
formation. These results clearly demonstrate the role of
hydration layers during the self-assembly of U60. The thinner

Figure 3. U60 clusters respond to additional alkali ions. For NaCl, U60 clusters tend to aggregate and precipitate at room temperature. When the
temperature reaches 70 88C, U60 clusters are dispersed and become soluble again. For KCl, blackberries form in solution. Raising the temperature
leads to a smaller blackberry size. For RbCl, blackberries form at room temperature and remain the same at 70 88C. For CsCl, U60 firstly self-
assembles into blackberries, which gradually aggregate and precipitate. After heating the solution up to 70 88C, aggregated blackberries are
separated from each other in solution. Key: U60 clusters (yellow circles); hydration shells (blue corona); Li+, K+, Rb+, and Cs+ counterions (cyan,
red, orange, and purple dots, respectively).
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hydration layer at 50 88C makes U60 more permeable to
transport of K+ ions, and thus more K+ ions are able to enter
the U60 cages after pre-incubation. This phenomenon leads to
a lower surface charge of U60, and finally, a larger blackberry
size (Figure 4).

Moreover, the diffusion of K+ ions into U60 cages is
extremely fast, which is another important feature shared
with K+ ion channels.[1] Compared with Group 3, Group 2 was
immediately placed at 50 88C after titration. However the
blackberry sizes all remained the same, as in the reference
group. This observation indicates that the K+ diffusion
process must be exceedingly fast so that it can conclude
before the hydration layers are impacted by the high temper-
ature. Therefore, the assembly size is only determined by the
initial hydration state of U60 clusters when interacting with
counterions. The diffusion of K+ ions into the U60 cages
finishes immediately after they are added to the solution, and
before blackberry formation.

Groups 2 and 3 were then heated at 70 88C. For both KCl
groups, the size of blackberries showed a clear drop at 70 88C,
while the NaCl, RbCl, and CsCl groups demonstrated no
noticeable change in blackberry size (Figure 2). This confirms
our earlier speculation that some of the trapped K+ ions can
migrate into the bulk solution from the U60 cage when the
temperature rises, but are not capable of moving back.

The ion selectivity model is further supported by an ITC
study. NaCl, KCl, RbCl, and CsCl solutions were titrated into
U60 (1.0 mgmL¢1) solutions. One set of solutions was titrated
at 50 88C directly after preparation at room temperature, as in
Group 2. The other set was pre-incubated at 50 88C for 3 days
before running ITC, as in Group 3. The results, shown in
Table 1 and Table 2, explicitly suggest the following; 1) unlike

KCl, the heat level of U60 with NaCl in Group 3 is as low as
the background level and cannot be properly fitted, indicating
that there are no noticeable interactions between U60 and Na+

ions when the temperature reaches 50 88C. This is consistent
with our previous observations and proves that U60 can
distinguish between Na+ and K+ at 50 88C. 2) The entropy
change (DS) becomes much more positive after pre-incuba-
tion. The entropy change of the U60 binding process mainly
arises from the destruction of U60 hydration shells.[9] This
result indicates that, although the thickness of hydration
shells are compromised by pre-incubation, the excess K+ ions
coming out of the U60 cages compensate for the entropy loss
and thereby create a higher entropy level for the whole
system.

Subsequently, we considered what would happen if the
pre-incubation temperature were raised to further dehydrate
the U60 clusters. Another set of solutions was studied using
a pre-incubation temperature of 70 88C (Group 4). Group 4
shows a noteworthy phenomenon: while the CsCl assembly
size remained the same, the size of RbCl and KCl assemblies
increased incrementally (Figure 2; Supporting Information,
Table S4). The size increase caused by Rb+ reveals that Rb+

ions can also enter the cages of U60 after a 70 88C pre-
incubation because of a thinner hydration shell and lower
effective charge of U60.

In summary, U60 clusters demonstrate tunable ion selec-
tivity at different temperatures that can mimic the function of
protein ion channels. At room temperature, U60 clusters allow
Na+ and K+ ions to pass through the surface pores. When the
temperature is around 50 88C, only K+ ions are able to enter the
inner space, whereas after pre-incubation at 70 88C, both K+

and Rb+ diffused into the U60 cage. The tailorable perme-
ability for different alkali ions is mainly attributed to the
thermal responsiveness of the U60 clusterÏs hydration shells.
At high temperatures, some trapped K+ ions can be released
from the U60 cages as a result of higher kinetic energy and
a thinner hydration shell. However, once ions are released, it
is difficult for them to return to the cages. K+ ions can only
enter the U60 cages when they exist as discrete ions (or
oligomers). Once U60 clusters are self-assembled, they no
longer allow K+ ions to diffuse into the cage. Generally, U60

clusters share various properties with classical K+ channels:
(1) the transport of K+ ions is passive;[15] (2) the diffusion rate

Figure 4. After pre-incubation, the hydration shell (blue corona) of U60

clusters (yellow circle) is reduced so that more K+ ions are able to
enter the inner cage of U60. The diffusion of K+ ions is extremely fast
and goes to completion before blackberry are formed.

Table 1: ITC results of non-pre-incubated U60 solutions at 50 88C
(Group 2).

NaCl KCl RbCl CsCl

DH [kJmol¢1] ¢9.6 ¢16.4 ¢17.1 ¢21.2
DS [Jmol¢1 K¢1] 34.0 12.2 9.5 ¢0.8
DG [kJmol¢1] ¢20.6 ¢20.3 ¢20.1 ¢20.9

Table 2: ITC results of pre-incubated U60 solutions at 50 88C (Group 3).

NaCl KCl RbCl CsCl

DH [kJmol¢1] / ¢7.3 ¢7.2 ¢10.7
DS [Jmol¢1 K¢1] / 44.9 47.0 29.2
DG [kJmol¢1] / ¢21.8 ¢22.3 ¢20.1
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of K+ ions is extremely fast; (3) to successfully pass through
the surface pore, dehydration of both U60 and K+ is
necessary;[16] (4) most importantly, the U60 clusters are able
to distinguish between Na+ and K+ ions with high precision at
specific temperatures.
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