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Structure analysis of vanadyl phosphate intercalated with
acetone has been carried out using a combination of X-ray
powder di4raction, infrared spectroscopy, and molecular mech-
anics simulations in Cerius2 modeling environment. IR spectro-
scopy revealed the tautomerism in the interlayer space of
VOPO4, i.e., a partial conversion of acetone to the enrol form.
Molecular simulations showed that this tautomerism leads to an
increase of the orientation disorder of guest species and conse-
quently to the increase of the disorder in layer stacking. This
disorder was con5rmed by X-ray powder di4raction. The basal
spacing d001 obtained from X-ray powder di4raction is
9.04(15) As . The average value calculated by molecular mechan-
ics simulations d001 5 9.14(25) As is slightly higher due to the
approximations used for the description of host+guest interac-
tion. The positions and orientations of guest species and the
mutual positions of two successive layers have been determined,
including the characterization of disorder. ( 2000 Academic Press

INTRODUCTION

Layered structures with strong intralayer and weak inter-
layer bonding can accommodate guest molecules in inter-
layer space without rearrangement or distortion of an
intralayer structure. These structures represent host com-
pounds suitable for intercalation (1}4). Intercalation a!ects
physical and chemical properties of the structures and can
thus provide us with the possibility to improve or "ne tune
the properties, either by a suitable combination of guest
species with the host structure, or by suitable concentration
of guest molecules. Anyway, the successful design of a new
intercalate with desirable properties requires the full under-
standing of the structure}property relationship. Therefore,
the structure analysis of intercalates plays a key role in this
"eld of crystal engineering.

Intercalation can be characterized as a positioning of
known molecules into a known layered crystal structure.
Consequently, the structure analysis of intercalates is usu-
ally focused on the determination of positions, orientations,
and arrangement of the guest molecules in the interlayer
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space and on the determination of the layer stacking (5).
Intercalated structures usually exhibit a certain degree of
disorder in their interlayer crystal packing and consequently
in the layer stacking. Thus, the characterization of the
disorder is an integral part of the structure analysis of the
intercalates.

Structure analysis of the intercalates is usually di!erent
due to two main reasons:

f As a consequence of a structural disorder, it is not
possible to prepare single crystals for the di!raction analy-
sis, and the samples are available in powder form only.

f The powder di!raction pattern, which is a!ected by the
disorder, is in addition a!ected by preferred orientation of
disk-shaped particles of the intercalate.

As a result of these e!ects, one can observe only 00l
re#ections and very weak and broad hkl re#ections. It is
evident that X-ray di!raction alone cannot solve all the
speci"c problems of the intercalated structures. In such
a case, molecular simulations combined with experimental
methods (XRD, NMR, IR, and Raman spectroscopy) rep-
resent very useful complementary tools in the structural
studies of intercalates.

Molecular simulations predict crystal structure and prop-
erties using energy minimization. The crystal energy in the
molecular mechanics simulation is described by an empiri-
cal force "eld. The potential energy for the arbitrary geo-
metry of a molecule or crystal structure is expressed as
a superposition of valence (bonded) interactions and non-
bonded interactions (i.e., Van der Waals, Coulomb, and
hydrogen bond). The valence interactions consist of bond
stretch, bond-angle bend, torsion, and inversion terms (for
more details see for example Mayo et al. (6)). The strategy of
modeling, which means the building of the initial model, the
choice of the force "eld, and minimization conditions, is
based on the preliminary results of X-ray di!raction and IR
spectroscopy.

In the present work, we used molecular mechanics simu-
lations in Cerius2 modeling environment (Molecular Simu-
lations, Inc.) in conjunction with X-ray powder di!raction
and IR spectroscopy to investigate the structure of vanadyl
6



FIG. 1. X-ray powder di!raction pattern of vanadyl phosphate inter-
calated with acetone, where only three basal re#ections are observable.
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phosphate intercalated with acetone. For the description of
Cerius2 software, see for example Comba and Hambley (7).
This complex structure analysis provides us with the de-
scription of structure including the characterization of dis-
order, the character of the host}guest interactions, and the
total sublimation energy.

EXPERIMENTAL

Sample Preparation and XRD Measurements

Vanadyl phosphate dihydrate was prepared by boiling
a mixture of V

2
O

5
in diluted H

3
PO

4
under a re#ux for 14 h

(8). The product was "ltered and washed with distilled water
several times. The yellow solid was dried in air at ambient
temperature. The intercalation compound of acetone with
VOPO

4
was obtained by a reintercalation reaction of a pro-

panol intercalate with acetone. The propanol intercalate
was prepared by suspending microcrystalline VOPO

4
)

2H
2
O (ca. 1 g) in about 10 ml of dry propanol. The reaction

mixture was placed in a 15-ml glass #ask equipped with
a re#ux condenser and put into the wave guide of a micro-
wave generator with stirring and heating and exposed to
a microwave "eld or 10 min (9, 10). The construction of the
microwave generator was described earlier (9). After cool-
ing, the solid product that formed was "ltered o!. The
product (1 g) was suspended in 50 ml of dry acetone and
stirred for 1 h at room temperature. The intercalate was
"ltered and stored over P

2
O

5
.

The powder data of the intercalate with an excess of
acetone were measured under protection foil by means of an
X-ray di!ractometer (HZG-4, Germany) using CuKa

1
radi-

ation (j"1.54051 As ) with discrimination of the CuKb by
an Ni-"lter. The CuKa

2
intensities were removed from the

original data using Rachinger procedure in the program
DIFPATAN (11). Silicon (a"5.43055 As ) was used as ex-
ternal standard. Di!raction angles were measured in the
3}503 range in 2h. In order to minimize preferential orienta-
tion, the following process was applied: A piece of #at glass
serving as a sample holder was coated with silicone grease
and then sprinkled with "nely ground VOPO

4
) 2H

2
O. Va-

pors prepared by bubbling dry nitrogen through liquid
propanol were blown on the sample. The propanol interca-
late formed by this way was then blown with acetone va-
pors. The whole process of intercalation was continually
checked by X-ray di!raction. This method of sample prep-
aration eliminates the preferred orientation of #at powder
particles. The measured di!raction pattern is shown in
Fig. 1.

The character of the X-ray powder pattern exhibits
the features, characteristic for disordered layered
structures, which make the structure analysis extremely
di$cult:

f The strong preferred orientation of disk-shaped par-
ticles with predominant 00l re#ections.
f The width of basal re#ections 00l exceeds the instru-
mental broadening and indicates certain #uctuations in
basal spacing due to the irregularity in the interlayer crystal
packing.

f The broadening of hk0 and hkl re#ections indicating
the disorder in layer stacking.

The X-ray di!raction pattern was analyzed using the
program DIFPATAN (11). Asymmetric Pearson function
has been used to "t the line pro"les and to decompose the
overlapping lines 200/003. The basal spacing obtained by
extrapolation method (12) was 9.04(15) As . The 00l line
widths FWHM (full with at half maximum) were used to
analyze the interlayer microstrain, due to the inhomogene-
ity of basal spacing. The #uctuation range of basal spacing
found by Williams}Hall method (13) was 8.89}9.19 As .

IR Spectroscopy

Infrared spectroscopic measurements were carried out
using a NICOLET IMPACT 400 Fourier transforms in-
frared (FTIR) spectrophotometer in a H

2
O-purged environ-

ment. An ambient-temperature deuterated triglycine sulfate
(DTGS) detector was used for the wavelength range from
400 to 4000 cm~1. The baseline horizontal attenuated total
re#ection (ATR) accessory with ZnSe crystal (n"2.4 at
1000 cm~1) was used for the measurements of the infrared
spectra of the samples. In our experiments, the e!ective path
length was approximately a few lm (angle of incidence, 603;
number of re#ections, 7). The ATR correction was made to
eliminate the dependence of the e!ective path length on the
wavelength. The measurements of the vibration spectra of
each compound were repeated three times using three di!er-
ent samples of the same material. No changes of the studied
spectral features have been observed.



FIG. 2. Infrared spectra of the pristine acetone and the vanadyl phos-
phate, intercalated with acetone.
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Figure 2 shows the infrared spectrum of the pristine
acetone and vanadyl phosphate intercalated with acetone.
Comparing these two spectra we can observe a slight shift of
the C}C}C asymmetric stretching band from 1223 cm~1 in
pristine acetone to 1239 cm~1 in the intercalate due to the
crystal "eld in the interlayer space. According to Silverstein
(14) the con"guration in which two methyl groups are
attached to the same carbon atom exhibits a distinctive
absorption band in C}H bending region. This band is split
due to the interactions between the in-phase and out-of-
phase symmetrical CH

3
bending of the methyl groups at-

tached to the same carbon atom. Two peaks of almost equal
intensity at 1362 and 1357 cm~1 are observed in the pristine
acetone. This splitting is more pronounced in the intercalate
(1368/1356 cm~1), where the two di!erent methyl groups
reside in di!erent environments in the interlayer space. Two
distinct bands corresponding to asymmetrical bending vi-
bration of CH

3
are observed at 1438 and 1421 cm~1 in the

pristine acetone. This splitting is more pronounced in the
intercalate, due to the reason mentioned above (Fig. 2). In
addition, this pro"le of the band between 1400 and
1450 cm~1 is a!ected with the presence of enol-form. Ac-
cording to (14, 15) the scissoring band of CH

2
occurs be-

tween 1400 and 1450 cm~1.
The IR spectra should be divided into two parts for the

present analysis. The "rst part at low wavenumbers
650}1500 cm~1 shows the same character of guest molecu-
les in the pristine acetone and in the intercalate, with only
a slight shift or more pronounced doublet splitting. The
second part at high wave numbers shows the changes going
from the pristine acetone to the acetone in intercalate. First
of all, the C"O stretching vibration band observed at
1712 cm~1 in the pristine acetone is split (1690/1680 cm~1)
in the intercalate, probably due to the anchoring of C"O
oxygen to the vanadium in VOPO
4

host layer. The most
important di!erence between the two spectra in Fig. 2 is the
presence of the new band at 1622 cm~1 in the IR spectrum
of intercalate. According to (14, 15) this band corresponds to
the C"C bond of enol form, which can occur in the inter-
layer space of VOPO

4
.

In order to estimate the possible changes in host layers
during the intercalation, four characteristic absorption
bands corresponding to the VOPO

4
layers were used for the

estimation of the intercalation e!ect on the host structure:
1. PO

4
asymmetric stretching, observable at 1143 cm~1

in the host structure and at 1133 cm~1 in the intercalate.
The band positions for the host structure were taken from
our previous work (16).

2. V"O stretching mode, observable at 995 cm~1 in the
host structure and at 1002 cm~1 in the intercalate (only
a shoulder).

3. PO
4

symmetric stretching overlapped with a P}O}V
deformation band. This broadened band has the center of
gravity in the same position at about 920 cm~1 in the host
and intercalated structure.

4. Lattice vibrations at 681 cm~1 in the host structure
and at 678 cm~1 in intercalate.

The comparison of IR spectra for acetone, host structure,
and intercalate showed only slight changes in positions of
bands corresponding to acetone molecules and VOPO

4
layers; that means that besides the occurrence of the enol-
form, no signi"cant changes of the host structure and guest
molecules can be observed after intercalation. This con-
clusion is extremely important for the strategy of modeling.

STRATEGY OF MODELING

Strategy of modeling, i.e., the building of the initial mod-
els, the set up of energy expression, choice of the force "eld,
and conditions of energy minimization, was based on the
experiment. The initial model of intercalate VOPO

4
)

CH
3
COCH

3
was built using the known structure data for

the host compound VOPO
4
) 2H

2
O. The host structure was

determined by Tietze (17) from single-crystal X-ray di!rac-
tion as a tetragonal, space group P4/nmm with a"6.202,
c"7.41 As and z"2. Tachez et al. (18) presented the
structure re"nement of the deuterated compound
VOPO

4
) 2D

2
O based on neutron powder di!raction data:

space group P4/n, a"6.2154(2), and c"7.4029(7) As . The
host structure of vanadyl phosphate dihydrate consists of
sheets of distorted VO

6
octahedra and PO

4
tetahedra lin-

ked by shared oxygen atoms (see Fig. 3). Two di!erently
bonded water molecules in the interlayer space give rise to
the network of hydrogen bonds, linking the VOPO

4
sheets

together. The "rst water molecule attached to vanadium is
hydrogen bonded to the second water molecule, which is
hydrogen bonded to PO

4
oxygens. In the present initial

model we used the structure data of Tachez et al. (18). The



FIG. 3. The host structure of vanadyl phosphate, with the interlayer
water molecules. Hydrogen bonds between water molecules are marked
with dotted lines.
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VOPO
4

layers in the initial model were removed to the
interlayer distance 9 As and the water molecules were re-
placed by the intercalating species. Creating the modeling
strategy we took into account the following experimental
results:

f From X-ray powder di!raction of the intercalate, we
obtained the basal spacing d"9.04 As . The broadening of
00l line pro"les shows the microstrain in the interlayer
accompanied with the inhomogeneity of basal spacing and
indicating an interlayer disorder. The 200 re#ection observ-
able in the di!raction pattern shows the a parameter of
6.21 As unchanged in comparison with the host structure.
Weak and broadened hkl re#ections in the di!raction pat-
tern of intercalate indicate a disorder in the layer stacking.

f IR spectra of the intercalate and the host structure
exhibit nearly the same positions of bands corresponding to
the symmetric and asymmetric PO

4
stretching modes to the

V"O stretching and lattice vibration mode. That means
no signi"cant distortions of the VOPO

4
layers are caused

by intercalation. The absorption bands corresponding to
acetone have nearly the same or slightly shifted positions in
the IR spectrum of the intercalate in comparison with the
spectrum of the pristine acetone. The presence of the ab-
sorption band of enol-form was taken into account in the
strategy of modeling.

These experimental results led us to the conclusion that in
our calculations the host layers and guest molecules can be
treated as rigid bodies (with su$ciently good approxima-
tion) and that the host}guest interactions have a nonbond
character. That means the Crystal Packer module in the
Cerius2 modeling environment can be used, which leads to
the signi"cant reduction of CPU time necessary for the
calculations. Taking into account the nonbond host}guest
interactions only, we are neglecting the V}O

!#%50/%
bonding

forces between the vanadium and acetone oxygen O
!#%50/%

.
The possible error caused by this approximation should be
noticeable in the V}O

!#%50/%
distance and consequently in

the basal spacing. This e!ect will be discussed later in
Results.

Crystal Packer is a computational module that estimates
the total sublimation energy and packing of molecular crys-
tals. Energy calculations in Crystal Packer take into ac-
count the nonbond terms only, i.e., van der Waals
interactions (VDW), Coulombic interactions (COUL), hy-
drogen bonding (H-B), internal rotations, and hydrostatic
pressure. The asymmetric unit of the crystal structure is
divided into fragment-based rigid units. Nonbond (VDW,
COUL, and H-B) energies are calculated between the rigid
units. During the energy minimization, the rigid units can be
translated and rotated and the unit cell parameters varied.
The Ewald summation method is used to calculate the
Coulomb energy in a crystal structure (Karasawa and God-
dard III (19)). The Ewald sum constant was 0.5 As ~1. The
minimum charge taken into the Ewald sum was 0.00001e.
All atom pairs with separations less than 10 As were included
in the real-space part of the Ewald sum, and all reciprocal-
lattice vectors with lengths less than 0.5 As ~1 were included
in the reciprocal part of the Ewald summation. Charges in
the crystal are calculated in Cerius2 using the QEq-method
(Charge equilibrium approach). This method is described in
detail in the original work of RappeH and Goddard III (20).
For VDW we used the well-known Lennard}Jones func-
tional form, with the arithmetical radius combination rule.
A nonbond cut-o! distance for the VDW interactions was
7.0 As . There are three force "elds available in Crystal
Packer for VDW parameters: Tripos (21), Universal (22),
and Dreiding (23). In minimizing a very low density cell, the
intermolecular distances may be greater than the nonbond
cut-o! distance and no attractive interunit forces are cal-
culated. However, by applying an external pressure at the
start of the minimization, one can bring the rigid units into
closer contact. The external pressure 50 kbar was applied
for the "rst minimization and then the external pressure was
removed and new minimization started. Three sets of initial
models have been built for the molecular mechanics simula-
tions, as follows.

I. Model-A. Pure acetone in the interlayer space. Cell
parameters: a"b"6.21 As , a"b"c"903, and c"9 As
and with two formula units VOPO

4
)CH

3
COCH

3
per one

unit cell. Space group P1 allows the variation of parameters
a, b, and c during energy minimization. The parameters a, b,



FIG. 5. Mutual positions of the two successive VOPO
4

layers, sche-
matically drawn as cylinders, with the positions of interlayer acetone
molecules. The shift vector p is denoted by arrow (Model-A with acetone
molecules only).
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and c were "xed in agreement with the assumption of rigid
layers. Three rigid units were assigned to one unit cell for the
energy minimization: two acetone molecules and one host
layer.

II. Model-AE1. Acetone with 25% of enol-form in the
interlayer space. Space group P1, supercell 2ax2bx1c, i.e.,
supercell parameters A"B"12.42 As , B"2b, C"9 As
(parameters a, b, c, a, b, c, were the same as in Model-A)
and the supercell content: 8(VOPO

4
) ) 6(CH

3
COCH

3
) )

2 C
2
"C(OH)CH

3
with two enol-molecules per supercell.

Rigid units were 6 acetone molecules, 2 enol molecules, and
host layer.

III. Model-AE2. Acetone with 12.5% of enol-form in
the interlayer space. Space group P1, the same supercell as
in Model-AE1, with the supercell content: 8(VOPO

4
) )

7(CH
3
COCH

3
) )CH

2
"C(OH)CH

3
. Rigid units were

7 acetone molecules, 1 enol molecule, and host layer.

RESULTS AND DISCUSSION

Model-A

A series of initial models with di!erent initial positions
and orientations of acetone molecules in the interlayer space
have been prepared for modeling. The results of energy
minimization for all these models led to the structure model
illustrated in Fig. 4. Two sets of the VDW parameters were
used in the present calculations from the Universal and
Tripos force "elds. Both sets of the parameters give the same
FIG. 4. The arrangement of pure acetone in the interlayer space of
VOPO

4
. The oxygen atoms of acetone complete the vanadium octahedra.
arrangement of the guest molecules; however, the Tripos
VDW parameters led to better agreement of the calculated
and measured basal spacing: d(calc)"8.98 As and d(exp)"
9.04 As . The basal spacing in all calculated models varied
within the 8.88}9.07 As range, and the mutual position of the
two successive layers exhibits shift in 100 direction with
respect to the tetragonal host lattice (see Fig. 5). The shift
vector p characterizing the position of the two successive
layers has the main component in a direction p

a
"

0.25}0.58 As ; that means Dp
a
"0.33 As while the component

p
b
is in the 0.001}0.01 As range.
The acetone molecules in the minimized models are an-

chored to vanadium with their oxygen O
!#

to complete the
VO

6
octahedra and to replace water oxygen in the host

structure. This is in agreement with the IR spectroscopy
results, which show the V"O stretching band at nearly the
same position in the intercalated and host structures, indic-
ating the same coordination of vanadium in host structure
and intercalate. The average calculated V}O

!#%5
distance is

2.33 As , while the V}O
8!5%3

distance in hydrate is 2.23 As . The
calculated V}O

!#%5
distance may be in#uenced by the neglect

of V}O bond interaction. However, the comparison of cal-
culated and experimental basal spacing shows that the e!ect
caused by the neglect of V}O bond interaction is negligible
(within the limits of experimental error).

Acetone molecules attached to the lower and upper sheets
of VOPO

4
are arranged in two partially overlapping layers



FIG. 7. The anchoring of enol-molecule to the vanadium octahedron.
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and the C}C}C plane of acetone is inclined to the VOPO
4

sheet. The average C}C}C inclination angle varies within
the 29.4}29.83 range, giving the average value is 29.63. The
inclined C}C}C planes of acetone molecules are slightly
rotated around C"O bonds. As a result of this rotation the
methyl groups in one acetone molecule have slightly di!er-
ent positions and orientations with respect to the VOPO

4
sheet. This e!ect can explain the enlarged splitting of CH

3
bending modes in the intercalate in comparison with the
pristine acetone. The total sublimation energy per one unit
cell 135.14 kcal/mol consists of two parts: van der Waals
(20.42 kcal/mol) and electrostatic (134.72 kcal/mol) contri-
bution.

Model-AE1 and Model-AE2

The result of modeling for the models with 25 and 12.5%
of enol-form in the unit cell shows a higher degree of
disorder in the interlayer space, as one can see from Fig. 6.
Comparing with Fig. 4, one can see the slightly di!erent
orientation of individual guest species acetone and enol-
molecules with respect to layers. The C}C}C inclination
angle of acetone molecules varies within 28.8}31.13, and in
case of the enol-form within 24.3}28.03. (The C}C}C incli-
nation angle was obtained by averaging over the aceton and
enol molecules in one supercell and over the series of mini-
mized models for: Model-AE1 and -AE2.) Comparing these
values with those from the Model-A and comparing the
FIG. 6. The arrangement of the acetone and enol-molecules in the
interlayer space of VOPO

4
. The hydrogen bonds of the enol}OH groups to

PO
4

oxygen are marked with dotted lines (Model-AE1).
ranges, it is evident that enol-form causes a higher disorder
in the structure of intercalate. This orientation disorder
leads to the higher degree of disorder in layer stacking. The
magnitude of the shift vector p in 001 direction varied
within 0.37}0.78 As and the basal spacing varied within
9.29}9.39 As for models with 12.5 and 25% enol-form. The
enol molecules are anchored to vanadium with their oxygen
O

%/0-
to complete the VO

6
octahedra and to replace water

oxygen in the host structure. The average value of the
calculated V}O

%/0-
distance is 2.40 As , which is higher than

the calculated V}O
!#%5

distance.
The character of the di!raction pattern, that means the

00l line broadening indicating the range of basal spacing
8.89}9.19 As and the hkl broadening, shows that the disorder
in real samples is caused by the presence of domains with
various concentration of enol-form and with a certain de-
gree of orientation disorder of guest molecules and conse-
quently with internal strain in the interlayer accompanied
with the corresponding range of basal spacing. Taking into
account all the calculated models in the three sets of type
Models A, AE1, and AE2, we obtained the average basal
spacing 9.14 As , which is in good agreement with the experi-
mental value, 9.04(15) As , within the limits of experimental
error.

CONCLUSIONS

Present results showed that the combination of X-ray
di!raction and IR spectroscopy with molecular mechanics
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simulations can provide us with the structure characteriza-
tion of the intercalated layered structure, which is usually
partially disordered, and consequently the conventional
structure analysis based on di!raction method is impossible
in such a case. As a result of this complex structure analysis
we can get the detailed model of structure including the
characterization of the disorder and the information about
the character of the host}guest interactions. Present results
also showed the importance of the experiment for the strat-
egy of modeling and for the con"rmation of the results of
modeling.
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