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The structure and dynamics of various atoms of the most
common primary structure in heteropoly compounds, namely
the Keggin structure were analyzed by molecular dynamics
(MD). The atoms in the primary structure were found to remain
rigid at 300 K. The study was also extended to understand the
dynamics of the secondary structures, namely the countercat-
ions and the water molecules which are located between hetero-
polyanions. The smaller countercations such as Li* and Na*
were relatively more mobile than the larger cations such as K*
and Cs*. The water molecules were mobile as in the bulk liquid
phase water, A quantitative estimate of the relative mobility
of primary and secondary structure of 12-heteropoly com-
pounds in terms of mean square displacement, which are im-
portant in relation to their catalytic properties, were
reported. © 1995 Academic Press, Inc.

INTRODUCTION

A great deal of attention has been given to various heter-
opoly compounds in relation to their catalytic applications.
Especially, 12-heteropoly acids (H, XM ,04) possess poly-
anions with the well-known Keggin structure (1). A CG
picture of various atoms in a single 12-heteropolyanion
with Keggin structure is shown in Fig. 1. The central hetero-
atom, X, (where X = P, Si, B, etc.) is tetrahedrally coordi-
nated to oxygen atoms and peripheral heteroatoms, M,
(where M = Mo, W, etc.) are octahedrally coordinated to
oxygen atoms. The relation between the bond length and
basicity has been discussed (2) and the dependence of the
catalytic activity on the M-0O length and partial charge
on oxygen has also been brought out by semiempirical
quantum chemical calculations (3).

Various heteropoly compounds possess activity for many
catalytic oxidation and acid-catalyzed reactions (4), and
one of the most remarkable catalysts is the cesium salt
of 12-tungstophosphoric acid (Cs; sHosPW;,04), which is
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2 To whom correspondence should be addressed.

highly active solid acid for reactions in liquid phase (5, 6).
Other general applications of the heteropoly acids and
their salts include their use as analytical reagents for the
quantitative estimation of more than 25 elements (7). In
addition to their potential applications, 12-heteropolyan-
ions have highly symmetrical anionic cores, which self-
assemble, leading to structures (8) of academic and practi-
cal interest. Another interesting phenomenon of the heter-
opoly compounds is the formation of a “pseudoliquid
phase” (9). Strong evidence has been provided by studies
using a transient-response method and sophisticated spec-
troscopic techniques for the fact that polar molecules like
H,O, alcohols, and ethers readily enter the three-dimen-
sional bulk phase and reactions were occurring in this phase
(10, 11). NMR and relaxation time measurements also
showed the dynamics of water in sodium salt of 12-molyb-
dophosphoric acid (Na;PMo,,04 - nH,0) (12).

Molecular dynamics (MD) has been widely applied to
understanding the structure and physical properties of vari-
ous substances including simple liquids, water, molten salts,
liquid metals, metals, glasses, and proteins (13). Earlier,
we found the MD method to be useful in investigating the
structure and dynamics of microporous materials, such as
zeolites and metallosilicates, metal oxide surfaces, super-
conductor films, ultrafine metal particles on metal oxides,
and perovskite-type metal oxides (14-18). In view of the
importance of the structure and dynamics of the hetero-
polyanions, countercations, and water molecules of crystal-
lization in controlling the catalytic properties of heteropoly
compounds, we applied MD method to investigate the
structure and dynamics of 12-heteropoly compounds. De-
tailed studies about the motion of countercations and water
molecules which exist between several heteropolyanions
were also performed.

METHODS

The MD simulations were made with MXDORTO pro-
gram developed by Kawamura (19, 20). The Verlet algo-
rithm was used for the calculation of atom motion, while
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FIG. 1. 12-heteropolyanion with Keggin structure, [XM;04]" :
small circles: central heteroatom (X) and peripheral heteroatoms (M):
large circles: oxygen atoms.

the Ewald method was applied for the calculation of elec-
trostatic interactions. Temperature and pressure were con-
trolled by means of scaling the atom velocities and the
basic cell parameters under the periodic boundary condi-
tion. The calculation was made for 3000 steps with the
time step of 0.4 X 1079-2.0 X 107! s. The interatomic
potential functions consist of two body and three body
terms. The two-body central force interatomic potential,
Eq. [1], is described as follows for any atom pair. In Eq. [1],
the first, second, third, and fourth terms refer to Coulomb,
exchange repulsion, Morse, and van der Waals interac-
tions, respectively.

U,'j(r,‘j) = Z’Zl ez/r,'j + f(](b,’ + b])
x exp{(a; + a; ~ r;)/(b; + by}
+ Djlexp{—2B;(r; — r¥)}
-2 CXP{—BU("U - "ff)}] - C,-C,-/rf}

(1]

where Z; is the atomic charge, ¢ the elementary electric
charge, r; the interatomic distance, and f, (6.9511 X 107"!
N) a constant. The parameters a and b in Eq. [1] represent
the size and stiffness, respectively, in the exchange repul-
sion interactions, while D;;, r;;, and 8 represent bond en-
ergy, equilibrium bond distance, and stiffness, respectively,
in the Morse function. C is the van der Waals parameter.
The Coulomb and exchange repulsion interactions were
employed in the interactions between atoms in heteropoly-
anions, and the rest of the interactions was neglected be-
cause of the small contribution of Morse and van der Waals
interaction. It has been proved that the approximation is
reasonable for ionic crystals such as metal oxides including
MgZSiO4, Na25i03, a'A1203, etc. (19)

On the contrary all interactions in Eq. [1] were employed
in the interactions between atoms in water molecules and
solvated protons (H;O*). The values of parameters for
atoms in heteropolyanions given in Table 1 were deter-
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mined by empirical fitting to reproduce the structure of
various metal oxides (18, 19). The three-body central
force interatomic potential, Eq. [2] is applied only for
H-O-H groups:

Unon(6non) = —filcos{2(6uon — &)} — 1] 2]
X (kikz)'”

where G0y is the angle of H-O-H, and f; and 6, are the
parameters. The variables, k|, k,, define the effective range
of the three body potential

ki = 1/[exp{8r(romi) —rm)t+1] (3]

where g,, r,,, are the parameters. rop is a intramolecular
O-H distance. The values of &, and &, are about unity at
the intramolecular O-H distance and approach to zero
rapidly around the hydrogen bond distance. Two and three
body potential parameters for water molecules (20) and
solvated protons were determined on the basis of empirical
fitting to reproduce their structures and then are shown in
Table 2. Calculations were performed with Silicon Graph-
ics IRIS-4D/25TG and Hewlett—Packard HP900O series
workstations, while the visualization was made with the
Insight II program developed by Biosym Technologies inc.,
U.S.A. The dynamic visualization was made with the
MOMOVIE program developed in our laboratory on a
OMRON LUNA-88K workstation.

RESULTS AND DISCUSSION

Initially, the primary structure, namely the heteropoly-
anion and then the secondary structure, namely the three-
dimensional arrangements of these polyanions as well as
countercations and water molecules were analyzed. The
correlation between stability of the crystal lattice and
countercation has also been brought out. Finally, the be-

TABLE 1

Interatomic Potential Parameters for Atoms in
Heteropolyanions and Countercations

z a (A) b (A)
P +5.0 1.019 0.080
Mo +6.0 1.208 0.080
Y +5.0 1.150 0.080
0 -2.0 1.629 0.085
H +1.0 0.036 0.058
Li +1.0 1.044 0.080
Na +10 1.260 0.080
K +1.0 1.677 0.080
Cs +1.0 1.856 0.080
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TABLE 2

Interatomic Potential Parameters for Atoms in Water Molecules and
Solvated Protons

Two body term

A a (A) b(A)  C (kI A3 mol ')

O (in H,0) ~0.80 1.841 0.124 280
H (in H,0) 0.40 0.036 0.058 0.00
O (in H;0") ~2.00 1.629 0.085 0.00
H (in H;0") 1.00 0.036 0.058 0.00

D (kcal/mol) B(A™) r* (A)
O-H (in H,0) 75.0 274 0.82
O-H (in H0") 75.0 2.74 0.96

Three body term

f 107 1) 6y (degree) 1, (A) 2 (A ™Y
H-O-H (in H;0) 1.1 995 1.40 7.0
H-O-H (in H,0") 1.1 120.0 1.40 7.0

havior of water molecules of crystallization in the interan-
ionic regions was studied.

The Simulation of 12-Heteropolyanion Cluster

We simulated the 12-molybdophosphate anion,
[PMo,,04])>~ with Keggin structure to understand the dy-
namics of the atoms in this anion unit. The atomic positions
for the starting heteropolyanion structure are taken from
the X-ray crystallographic report of Sergienko er al. (21).
The simulation was carried out at 300 K. In this calcula-
tions, the anionic charge of the heteropolyanion is compen-
sated by three K* ions, which were put around the hetero-
polyanion arbitrarily. The motion of the heteropolyanion,
[PMo0,,04]°~ and the countercations, K~ after various time
steps of MD simulation are shown as computer graphics
(CQG) pictures in Fig. 2. The whole cluster was dynamic,
especially countercations were more mobile than atoms in
the heteropolyanion. These cations not only were re-
stricted around the polyanion but also maintained almost
equal distance among themselves after moving to the most
stable position. This may be due to the long range Coulomb
repulsion among mobile K* ions. Once these cations
moved to the most stable position, the configuration of the
cations hardly changed with the progress of simulation. The
plot showing the change in the mean square displacement
(MSD) of different atoms with the progress of MD simula-
tion is shown in Fig. 3. It was found that the countercations,
namely K~ ions were relatively more mobile than atoms
in the polyanion. By analysis of change in the number of

ion K*-0O?% ion pairs, it was found that K* ions had a
larger coordination number with respect to oxygen atoms
in the polyanion with progress of the calculation. If the
K*-0?" distance is equal or less than 4.0 A, then they are
treated as ion pairs. This may be also due to the Coulomb
attraction between the ions.

A detailed analysis of the structure of [PMo,,04) in
terms of their bond lengths were performed. Average
bond lengths from central phosphorus atom to neighboring
oxygen atoms and from the molybdenum atom to neigh-
boring oxygen atoms with the progress of MD simulation
are shown in Fig. 4. They hardly changed over the whole
time of simulation. The differences between initial and
final average O-P-O, Mo-O-Mo and O-Mo-O bond
angles in the polyanion were within 9°. These results indi-

0 STEP 1500 STEP

3000 STEP

FIG. 2. The motion of a single heteropolyanion with the Keggin
structure, [PM0,;04]" " and countercations, K*. The CG pictures of the
configurations during the MD simulation at 300 K at 0 step, after 1500
steps, and 3000 steps.
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FIG. 3.

heteropolyanion, [PMo0,,04)*  and the K* countercations.

The changes in the values of MSD of different atoms in

cate that the aggregated geometry of the polyanion remains
unaltered. Thus the CG pictures shown in Fig. 2 correspond
to different conformations of the cluster.

The Simulation of Anhydrated 12-Heteropoly
Compounds Lattice

MD simulations were also performed for the
K;PMo,,04 anhydrous lattice at 300 K. The CG picture
of this lattice is shown in Fig. 5. The positions of different
atoms in the K;PMo,0y, unit during the MD simulation
are shown as black regions in Fig. 6, while the *“+" symbols
denote the equilibrium positions of atoms reported by X-
ray structure analysis (22). The results indicate that the
atomic positions are close to the average positions deter-
mined by X-ray analysis. Similarly, the plot showing the
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FIG. 4. The changes in the values of average bond length of P-O
and Mo~O in the heteropolyanion, [PMo,,04]* cluster.

TSUJIMICHI ET AL.

FIG. §.

The CG picture of KsPMo204 lattice.

MSD of different atoms from the position of X-ray analysis
with the progress of MD simulation is shown in Fig. 7.
These values are not significant in comparison of the tem-
perature factor in the X-ray crystal structure analysis. Con-
sequently, the crystalline structure of K;PMo,;0y, lattice
was well reproduced during the MD simulation, placing
confidence on the validity of the potential parameters. The
average MSD values of K™ ions are found to be smaller
than the oxygen atoms in heteropolyanions in contrast to
the observation in the free polyanion. These results indi-
cate that when K" ions are present between the heteropoly-
anions, they are found to be less dynamic.

We also studied the behavior of the solvated protons as
the countercations. The positions of different atoms in

7

e

Heteropoly
anion
(PMo,,0 )

FIG. 6. The center of mass positions of different atoms in
KiPMo,,Qy lattice as calculated by the MD simuiation at 300 K are
shown as black regions. while the equilibrium positions determined exper-
imentally are shown as "+ symbols.
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FIG. 7. The changes in thc values of MSD of different atoms in
KiPMo,Qy, lattice.

K>(H30)PMo,,0y, lattice are shown as black regions in
Fig. 8, while the **+" symbols denote the equilibrium posi-
tions of atoms reported by X-ray structure analysis (22).
The MSD of some atoms with the progress of MD simula-
tion at 300 K are shown in Fig. 9. Figure 8 shows that the
crystalline structure of K;(H;0)PMo,,0y, lattice was well
reproduced during the MD simulation. It is clearly evident
from Fig. 9 that solvated protons are more dynamic than
the K" ions.

Similar simulations were carried out for the lattice repre-
senting the M;PMo,,0,4,, where M = Li, Na, and Cs, to
study the effect of the countercations on the dynamics. It
is assumed that the positions of cations (M) in M;PMo0,,0y,

O in H,0’
+ + + 4 | Heteropoly
d‘ anion
+ (PMOnOm)J-
5o+
+ P
* H in H,O"*
—tF *++ O in polyanion
+*. + Mo
+
R o
B id # * K
e
=N

FIG. 8. The center of mass positions of different atoms in K,(H;O)P
Mo,,0y, lattice as calculated by the MD simulation at 300 K are shown
as black regions, while the equilibrium positions determined experimen-
tally arc shown as **+" symbols.
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FIG. 9. The changes in the values of MSD of different atoms in
K, (H;0)PMo,-0y lattice.

for the starting structure are approximately same as for
K;PMo,,04,. The average MSD of different atoms in vari-
ous salts at 300 K after 3000 steps are shown in Fig. 10. It
can be seen that the average MSD of smaller cations such
as Li* and Na* ions are greater than those of larger cations
such as K* and Cs* ions. The reason could be that the
larger cations are coordinated to more oxygen atoms on
the periphery of Keggin structure. This contributes to the
stability of crystal structure. This result indicates that ther-
mal stability of 12-molybdophosphate at high temperature
is dependent upon the countercations. Especially when
countercations were alkali metal species, thermal stability
was well correlated with the radii of countercations, in
accordance with the results of TG and DTA experiments
by Eguchi et al. (23).
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FIG. 10. The average MSD of different atoms in various 12-hetero-
poly salts during 3000 steps of MD simulation at 300 K (O, Li salts; (1,
Na salts; ¢, K salts; A, Cs salts).
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FIG. 11.
steps of MD simulation at 300 K.

The CG picture of HPMoyV30y, - 30H,0 lattice after 3000

The Simulation of Hydrated 12-Heteropoly
Compounds Lattice

The water contents in the heteropoly acids and their
salts have significant effects on structural and catalytic
properties. Lattices containing different extents of water
of crystallization are known and that with five water mole-
cules, namely H;PW ;04 - SH,O forms the most dense
phase (1). Besides this, lattices containing greater number
of water molecules are also known (2), among which the
structure of HsPMo,V;0y, - 30H,0 (21) is well established.

Many water molecules corresponding to the stoichiome-
try of HsPMoyV ;04 - 30H,O are placed around the hetero-
polyanions with the Keggin structure and the MD simula-
tion was carried out at 300 K under the periodic boundary
condition. The position of oxygen atoms in the water mole-
cules and all atoms in heteropolyanion were as reported
experimentally (21) and the CG picture of the structure
after 3000 steps of the calculation is shown in Fig. 11. It
is observed that water molecules are matched well in small
space between several heteropolyanions. By analysis of
change in the number of H* (in water molecules)—QO?"
(in the polyanions) ion pairs—it was found that the number
of water molecules which were connected to the polyanions
by hydrogen bonds increased with progress of the calcula-
tion. If the H*-Q? distance is equal or less than 2.0 ;\,
then they are treated as ion pairs. This may be again due
to the Coulomb attraction between the ions. The changes
in values of MSD of different atoms for 3000 steps are
shown in Fig. 12. This figure emphasizes the fact that water
molecules are more mobile than the atoms in the hetero-
polyanion itself. In other words, the water molecules are
dynamic as in the bulk liquid phase. Such motion of water
molecules of crystallization were observed by NMR mea-
surement (12). A quantitative analysis of the result was

TSUJIMICHI ET AL.

0 0.5 1
Time / picosecond

FIG. 12. The changes in the values of MSD of different atoms in
hydrous heteropoly acids, H{PMoyV30y, + 30H,0 lattice.

performed. The structure of [PMoyV304]¢" anion sur-
rounded with water of crystallization was analyzed. Aver-
age bond lengths from central phosphorus atom to neigh-
boring oxygen atoms and from molybdenum or vanadium
atoms to neighboring oxygen atoms with the progress of
MD simulation are shown in Fig. 13. The bond lengths
hardly changed in all time, so the aggregated geometry of
the cluster remains unaltered. Therefore, [PMogV;04]°"
anion maintained Keggin structure even in water region,
in accordance with experimental results by Lavy et al. (24).
It follows from what has been said that the secondary
structure is more fiexible than the primary one.

CONCLUSION

From this study we establish the effectiveness of MD
techniques to study the structure and dynamics of 12-hete-
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FIG. 13. The changes in average bond lengths of P-O, Mo-0, and

V-0 in HPMoyV;0,, - 30H,O lattice.
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ropoly compounds containing 12-heteropolyanions with
Keggin structure, countercations and water molecules of
crystallization. The findings emerged from the MD simula-
tion may be summarized as listed below:

(1) 12-heteropolyanion with Keggin structure is rigid,
due to a strong bonding force between the metal and the
oxygen atoms which hold it.

(2) The mobility of countercations in the 12-heteropoly
salts depends on their size. The smaller cations are found
to have more mobility and consequently cause atoms in
an anion to exhibit high mobility. In contrast to small
cations, larger cations are less dynamic because the larger
cations could be in contact with more oxygen atoms on
the periphery of Keggin structure, and that contributes
atoms in the anion to have small mobility, which means
the crystal is more stable.

(3) The constituents of the secondary structure, namely
the water molecules are more dynamic than the atoms of
the primary anionic structure. The countercations on the
surface of single heteropolyanion are found to be more
mobile than those in the bulk.

(4) The water molecules of crystallization in 12-hetero-
poly compounds show dynamic behavior like in the bulk
liquid phase.

The methodology established here will be extended to
study the effect of heteroatom substitution in the Keggin
structure and the behavior of reactant molecules inside
the micropores.
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