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Investigating lithium ion conductivity in amorphous solids
containing [V10O28]

62 clusters by computer simulation

LIN-YIN WU, JUN-MIN LIAO and CHENG-LUNG CHEN*

Department of Chemistry, National Sun Yat-sen University, Kaohsiung, ROC 80424, Taiwan

(Received June 2006; in final form October 2006)

Computer simulation method was applied to investigate the migration of lithium ion in three amorphous solid systems
containing polyoxovanadate (POV) clusters [V10O28]

62. The cluster was adopted from a recently synthesized crystalline
poly[octa-m-aqua-octaaqua-m-decavanadato-hexalithium] (POAODH). The simulated POV systems correspond to
amorphous solid half-dehydrated solid and completely dehydrated solid doped with LiCl salt. The simulation results show
large diffusion constants of lithium ions in all systems in spite of highly negatively charged [V10O28]

62 clusters presented in
the system. The estimated ionic conductivity due to the migration of lithium ions reaches a magnitude of 1024 S/m. The
conductivity increases as the water content in the system decreases. The analysis of moving trajectories shows the lithium ion
moves around the oxygen sites of POV clusters and hops between them. The estimated displacement of lithium ion is about
4 , 5 Å, which is much larger than the corresponding displacement of lithium ion in a polymer matrix. Rapidly rotating
clusters shown by orientation correlation function analysis, in conjunction with the large separation between clusters in the
system, provides favorable conditions for the large amplitude migration of lithium ions.

Keywords: MD; [V10O28]
62 POV cluster; Lithium ion; Conductivity; Hopping

1. Introduction

Plastic crystalline substances can exhibit ionic conduc-

tivities. In some ionic plastic crystals containing lithium

ion, the conductivities due to the motion of lithium ion

can be as high as 4 £ 1024 Sm21 [1–6]. The high

conductivity is usually attributed due to the rotational

disorder and lattice defects. The reorientational motion of

sulfate-ion in ionic crystals, Li2SO4 and LiAgSO4 had

been detected by Raman spectroscopic method [7–9]. A

class of plastic crystal ionic compounds involving

alkylmethylpyrrolidinium cation and bis(trifluorometha-

nesulphonyl)imide anion (referred as P1x) had conduc-

tivity between 1025 and 1027 S m21 at ambient

temperature below their melting points [10,11]. MacFar-

lane et al. has reported their experimental result of doping

lithium ions into P1x plastic crystalline matrix [12]. The

measured fast ion conductivity is 2 £ 1022 Sm21 at 608C.

This is due to the solid–solid phase transition and hence

increases the disorder of the solid substance. This new

class of ionic crystalline materials may replace the

traditional polymer–lithium salt materials for high energy

rechargeable batteries. Most of solid polymer electrolytes

are poor ionic conductors and have room temperature

conductivities of about 1022 Sm21 or less [13–17].

Practical applications require conductivities in the range

of 1022–1021 Sm21. The motion of ions in polymer

matrix is mediated by the dynamics of host polymer,

thereby restricting the conductivity to relatively low

values. Some theoretical calculations have been carried

out for understanding the ionic conduction mechanism in

the matrices of polymer electrolytes [18–28]. Duan et al.

has reported their molecular dynamics (MD) simulation of

lithium–polyethylene oxide (PEO) system at room

temperature and obtained diffusive constant of lithium

ion close to an experimentally measured value [29]. The

work indicated that the most significant motion leading to

large diffusion constant is due to the Liþ hopping between

oxygen atoms on PEO units.

Recently, Ma et al. has synthesized a special

polyoxovanadate (POV) crystal [30], poly[octa-m-aqua-

octaaqua-m-decavanadato-hexalithium] (POAODH). The

unit cell of POAODH has fairly large dimensions,

(a,b,c) ¼ (17.6, 10.3 and 9.2 Å), and contains a large

[Vl0V28]
62 cluster linked by centrosymmetric

[Li6(H2O)16]
6þ chains. The structure of this crystal
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is shown in the top right corner of figure 1. The crystal can

be regarded as a salt-like mixture containing highly

negatively charged [Vl0V28]
62 clusters, positive charged

lithium ions and water. The quantum mechanical

calculation with density functional theory (DFT) method

of [V10O28]
62 showed very small differences in bond

lengths and angles of the optimized geometry from its

crystalline structure [31–33]. This result indicates that

[V10O28]
62 cluster is very stable in spite of its high

negative charges. The negative charges are distributed

over oxygen atoms in the cluster and forms many

coordination sites available for lithium ions. In figure 1 we

show the structure of the [V10O26]
62 cluster adopted from

the reported crystalline structure. Two sets of atomic

charges obtained by DFT and a semiempirical quantum

mechanical method, ZINDO [34], are also shown in the

figure. The oxygen atoms and vanadium atoms in the

cluster can be grouped into seven (OI–OVII) and three

(VI–VIII) different types according to their symmetries.

The (OI–OVI) oxygen atoms are on the outer region of the

cluster and easy to form coordination with positive ions.

These oxygen atoms are denoted as OC atoms. The OVII

oxygen atoms are wrapped in the interior of the cluster and

are less probable to form coordination with other positive

ions outside the cluster. These oxygen atoms are denoted

as OF atoms. The symmetry group of the cluster is D2 h

with its molecular z-axis along the OVI–OVII–OVII–OVI

line. In the crystal, lithium ions and water molecules form

chain like structure to link [V10O28]
62 clusters, and result

in a large spacing between them. Thermogravimetric

analysis (TGA) results show that the weight loss of the

crystal is around 22% in the range 343–583K. This is

compatible with the content of water (22.4wt%) resulting

from the theoretical value in the molecular formula [30].

According to this experiment, the water molecules can be

removed from the crystal by simply heating the sample.

Since the [V10O28]
62 clusters are very stable, increasing

the temperature of the system will destroy the linkage

between lithium ions and waters to the [V10O28]
62 cluster,

and form amorphous solids. Under this condition, lithium

ions and waters should become mobile in the system due

to the large spacing and various interaction forces. The

mobility of the lithium ions is directly related to the

conductivity of the material. The main goal of the current

work is to investigate the ionic conductivity of this

particular material by simulation method.

2. Simulation

Full atom MD simulations were carried out to investigate

the migration of lithium ions in three systems containing

POV clusters. System I is an amorphous POAODH solid.

System II is a half-dehydrated amorphous POAODH solid,

in which half amount of water molecules are removed

from system I. System III is a completely dehydrated

amorphous POAODH solid further doped with LiCl salt.

The initial structure of system I was constructed by

grouping 2 £ 3 £ 3 unit cells of POAODH. The structure

of unit cell was adopted directly from the reported

crystalline structure [30]. The system contains 36

[V10O28]
62 clusters, 576 water molecules and 216 lithium

ions. Dimensions and density of the system are

(a,b,c) ¼ (35.232, 30.957, 27.705 Å and 2.549 g/cm3.

The annealed-quench dynamics MD runs were carried

out from 300 to 600K of this system with fixed

dimensions of the cell. After the annealed-quench process,

the crystalline structure of POAODH was destroyed.

Energy minimization process with fixed cell dimension

was carried out. This minimized system was used to

initiate a consecutive MD run. Conventional MD run was

carried out and the simulation temperature was set to

300K. To construct initial positions of the half-hydrated

POAODH System II, half amount of water molecules were

removed from system I. Similar process with an annealed-

quenched MD run followed by energy-minimization was

carried out. During the energy minimization process, the

dimensions of the cell were allowed to vary but the angles

(a,b,r ¼ 908) were fixed. The minimized dimensions of

the cell and density were (a, b, c) ¼ (38.82, 30.568,

25.892 Å and 2.227 g/cm3. This energy minimized cell

was used to initiate a consecutive MD run. To construct

completely dehydrated POAODH system III, all water

molecules were removed from system II and extra LiCl

salt of 128 Liþ and Cl2 ions were added into the system.

The Liþ and Cl2 ions were placed randomly in the system

and similar procedure as the construction of system II was

carried out. The final dimension of the energy minimized

cell were (a, b, c) ¼ (34.844, 37.352, 26.833 Å and the

density of the system was 2.295 g/cm3. This system was

then subjected to MD runs as others. In all simulations

atomic partial charges of POV were adopted from ZINDO

calculations. Those charges obtained by DFT method are

usually not appropriate to evaluate columbic interactions

classically. The charges of lithium and chloride ions were

assigned to þ1 and 21. The partial charges of atoms

Figure 1. The structure and atomic charges of [V10O28]
62 cluster.

Atomic charges without parenthesis are obtained by DFT method and
those in parenthesis are obtained by ZINDO calculation.
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on water molecule were assigned to 0.42 for H and20.84

for O (denoted as OW) as the assignment of TIPS force

field [35]. DREIDING force field [36] was selected to

carry out the MD simulations because this force field

includes force field parameters of all elements in the

system and also takes into account of specific hydrogen

bonding interactions. Since our systems contains many

ions and partially charged atoms, therefore, Ewald

summation method [37] which counts charge–charge

interactions for repeated periodic cells was employed. All

simulations were performed on a SGI workstation using

molecular modeling package Cerius 2 [38].

3. Results and discussion

Given in figure 2 are side views of the original unit cell and

a snapshot of system I after 20 ps MD runs. The figure

shows that [V10O28]
62 clusters are no longer in the

ordered array after the MD run. A similar disordered array

was also found for systems II and III. Therefore, these

systems can be regarded as amorphous solids. Based on

the Einstein–Stoke equation, the diffusion constant, D, of

a particular ion can be evaluated from its mean square

displacement (MSD),

D ¼ lim
t!1

1

6t
kRðtÞ2 kRð0Þ
�� ��2D E

In which, kR is the position vector of ion and t is the time-

lag, respectively. Given in table 1 are the calculated

diffusion constants of various ions and atoms of the three

simulated systems. The mobility of [V10O28]
62 cluster can

be related to the diffusion constants of atoms OF, OC and

V in the cluster. The table shows that DOF, DOC and DV

increase rapidly from hydrated system I to completely

dehydrated system III. This indicates that mobility of

cluster increases as the amount of water molecules are

reduced from the system. The motion of clusters destroys

the crystalline structure of the system and leads to an non-

ordered array. The diffusion constants of OF, OC and Vare

found much smaller than other ions and water in these

systems. This means that ions and water are much mobile

than clusters. The table shows that DLiþ increases by

decreasing the water content of the system. For completely

dehydrated system III, the diffusion constant DLiþ is about

three times larger than hydrated system I. The calculated

diffusion constants of Liþ are in the order of 10211m2/s,

which is an order larger than the typical value of Liþ in

PEO matrix [18–29]. The calculated DOW has the same

magnitude as DLiþ table 1 shows that DLiþ is larger than

DOW in system I but is smaller than DOW in system II. This

indicates that Liþ does not move simultaneously along

with oxygen on water. In system III, we found that DCl2 is

much smaller than DLiþ . This indicates that Li
þ and Cl2

do not form ionic clusters. Some theoretical studies of Li

salt in PEO polymer systems indicate that lithium ion

Figure 2. (a) Side views of unit cell and a snapshot of system I after 20 ps MD simulation; (b) side view of a snapshot of completely dehydrated system
III after 20 ps MD simulation.
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tends to coordinate with the ether oxygen in the PEO

polymer matrix and moves very slowly along with the

segmental torsion of the polymer. Although [V10O28]
62

cluster is more negatively charged than oxygen atoms in

PEO, however, the results of diffusion constant calcu-

lations indicate that these highly charged clusters do not

prevent the motion of Liþ. Our results indicate that neither

does Liþ stick on the [V10O28]
62 cluster nor on water as in

the polymer matrix. The conductivity, l, due to the

moving of lithium ion can be estimated from the diffusion

constant based on Einstein–Nerst equation,

l ¼
Dz2F 2

RT

Where z and F are ion charge and Faraday’s constant, D is

diffusion constant, R is gas constant and T is absolute

temperature, respectively. The calculated ionic conduc-

tivities due to the migration of Liþ are 0.957, 1.176 and

3.55 Sm21 for systems I, II and III, respectively. These

calculated ionic conductivities increase as the water

content decreases in the system and are much larger than

those reported ionic conductivities for Li/polymer [18–

29] and Li-doped plastic crystal systems (,1022 Sm21)

[10–12].

In addition to diffusion constant, radial distribution

functions (RDF), g(r), of specific pairs of ion to ion or ion

to atom can be calculated,

gðrÞ ¼
1

r

dn

4pr 2dr

where r is number density, dn is number of particles

within the distance r ! r þ dr with respect to the chosen

target particle. Given in figure 3 are the simulated

gLiþ2OCðrÞ and gLiþ2OWðrÞ for the three systems. All

gLiþ2OCðrÞ show peaks around rLi2OC 2.2 Å for all

systems. This peak position corresponds to the closest

distance that Liþ coordinates with OC in cluster. The

gLiþ2OWðrÞ show peaks around rLi2OW 2 Å for systems I

and II. However, the peak for hydrated system I is much

broader than half-hydrated system II. This result indicates

that Liþ tends to coordinate with water oxygen at 2 Å

especially when half amount of water molecules were

removed from the system. This observation may be

explained as follows: in system I, the negatively charged

OC atoms of the cluster and water oxygen atoms compete

with each other to attract Liþ and decrease the probability

of Liþ to coordinate with water oxygen. Therefore, the

distribution peak at rLi–OW ¼ 2 Å is very broad. However,

in system II, when half of the water molecules were

removed, the remaining water molecules became more

mobile than in system I. This increases the probability of

Liþ to coordinate with water oxygen and results in a

narrow distribution peak at rLi–OW ¼ 2 Å. In summary, we

found that the mobility of Liþ in POV system is larger than

in that in a polymer matrix. This must be due to the large

spacing between clusters, which allows Liþ moves more

easily in the system. On the other hand, the mobility of Liþ

increases as water molecules are eliminated from the

system. This is because [V10O28]
62 cluster contains many

oxygen sites to attract positive ions; hence, decreases their

selectivity to coordinate with the cluster.

Given in figure 4 are the calculated distances of a

selected Liþ to OC atoms on clusters in system III. The

OC atoms and clusters are numbered for the convenience

of analysis. The distance of Liþ to OC is denoted as

dLi2OðnÞ, where n is the index of the OC atom. In the figure,

OC atoms 33 and 1259 belong to the second cluster and

1105 OC atom belongs to the 18th cluster. The figure

shows that originally the ion was in the neighborhood of

OC atom 33 (dLi–O(33) ¼ 2.2 Å) and away from OC atoms

1259 and 1105 (dLi–O(1259) ¼ 3.5 Å, dLi–O(1105) ¼ 5.0 Å).

After 1.0 ps, the ion moves to the neighborhood of the

1259th OC atom (dLi–O(1259) ¼ 2.0 Å) and away from the

33th OC atoms (dLi–O(33) ¼ 2.7 Å). At a 1.2 ps time the ion

moves back to the neighborhood of the 33th OC (dLi–

O(33) ¼ 2.0 Å) and away from form the 1259th OC (dLi–

O(1259) ¼ 3.3 Å). At 15 ps, the ion suddenly moves to the

Table 1. Calculated diffusion constants (10211m2/s) of various ions and
atoms in three simulated systems.

System Liþ OC OW OF V Cl2

I 2.15 0.57 1.37 0.22 0.30
II 4.32 0.83 5.58 0.50 0.65
III 7.08 2.22 2.12 1.72 4.02

Figure 3. (a) RDF of Liþ to OC of three simulated systems; (b) RDF of
Liþ to OW of simulated systems I and II.
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neighborhood of the 1105th OC atom (dLi –

O(1105) ¼ 2.0 Å) and away from the 33th OC atom (dLi–

O(33) . 3.0 Å). These snapshots demonstrate that the

lithium ion not only moved around OC atoms belonging to

the same cluster, but also suddenly jumped from one

cluster to another. The sudden jump can be regarded as a

hopping motion between clusters. Given in figure 5 are the

actual moving trajectories of lithium ions over the entire

simulation period in completely dehydrated system III. In

this figure only lithium ions with large displacements

(more than 4.0 Å) were shown. The right side of this figure

shows the trajectory of the selected lithium ion in an

enlarged scale. The figure shows that the ion appears in

three major regions as indicated. Regions I and II belong

to the same cluster and region III belongs to another.

The path from region II to III is clearly a hopping motion.

After carefully analyzing our trajectories, we found that

all lithium ions hop between clusters and the hopping

frequency of Liþ increases with decreasing of water

molecules in the system. In all our simulated systems the

magnitude of the Liþ displacement is about 4–5 Å which

is much larger than that in PEO system (,1.5 Å). The

degree of freedom of Liþ in the completely dehydrated

system III is much larger than other two hydrated systems

I and II.

In figure 5, we illustrate the calculated orientation

correlation function, C(t), of [V10O28]
62 cluster in system

III. The orientation of a cluster can be specified by three

Euler angles (f, u, x) between the molecular fixed system

and space-fixed system. The normalized orientation

Figure 4. Distances of a Liþ to selected OC atoms in completely dehydrated system III.

Figure 5. Trajectories of Liþ ions in completely dehydrated system III.
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correlation function was calculated from the cosine of

Euler angle u,

CðtÞ ¼
cos uð0Þ·cos uðtÞh i

cos uð0Þ·cos uð0Þh i
;

where the bracket indicates average over trajectory points.

The figure shows the overall correlation function decays

very slowly over the simulation time range, but some

correlation functions of individual clusters decayed much

rapidly. This indicates that these clusters rotate (tumble)

much faster in the system. We believe that these rapidly

rotating clusters result in large displacement of the lithium

ion in the neighborhood of the clusters, substantiated by

the drastic change of the distance of the lithium ion to the

1105 OC (18th cluster) shown in figure 4. From a different

perspective, this behavior can be viewed as the hoping

motion of the Lithium ion between clusters. For other two

systems, we found similar behaviors of orientation

correlation functions. Orientation correlation functions

of some individual clusters decayed rapidly but overall

correlation function decayed very slowly (figure 6).

Given in figure 7 are potential energy maps for a single

lithium ion in the simulated cell of system III. To construct

this map, the simulated cell was divided into 12 £ 12 £ 12

grid points. A lithium ion was placed at each grid point

and the interaction potential between this ion and other

Figure 6. Orientation correlation functions of Euler angle u of [V10O28]
26 clusters in system III.

Figure 7. Interaction energy maps of a Liþ in completely dehydrated system III.
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charged ions and atoms of the cell was calculated by

appropriate Ewald summation,

V int ¼
XN
i¼1

qiqLiþ
erfcðk kri2Liþj jÞ

kri2Liþj j
þ

1

pðabcÞ

�

£
X
kk–0

qiqLiþ 4p2=k 2
� �

cosðkk�kri2LiþÞ

!

where Vint is the interaction energy, qLiþ is the charge (þ1)

of the lithium ion placed at grid point, kri2Liþ is the vector

from the ith charged atom to the ion, kk is reciprocal wave

vector, a,b,c are dimensions of the cell and erfc is the

complementary error function, respectively. The par-

ameter k was set to 5/c and 200 wave vectors were used to

obtain the interaction energy. The energy map was

obtained by taking the average of the interaction potentials

over all trajectory points at each grid point. In figure 7, we

found that some low energy regions appeared along a, b

and c directions in this system. This indicates that the

motion of Liþ is not restricted in any definite direction. In

the half-hydrated system II, we found less low-energy

regions than in system III, but more than in system I. The

low-energy region is very limited in the fully hydrated

system I. This indicates that the ion has a very restricted

pathway inside system I. However, even in the fully

hydrated system, the ion moves in all a, b and c directions.

This indicates that isotropic moves of Liþ in all POV

systems.

4. Conclusion

This work investigates the migration of lithium ion in a very

special material containing lithium ions, water and

[V10O28]
62 clusters. The simulation shows that the diffusive

constant of lithium ion increases with the lowering of water

content in the system. Although [V10O28]
62 clusters are

highly charged, our simulation shows that lithium ions do

not stick to the cluster but can travel in the system with

considerable mobility. The calculated conductivities due to

the migration of lithium ions in these systems are much

larger than typical values in the Li/polymer systems. Our

theoretical simulation indicates that the lithium ions moved

around the oxygen sites on the same cluster and also hopped

between clusters. The major driving force for the hopping

motion of lithium ion is due to: (1) rapid rotation of some

individual [V10O28]
62 clusters, (2) the highly negatively

charged clusters, (3) many available oxygen sites in the

cluster, and (4) large spacing between clusters in the system.

These factors can rationalize the origin of the fast ion

conduction of plastic crystal electrolytes. We also found

that Li ion moved isotropically in all POV-contained

systems. The density of amorphous dehydrated POAODH is

at the same magnitude as the density of usual polymer

systems. If this Li-[V10O28] material can be doped into a

polymer matrix (such as poly-ethylene oxide), then it may

conduct lithium ion much better than Li/polymer systems.

Although we do not have any experimental data to compare

with the simulation results, however, we propose here that

this Li-[V10O28]
62 material can have large ionic conduc-

tivity. Future study on Li-[V10O28] doped polymer system is

underway.
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