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CHEMISTRY

Observing ion diffusion and reciprocating hopping
motion in water
Sangui Liu1†, Xinbao Han1,2†, Colin Ophus3, Shiyuan Zhou1, You-Hong Jiang1, Yue Sun1,
Tiqing Zhao1, Fei Yang4, Meng Gu4, Yuan-Zhi Tan1, Shi-Gang Sun1, Haimei Zheng5,6*,
Hong-Gang Liao1*

When an ionic crystal dissolves in solvent, the positive and negative ions associated with solvent molecules
release from the crystal. However, the existing form, interaction, and dynamics of ions in real solution are
poorly understood because of the substantial experimental challenge. We observed the diffusion and aggrega-
tion of polyoxometalate (POM) ions in water by using liquid phase transmission electron microscopy. Real-time
observation reveals an unexpected local reciprocating hopping motion of the ions in water, which may be
caused by the short-range polymerized bridge of water molecules. We find that ion oligomers, existing as
highly active clusters, undergo frequent splitting, aggregation, and rearrangement in dilute solution. The for-
mation and dissociation of ion oligomers indicate a weak counterion-mediated interaction. Furthermore, POM
ions with tetrahedral geometry show directional interaction compared with spherical ions, which presents struc-
ture-dependent dynamics.
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INTRODUCTION
Direct observation of ions in solution is crucial for understanding
the existing form, interaction, and dynamics of ions, which is also
essential to fundamental chemistry and applications (1, 2). It is gen-
erally accepted that ion pairing, describing the association of two
oppositely charged simple ions in solution, can be classified into
solvent-separated, solvent-shared, and direct contact type (3, 4).
In past decades, many researchers studied different ions in solution
by using variety of analytical techniques including small-angle x-ray
scattering, static and dynamic light scattering, ultraviolet-visible
spectroscopy, nuclear magnetic resonance spectroscopy, dielectric
relaxation spectroscopy, atomic force microscopy, and confocal mi-
croscopy to understand the elementary processes (2, 5–8). However,
these conventional measurements based on the data averaged over
time and/or species number are difficult to explore because of the
ion dynamics at the molecular scale. Colloidal solution containing
charged particles decorated with ligands and their counterions, as a
mimic system of real solution, enables researchers to probe dynam-
ics of imitation ions on a single-unit scale with microscopy and to
study the kinetics of nucleation and crystallization (9–11). Recently,
the developments of liquid phase transmission electron microscopy
(LPTEM) and cryo-TEM provide an opportunity to visualize the
dynamics of nanomaterials or molecules in much smaller length
and time scale (12, 13). Particularly, in situ LPTEM have been
used to elucidate nucleation and growth process of metals, oxides,

semiconductors, and biomolecules (14–19). Very recently, Clark et
al. (20) measured platinum adatom motion at solid-liquid interfaces
using a graphene liquid cell in a TEM. However, direct observation
of the existing form, interaction, and dynamics of real ions or mol-
ecules in solution has not been achieved so far.

Polyoxometalates (POMs) are a class of soluble ionic metal oxide
clusters principally constituted by tungsten, molybdenum, vanadi-
um, niobium, and tantalum, which feature well-defined and unique
structural motifs (21–23). These features make POM ion serve as a
valuable model system for understanding of single ion dynamics
and interionic interaction in solution (21, 24). On the other hand,
the inclusion of many electron-rich transition metal atoms provides
excellent contrast in water during imaging. Recently, POM mole-
cules have been used as a monomer model to study the assembly
and nucleation by cryo-TEM (25, 26). However, cryo-TEM charac-
terization necessitated a vitrified solution, in which the motion of
POMs was suppressed. Besides, additional counterions and their
co-ions were involved in these observations. More authentic dy-
namics of ions in real solution with high spatial-temporal resolution
is particularly appealing, whereas direct imaging individual ions in
liquid is challenging because of the high phase contrast of
liquid layer.

To visualize the dynamics of individual ions in solution, we de-
veloped a nanogap liquid cell, allowing ultrathin liquid film (around
50 nm) to be sandwiched between two 10-nm-thick Si3N4 mem-
branes (figs. S1 and S2). This nanogap liquid cell inside for our
LPTEM experiments enables a single-ion level imaging under low
electron dose rate. Here, we present the structural detail of a single
POM anion. Using the POM solution as a model system, we suc-
cessfully captured the real-time motion of isolated ions and their
interaction dynamics. An unexpected local reciprocating ion
hopping occurs besides Brownian motion. We then observed the
existence and structure evolution of ion oligomers and conducted
quantitative analyses based on millisecond temporal resolu-
tion imaging.
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RESULTS AND DISCUSSION
Diffusion dynamics of ions show local reciprocating
hopping motion
A dilute aqueous solution of polyoxomolybdate {(NH4)42
[MoVI

72MoV
60O372(CH3COO)30(H2O)72]·ca.300H2O·ca.10CH3COONH4

(MoPOM)}, a well-studied Keplerate-type spherical POM anion
[MoVI

72MoV
60O372(CH3COO)30(H2O)72]42− (fig. S3), was prepared

and injected into a nanogap liquid cell. The liquid cell was then
sealed and loaded into TEM. The sealed ultrathin solution was
imaged by spherical aberration coefficient (Cs)–corrected TEM.
Figure 1A shows high-resolution (HR) images of individual
MoPOM ions from different orientations; spherical hollow struc-
ture with a diameter of around 2.9 nm was observed. As confirmed
by the simulated images (Fig. 1, B and C, and fig. S3D), MoPOM
ions registered along different viewing directions show distinguish-
able detailed structures.

To monitor diffusion and interaction of individual ions, we
imaged the ions at a lower magnification with a low electron
beam dose rate of around 80 e Å−2 s−1 (movie S1). TEM snapshots
(Fig. 2, A and D, and fig. S3B) show that individual MoPOM ions
can be clearly identified. Dynamics of single ion were tracked and
quantified. During this period of movement, an unexpected local
hoping motion occurs (Fig. 2, B and C, and fig. S4). The distinct
movement, characterized by a burst of displacement (3 to 6 nm)
and returning to previous position less than 1 s, is similar to the
ion hopping in solid polymer electrolytes (3, 27, 28). In addition,
in the observations of other two individual MoPOM ions (Fig. 2,
D to F, and fig. S5), another three-position loop motion of ion
hopping takes place (Fig. 2F, middle panel, and fig. S5B).

To quantify this distinct motion of ions in solution, we estimated
the two-dimensional diffusion coefficient (D) (see figs. S6 and S7).
The diffusion of POM ions is different from that of Au

nanoparticles. In polymer electrolytes, ions can hop along
polymer chain, between different polymer chains, or from
polymer chain to free medium and vice versa (27, 28). In highly
concentrated liquid electrolytes, ion hopping motions takes place
in the aggregated structure involving ions, co-ions, and solvents
(29). The aggregate provides closely placed bridging coordination
sites that could promote ion hopping. In our case of dilute solution
in ultrathin liquid cell, water molecules may polymerize locally via
hydrogen bonding with participation of counterion NH4

+ (30, 31)
and behave like a molecular bridge in short range (Fig. 2G). Single
ion can hop back and forth repeatedly through the short-range mo-
lecular bridge. The bridging zone allows fast ion hopping motion,
whereas slow ion diffusion takes place once the ion is released into
bulk solution medium. The hopping motion is barely affected by
changing electron beam dose rate, which indicates that electrostatic
interaction between the POM ions and Si3N4 surface did not affect
the hoping motion (figs. S8 and S9). Furthermore, our experiments
show that changing ionic strength of the POM ion solution by ad-
dition of NaCl affect the frequency as well as step length of hopping
motion (fig. S10). These results support that molecular bridge is re-
sponsible for the hopping motion.

Counterion-mediated attraction between POM ions
When isolated MoPOM ions in free motion occasionally encounter
each other in close distance, pairwise interaction can take place and
lead to formations of dimer and trimer (movies S2 to S6). In dilute
solution, the pairwise interaction and consequent oligomers forma-
tion widely exist (figs. S3B and S11). The oligomers, especially
dimers, undergo frequent reversible combination and separation.
Statistics of dimerization events (fig. S12) show that single ion
and dimer exhibit similar dynamic behavior, which might arise
from the weak interaction between ions (21).

To analyze ions interaction quantitatively, we tracked the evolu-
tion of surface distance between two pairwise ions in 153 s (Fig. 3, A
and B, and movie S6). Two MoPOM ions dimerize and separate
several times. Distance of dimerizing and separating events suggests
that pairwise process is quite reversible (Fig. 3, C and D). Further-
more, the average velocity of one ion approaching another is plotted
as a function of distance (Fig. 3E). The result shows that ions move
randomly when interion spacing is beyond a critical distance of
around 5 nm. Statistic of six dimer formations shows an average dis-
tance of 5.3 nm before the ion accelerated and moved together (fig.
S13A). Because the interions are spacing down to 5 nm, the ion ac-
quires a velocity increasing, with the distance decreasing and the
velocity reaches the maximum speed at 2.3 nm surface distance,
and then decreases as two ions get closer. This behavior indicates
a complex attractive force between ions in short range, which is dif-
ferent from nanoparticles (32, 33). The interaction force (right-
hand axis of Fig. 3E) responsible for velocity was calculated by as-
suming the fluctuation dissipation theorem holds and using the fol-
lowing equation

F ¼ kBTν=D ð1Þ
Where D is the measured two-dimensional diffusion coefficient

(fig. S6). ν, kB, and T are the obtained velocity, Boltzmann constant,
and temperature (kelvin), respectively. Thus, the calculated forces
between two pairwise ions are about 70 and 378 pN at distance of
4.0 and 2.3 nm, respectively. At the same distance, the attractive van
der Waals (vdW) forces are calculated to be 0.14 and 0.8 pN,

Fig. 1. Structure of MoPOM ions in water. (A) Cs-corrected high-resolution trans-
mission electron microscopy (HRTEM) images with different orientation. (B) Corre-
sponding simulated TEM images. (C) Ball-and-stick illustrations of corresponding
crystallographic structures.
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respectively. The measured force is three orders of magnitude larger
than vdW force, which implies that there is additional force other
than vdW force to dominate the pairwise interaction.

Pairwise interaction between two same charge MoPOM ions in
solution is complicated, usually involving the counterions. Simula-
tions (34, 35) and experimental evidences (36, 37) have proved that
counterions could stay near the POM ion by associating or condens-
ing to form a layer. On the basis of the quantitative analyses, we con-
clude that the MoPOM ion interaction is dominated by counterion-
mediated attraction. As described in the scenario (Fig. 3B), MoPOM
anions with associated counter-cation layer keep separate at a dis-
tance of around 5 nm, at which long-range electrostatic repulsion
and vdW attraction are delicately balanced (38, 39). For two
MoPOM ions that overcome the repulsion because of thermal fluc-
tuations, the distance gets close to about 4.0 nm, their respective
counterion layers begin to fuse, and counterions are accumulated
in between two MoPOM ions. Thus, counterion-mediated attrac-
tion dominates the interaction and results in two MoPOM ions
rapidly approaching. This sharp increase in force (Fig. 3E) can be
attributed to the depletion effect of accumulated counterions as
the distance decreases (34). Notably, the force decreases after the
distance reaching 2.3 nm, which is approximately one counterion
layer thickness of 2.0 nm (36, 37). In this distance, a strong associ-
ation between counterions with both two MoPOM anions has
arisen, thus making the removal of the shared counterions difficult
because of an extra barrier. However, counterion-mediated attrac-
tion still drives the pairwise process, and two ions eventually form a
dimer with the redistribution of counterions. The maximum distri-
bution of interions spacing of dimers is around 0.2 nm (fig. S13B),

indicating that counterion NH4
+ or solvent H2O barely stay in

between the two MoPOM anions. It coincides with the evidence
that counterions and/or solvent molecules distribute as a crown
around the POM dimer “straits” and barely stay in the interion
region, where the counterion crown facilitates stabilizing the oligo-
mer (40–42).

Structure-dependent oligomer formation
We also investigated formation dynamics of oligomeric trimer
(movies S7 and S8), tetramer (movie S9), and pentamer (movie
S10). Figure 4A shows that the oligomer grows by single ion attach-
ment, wherein the additional ion can be both an existing single ion
and an isolated one dissociated from another oligomer. During at-
tachment process, the additional ion attaches direct to the existing
oligomer, and assembling angle changes slightly before the forma-
tion of new oligomer (Fig. 4B). The result indicates a random non-
directional interaction of oligomer formation for MoPOM.

We further probed the dynamics of another POM ion (figs. S14
and S15), [{Co4(OH)3PO4}4(SiW9O34)4]32− (CoPOM) with a tetra-
hedral structure and four concave faces (43). Structure-dependent
formation and evolution of ion oligomer was revealed. Figure 5
(A to C) shows a pattern rearrangement of a trimer. During the ob-
servation (movie S11), one ion in the trimer (the left pale dark spot
in Fig. 5A) moves vigorously, resulting in the trimer transforming
its pattern between an obtuse triangle (60.7 s) and linear shape
(113.6 s). Eventually, the trimer forms a stable pattern of approxi-
mate equilateral triangle (panel at 243.9 s in Fig. 5, A and C). Figure
5 (D to F) shows the formation of a tetramer by attachment of single
ion to a preexisting trimer with triangular pattern (see movie S12).

Fig. 2. Diffusion dynamics of single ions showing local reciprocating ion hopping motion. (A to C) Single ion I. (D to F) Single ion II. (A) and (D) TEM image of two
individual ions and corresponding trajectory (movie S1). (B) and (E) Position and instantaneous displacement. Distinctmovements are highlighted in gray-shaded regions.
(C) and (F) Sketches illlustrate these ion local reciprocating hopping motion details. Round spot symbolizes the single ion, and color gradient refers to elapsed time of a
hopping event. Arrow indicates the hoping direction. (G) Proposed mechanism of local reciprocating ion hopping through short-range polymerized bridge of solvents
molecules and counterions or to-bulk-medium diffusion.
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By tracking the trajectory of the additional ion, we found that
during the approaching, the ion first moved toward one side of
the trimer and attached to the existing patterned trimer, forming
a triangular-patterned tetramer (Fig. 5D). After that, the tetramer
transforms into a quadrangular pattern (26.5 s) through site shifting
of the additional ion (Fig. 5E), which shows a similar rearrangement
behavior to that of the trimer in Fig. 5B. The evident direction
changing from around 120° to 60° (Fig. 5F) is different from
MoPOM, indicating a direction specific interaction between addi-
tional ion and preexisting trimer.

Such behavior of CoPOM ions differing from that of MoPOM
ions may be related to their molecular structures and consequent
distributions of counterions. For spherical MoPOM ion, homoge-
nous distribution of counterions around POM ion leads to random
nondirectional interaction during oligomer formation, without ex-
periencing transitional pattern rearrangement. However, for tetra-
hedral CoPOM ion with four concave faces, its counterions prefer
condensing at the concave face (fig. S14), resulting in the directional
assembly driven by counterion-mediated attraction. This is sup-
ported by theoretical simulations that Keggin-type POM
{SiW9M3} ion shows inhomogeneous distribution of molecular

electrostatic potentials (44) and the consequent preferred location
of its associated counterions (38, 45).

Oligomer dynamic structural transformation
Despite of the difference of interaction dynamics during the forma-
tion, oligomers for both ions exhibit dynamic structure change later
(movies S13 to S16). According to our observation, oligomer can be
described as four typical configurations, triangular, quadrangular,
linear, and separated pattern (Fig. 6A and fig. S16). Pattern evolu-
tions of four oligomers (two for CoPOM ions and two for MoPOM
ions) show that oligomers can transform their configurations
among four patterns (Fig. 6B and figs. S17 to S20). To evaluate
the stability of the oligomer roughly, time duration of four patterns
is analyzed (Fig. 6C and fig. S21). The result shows that the trian-
gular pattern exists for the longest time, which can be attributed to
many configurational isomers (fig. S22). Considering this fact, qua-
drangular pattern is the most stable configuration for tetramer
MoPOM. For spherical MoPOM ions, 13 transformation events oc-
curred within 3.35 s and experience highly dynamic structural
transformation, and its oligomer can transform configuration
between any two of four patterns (Fig. 6, B and E). However, the

Fig. 3. Interaction dynamics between two pairwise ions. (A) Surface-to-surface distance evolution between two ions illustrating reversible formation and separation of
a dimer. The insets show the formation of dimer (distance is smaller than 0.7 nm). (B) TEM images with distance label showing the three typical stages and corresponding
sketch illustrating dynamics of counterion-mediated attraction. Scale bars, 5 nm. POMS, polyoxometalates. (C and D) Distance as a function of time during the dimer
formation and separation, which shows the reversible pairwise interaction (t − t0 = 0 s). (E) Velocity and interaction force as a function of distance.
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transformation from linear or separated pattern to quadrangular
pattern was not observed for CoPOM oligomer (Fig. 6, B and D).
These absent actions indicate the existence of a barrier hindering
free pattern transformation, which might arise from the tetrahedral
geometry of CoPOM ion and corresponding distribution of coun-
terions. These observations suggest that configurations of the olig-
omers in solution are highly transformable. We could conclude that
oligomers remain in a transformable metastable state that under-
goes rearrangement, separation, and recombination.

To summarize, our LPTEM study reveals an unexpected local
ion hopping motion of POM ions in water. POM ions in dilute sol-
ution readily form oligomers, which is driven by a counterion-me-
diated interaction. The oligomers undergo frequent configuration
transformation and exhibit structural dependent behavior. Our
real-time observation of ions diffusion and interaction dynamics
provides fundamental understanding of ions in solution.

MATERIALS AND METHODS
Synthesis of POMs
MoPOM was synthesized according to Müller’s procedure (46).
Briefly, first, (NH4)6Mo7O24·4H2O (5.6 g, 4.5 mmol) and
CH3COONH4 (12.5 g, 162.2 mmol) was dissolved in 250 ml of
water in a 500-ml flask, and N2H4·H2SO4 (0.8 g, 6.1 mmol) was
then added. After stirred for 10 min, the solution was mixed with
83 ml of 50% CH3COOH (aq). The mixture was stored in the open

Fig. 4. Random attach formation of MoPOM ion oligomers. (A) TEM images
showing three representative assembly processes of trimer (assembling angle is
67°, 117°, and 174°, respectively), tetramer (53°), and pentamer (62°). The addition-
al ion is marked by orange arrow. Scale bars, 10 nm. (B) Angle evolution during last
0.4 s before the assembling at t − t0 = 0 s. The statistics show no obvious assem-
bling angles change, suggesting a nondirectional assembly. The inset illustrates
assembling angle defined by additional ion (orange sphere) and existing oligomer
(gray spheres). Arrow indicates the movement of the attaching ion.

Fig. 5. Formation and pattern rearrangement of CoPOM ion oligomers. (A to C) Pattern evolution of the trimer. (D to F) Formation dynamics of the tetramer. (A) Time-
series false-color TEM images showing patterns of obtuse triangle (60.7 and 224.7 s), linear shape (93.1 and 113.6 s), and acute triangle (224.7 and 243.9 s). (B) Schematic
shows the rearrangement leading to a stable pattern having equilateral triangle configuration. (C) Angle evolution during the observation. The bottom left inset is a
sketch illustration of angle calculation. (D) Time-series false-color TEM images showing the formation of a tetramer and trajectory of the additional ion. The insets outline
the triangular (25.5 s) and quadrangular (26.5 s) patterns. (E) Schematic shows the pattern rearrangement. (F) Angle evolution. Color-shaded region highlights the process
of pattern rearrangement. Scale bars, 10 nm.
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flask at room temperature for 4 days. The precipitated red-brown
crystals were filtered; washed with 90% ethanol, pure ethanol, and
diethyl ether; and lastly air-dried.

K2Na30{[Co4(OH)3PO4]4(SiW9O34)4} (CoPOM) was synthe-
sized according to our previously described method (43). Typically,
Na10[α-SiW9O34]·18H2O (1.18 g, 0.40 mmol) was added to a 40 ml
of aqueous solution of CoCl2·6H2O (0.78 g, 3.26 mmol). The
mixture was stirred until a clear purple solution was obtained. Na3-
PO4·12H2O (0.60 g, 1.58 mmol) was then added, and the pH was
maintained in the range of 8.5 to 9.0 with 1.0 M KOH (aq). The
mixture was stirred for 3 hours at room temperature. After the
purple precipitate was removed by filtration, 5 ml of 1.0 M KCl
(aq) was added to the obtained filtrate. The solution was stirred
for another 30 min and filtered into a 50-ml beaker, followed by
slow evaporating at room temperature for 1 week. The precipitated
dark purple crystals were collected, then washed with cold water,
and air-dried.

In situ liquid phase TEM experiments
About 30 nl of fresh POM solution of 1 mg ml−1 was loaded into a
nanogap liquid cell with a window of electro-transparent Si3N4

membrane (50 μm by 5 μm by 10 nm). There is about 50 nm
spacing in between bottom and top chips of the cell. Both chips
are pretreated with oxygen plasma to clean the surfaces and
render them hydrophilic. Right after the cell sealing, in situ
imaging of the POM ions in solution was performed by FEI Cs-cor-
rected Environmental TEM operated at 300 kV, Talos F200S TEM,
and Tecnai F20 TEM at 200 kV. Movies were recorded by a comple-
mentary metal-oxide semiconductor–based TemCam-XF416
camera (Tietz Video and Image Processing Systems GmbH,
Germany) and a Gatan Orius charge-coupled device camera
(USA). Electron beam dose rate was controlled in a range from 70
to 90 e Å−2 s−1. The dynamics of POM ions in water under high
dose rate condition (5940 e Å−2 s−1) was presented in fig. S23 and
movie S17 and discussed in the Supplementary Materials.

HRTEM simulation
Multislice simulation was conducted to HRTEM images of
MoPOM ions acquired in liquid cell. A self-written MATLAB
script was used to build the ion models of view directions with a
water thickness of 5 nm. HRTEM images were simulated on the
basis of the following parameters: accelerating voltage (300 kV),

Fig. 6. Dynamic transformation of oligomer pattern. (A) Sequential TEM images showing structure transformation between four patterns of tetramers. Left is tetra-
hedral [{Co4(OH)3PO4}4(SiW9O34)4]

32− (CoPOM) ions (see movie S13), and right is spherical (NH4)42[Mo
VI
72Mo

V
60O372(CH3COO)30(H2O)72]·ca.300H2O·ca.10CH3COONH4

(MoPOM) ions (see movie S15). Color code: Cyan, orange, blue, and dark gray indicate triangular (T), quadrangular (Q), linear (L), and separated patterns (S), respectively.
Scale bars, 10 nm. (B) Pattern evolution of CoPOM oligomers (top; corresponding to movie S13) and MoPOM ions (bottom; corresponding to movies S15 and S16,
respectively). (C) Normalized duration time of four patterns. (D and E) Sketch illustrating the pattern transformations. For MoPOM ions, oligomer could transform its
configuration between any two of four patterns. For CoPOM ions, only transformations between triangular and three other patterns were observed.
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Cs (5 μm), chromatic aberration coefficient (1 mm), and defocus
(80 nm).

Supplementary Materials
This PDF file includes:
Supplementary Text
Table S1
Figs. S1 to S23
Legends for movies S1 to S17
References

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S17
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