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Abstract Molecular mechanics simulations using Cetiobsmbined with X-ray diffraction and sup-

ported with vibrational spectroscopy have been used to investigate the layered structure of vanadyl
phosphate VOPQintercalated with ethanol. This intercalated structure exhibits certain degree of disor-
der, which affects the diffraction diagram and obstructs the conventional structure analysis based on
diffraction methods only. Present structure analysis is focused to the crystal packing in the interlayer
space and layer stacking in the intercalate. The bilayer arrangement of ethanol molecules in the interlayer
has been found, giving the basal spacing d = 13.21 A, experimental d-value obtained from X-ray
diffraction is 13.17 A. One half from the total number of ,CH,OH molecules is anchored with their
oxygens to VOPQlayers to complete vanadium octahedra and their orientation is not very strictly
defined. The second half of ethanoles is linked with hydrogen bridges to the anchored etahanoles and
sometimes also to the layer oxygens. Positions and orientations of these unachored ethanoles with
respect to VOPQlayers exhibit certain degree of disorder, resulting in the disorder in layer stacking.
Molecular mechanics simulations revealed the character of this displacement disorder in layer stacking
and enabled to determine the components of the displacement vector.
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chemical propeies. These compounds may find applica-
tions in many fields that range from the catalysis to ionic
N _conductvity [1-3]. To understand the structure-properties
Intercalated phosphates of transition metals have been widepg|ationship in these intercalated layered structures we have
investigated from the viewpoint of their remarkable physico-tg focus the structure analysis to the crystal packing in the
interlayer space, that means to the position and orientation

_— . ) of guest molecules, including the host-guest and guest-guest
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Why to use molecular simulations to investigate the these sheets together. The host structure of vanadyl phos-
structure of intercalated vanadyl phospate? phate dihydrate accding to Tatez et al. is illustrated in
Figure 1.

X-ray diffraction structure analysis is usually difficult in case
of intercalated layered struces: The diffaction diagrams
are very often affected by many effects like disorder in
rangement of guest molecules in the interlayer space and
order in stacking of layers. As a result of this disorder, it is . .
almost impossible to prepare the single crystal of reasonalflecréate the strategy of modelling, i.e. the set up energy
size for the diffraction analysis. Powder diffraction pattefp*PT€ssion, the choice of the forcefield, the set up

affected by the disorder is in addition influenced by the stro 'nimatization conditions (assignment of constraints and rigid
preferred orientation, as it is usual in powder samples of [4J1itS), one has to consider the nature of host-guest and guest-
ered structures. In such a case the X-ray powder diffract@#fSt interactions and consequently the possible changes of
alone can not provide all the necessary structure param resp. guest structures after mterca_latlon. In the present
and molecular simulations represent very powerful tools §iHdY We based the strategy of modelling on the available
structure analysis. experimental data. In spite of the low information content of

In the present work we use the Crystal Packer moduldPpwder diffraction pattern from intercalated layered struc-
the Ceriu modelling environment to investigate the strudures; the limited number of parameters obtained from these
ture of intercalate: VOPO4-2CH3CH20H. The X-ray po lata is very important for the strategy of modelling and also
der diffraction measurements, supported by infrared and P _the interpretation of the modelling r_esults. In partu;ular,
man spectroscopy have been used to create the strate there is an evidence for a structure disorder in the diffrac-
modelling and to check the results. The structure of the hp@f diagram, the results of modelling can reveal the charac-
compound VOPQ2H,0 has been determined by Tietze [4 r and'degree of thIS' disorder. The character of host-guest
from single crystal X-ray diffraction data as a tetragonal, sp @raotlons can be derived from IR resp. Raman spektroscopy,
group P4/nmm with a=6.202 A, c=7.41 A and z=2. Tachez4&iN9 comparison of spectra for host structure, intercalated
al. [5] presented the structure refinement of the deuterafg/Cture and intercalating species. ,
compound VOPQ2D,0 based on neutron powder diffrac- _vanadyl phosphate dihydrate was obtained by long term
tion data: space group P4/n, a=6.2154(2) A and c=7.4024{9}ing of vanadium pentoxide suspension in aqueous phos-
A. The host structure of vanadyl phosphate consists of ifffloric acid, according to Ladwig [6]. Vanadyl phosphate in-
nite sheets of distted VQ, octahedra and PQetrahedra tercalated with ethanol VORQCHCH,OH was prepared
linked by shared oxygen atoms. Shared water molecules fiykSuspending microcrystalline VOR@H,0 in dry ethanol

%zl'(gerimental basis for the strategy of modelling

Figure 1 The layered host
structure of VOPQ2 H,0
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Figure 2 X-ray powder dif- X-ray diffraction diagram of VOPO, intercalated with ethanole
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and subsequent short exposure (0.5-1 min) to a microw .
field (2450 MHz). For more details see Benes et al. [7,8]. §¥Fategy of modelling
ray diffraction data were obtained with the HZG4 diffracto- ) ) ) )
meter, using Ni-filtered radiation CuK The samples for X- Crystal Packer is a computational module in Cériasd-
ray diffraction were left wet with a smalll residue of th&ling environment that assists in the estimation of the total
ethanole and covered with Mylar foil to prevent powder paiublimation energy and packing of molecular crystals. Crys-
ticles from the exposure to the open air. tal Packer (version3.5) has it's own force field library for
The diffraction diagram for the intercalate/DW parameters containing: (1) Dreiding force field [9], (2)
VOPO,-2CH,CH,OH is shown in the Figure 2. The StronéJnlversal force field and (3) Tripos force field. The prelimi-
basal reflection€0I up to the 9th order have been observeB"y tests showed, that the use of Dreiding force field gives
giving the basal spacing d=13.17 A. This value suggests t@ best agreement of calculated basal spacing with the ex-
bilayer arrangement of the ethanole molecules in the interlapfimental value, obtained from x-ray diffraction. The prob-
space. In spite of the strong preferred orientation of didRM IS, that there are no parameters for vanadium in the
shaped particles, there are still some vesakhk! reflec- Dreiding force field. This problem has been solved by edit-
tions present in the diffraction diagram, (see Figure 2 - upffed the force field and including VDW pameters for vana-
corner), showing a certain degree of ordering in the |aﬂ;|a|m, t.aken from the Umvgrsal force field into the Dreiding
stacking. However the broadening of hkl reflections indica@ce field. As the comparison of the calculated and meas-
the displacement disorder in layer stacking. This disordéfed basal spacing showed that, there is good agreement, this
resulting in line broadening and shift of certain reflectiorametrization has been accepted as a reasonable approxi-
obstracts the indexing of powder pattern and assigning fAgtion. Energy calculations in Crystal Packer take into ac-
space group. In such a case molecular simulations enabl8Q4t the nonbond terms only, i.e. van der Waals interactions
to estimate the direction and length of layer displacemd¥PW), Coulombic interactions (COUL), hydrogen bond-
vector. ing (HB), internal rotations and hydrostatic pressure. The
Comparison of the infrared and Raman spectra for the h%g\.{mm_etric unit of the crystal is divided into fragment-based
structure VOPQ2H,0, the intercalating species 2q&H,0H 1gid units. Nonbond (VDW, COUL, H-B) energies are cal-
and the intercalate VOP@CH,CH,OH led us to the con- culatgql between the rigid units. During energy minimization,
clusion, that there are no significant distortions neither #€ rigid units can be translated and rotated and the unit cell
VOPQ, layers nor in ethanole molecules. Consequently théd@ameters varied. Energy term consisting of VDW, COUL
both fragments in the intercalated structure can be treate@3@ HB interactions was set up using the following param-
rigid units during energy minimization with nonbond mutu&ters: Non-bond cut-off distance for the VDW interactions
interactions, that means the Crystal Packer module in #as 7.0 A, that means VDW interactions between atoms fur-

Ceriug modeling environment can be used for structure analer apart than this distance are ignored. Ewald sum constant
sis of VOPQ-2CH,CH,OH. was 0.5 AL Minimum charge taken into Ewald sum was
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Figure 3 The bilayer ar-
rangement of ethanole mol-
ecules in the interlayer space
of vanadyl phosphate

0.00001e. All atom pairs with separation less than 10.0 A dgition for a succesfull structure analysis. That means, the care-

included in the real-space part of the Ewald sum. All recipriod charge mapping of host layers and guest molecules is

cal-lattice vectors with lengths less than 0:3 e included strongly recommanded for the building of the correct initial

in the reciprocal part of the Ewald summation. Hydrogenodel.

bonds with maximum hydrogen - acceptor distance 2.5 A

and minimum donor - hydrogen - acceptor angle 90° have

been included into energy calculations.
The initial model of intercalated structure has been bul

using the known structure of the host compound and interca-

lated species, that means 2 formula units VQBCH,CH,OH

and consequently 5 rigid units per one unit cell. The initi

cell parametrs were a=b=6.21 A. The c-paramter in the inj-

tial model c=14 A should be larger than that estimated frg e results of energy minimization for the series of initial
diffraction data, in order to allow the manipulation with in/10dels led to the bilayer arrangement of the ethanole mol-
ules in the interlayer space, illustrated in Figure 3. As one

tercalating species in the interlayer. In minimizing a ve {E? see from this figure, one half from the total number of
a

sults and discussion

glrystal packing in the interlayer space

low density cell, the intermolecular distances may be lar nole molecules, is anchored with their oxygens to the

than the nonbond cutoff distance and no attractive inter-u %gadium, to complete the vanadium octahedra instead of

forces are calculated. However, by applying an external pré O oxygens in the host structure. (Compare Figures 1 and

sure at the start of minimization one can bring the rigid un The \al f basal ; btained it of en-
into closer contact. The external pressure 50 kbar has bgen € \alues of basal spacings obtained as a resuit ot en
y minimization for a series of initial models are within
range d = 13.18 - 13.24 A, giving the average value 13.21
.“The corresponding values of the total sublimation energy
e||E§ per one unit cell range from 161.34 to 162.18 kcal. The
complete sets of parameters for two examples of minimized
Wodels: Model-I and Model-Il are sumarized in Table 1. As

e can see from Table 1, the main contribution to the total
3 blimation energy comes from the Coulombic interactions
&%d the energy and d-values are nearly the same for two mod-
H;_ with different cell anglea and . This is the clear evi-

applied for the first minimization and than the external pre 9
sure was removed and new minimization started. Suppos
the rigid VOPQ layers, the cell parameters aatdy were
fixed during energy minimization and variable paramet
were: c¢,a andp.

The Charge Equilibration Method (QEq) , available i
Ceriug, has been used to calculate the atomic charges |
Preparing the initial model for Crystal Packer, one has to
up the intercalating species very close to their real positi
on the host structure layers and this is in fact the crucial c§
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Table 1 Results of energy minimization for two models efand-up positions with respect to layers, while the free
VOPQ,.2CH,CH,OH, The contributions of VDW, COUL ancethanoles (yellow and red) are lying with their C-C bonds
HB energy to the total sublimation energy Easal spacing nearly paralell to the layers. Free ethanoles are linked with
d and the cell parameters : a,  are presented for Model-I hydrogen bridges to that anchored ones and in some cases
and Model-II. (Cell parameters a=b=6.21A apg90° were also to the layer oxygens.

fixed during energy minimizan). Thecomponents of the Itis obvious from the way of arrangement and bonding of
displacementector o in a and b directions ¢, and g, are CH,CH,OH molecules to the layers that there will be a cer-
given in the last two lines tain degree of disorder in their positions and orientations.
One can also conclude from Figures 3 and 4 that in case of
free ethanole, their positions are not strictly defined. One

MODEL Model-I Model-Il can also notice, that there are no strict rules for the orienta-
tion of both ethanole molecules (anchored and free). There is

VDW (kcal/mol) 15.83 14.41 in fact only one strict rule for the ethanole position on the

COUL (kcal/mol) 140.82 139.02 VOPQ, layer: the anchoring of ethanole oxygens in the apex

HB (kcal/mol) 4.69 8.75 of vanadium octahedra.

E. (kcal/mol) 161.34 162.18 Taking into account only the non-bond host - guest inter-

d(A) 13.18 13.24 actions, we are neglecting the \-@onding forces between

c (A 13.52 15.40 the vanadium and ethanole oxygep Ohe possible error

a (°) 77.95 91.94 caused by this approximation should be noticeablkernv-

B 85.16 59.39 O, distance. The V-O distance d(V-O) = 2.233(5) A has been

o, (A) 2.04 1.63 determined for the host structure VOPZH,O by Tietze

o, (A) 0.29 0.52 (1981) from X-ray single crystal diffraction. The average d(V-

0) value 2.38 A obtained from present modelling is slightly
higher than that in the host structure, what can be also ex-
. . . . . lained with the lower oxygen charge (-0.62e) in ethanole
ldenc(:je. forhthe dlsoLder in layer stacking, which will be a an in water molecule (-0.81e). Anyway the comparison of
ysed in the next chapter. xperimental (13.17 A) and calculated (13.21 A) basal

Figure 4 shows the positions of ethanole molecules adja; . . N X
o . acings shows, that the possible error arrising from the omit-
cent to VOPQlayers from the direction perpendicular to thﬁE ofg\]/-o bond interactiF:)n is not significantg
layers. One can see from Figure 4 that the anchored ethanoleg, s, alize the packing of CBH,OH in thé interlayer
2 L

(green) have their oxygens (green balls) placed just in & present in Figures 5a,b only the ethanole molecules in
apex of vanadium octahedra. The rest of ethanole molec fféyer arrangement in thé interlayer, with deleted VOPO
(red) - not anchored directly to VOE{(]hy'ers, (further de- | ers, for two models presented in ,Table 1: Model-I (a),
noted as free ethanoles) - are placed in the middle of f§qe 1| (). In view perpendicular to the layers one can see

cavities, created by anchored ethanoles. It is also evident f h L . . O
; ' m neous distribution of intercalating species, in both
Figures 3 and 4 that the anchored ethanoles are almos %]1 omoge 9sp

Figure 4 Positions of

ethanole molecules adjacent
to VOPQ layers. The green
ethanoles are anchored to va-
nadium, with their oxygens
(green balls) in the apex of
vanadium octahera. The va-
nadium octahedra bellow the
red ethanoles, partially im-

mersed in VOPQare ori- : l‘ : l\ : l\
ented vith their V=0 bonds . . .
towards to the red ethanoles _
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Figure 5a Two layers of
ethanole molecules in the
interlayer space for Model-
(a). Host layers were deleted
for clarity. The lower layer of
ethanoles is drawn in blue
color, upper layer is yelow
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Figure 5b Two layers of
ethanole molecules in the — coormmmmr oo e
interlayer space for Model- ; ; :
Il in the view perpendicular
to the layers. Host layers
were deleted for clarity. The
lower layer of ethanoles is
drawn in blue color, upper
layer is pink -
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Figure 6a lllustration of the layer stacking for Model-1. Thd-igure 6b lllustration of the layer stacking for Model-II. The
ethanoles were deleted from the interlayer. View - perpethanoles were deleted from the interlayer. View - perpen-
dicular to layers. Vanadium atoms - brown, P@oups are dicular to layers. Vanadium atoms - brown, P@oups are
black, magenta and blue in 3 successive VORgers black, magenta and blue in 3 successive VOR¢ers

minimized models, where the blue color marks the ethanollkee predominant component & resp.b direction in the te-
in the lower layer. It is clear from the comparison of Figurésgonal lattice of the host structure, with the small compo-
5a,b that the orientation of ethanole molecules may be diént in perpendicular direction. Both models in figures 6a,b
ferent in different models, resulting in nearly the same depresent the limiting values, found for the components of
values and total crystal energy (see Table 1). the displacemtectora: o, = 1.63 - 2.04 A anas, = 0.29 -
0.52 A. Thedisplacement vectors for both models Model-
and Model-Il are illustrated in Figure 7. As the displacement
Layer stacking in the intercalated structure vector is determined by the two rules for layer stacking, men-
tioned above, the magnitude of the displacemt vector is given
The stacking of layers in the intercalate VQRXCH,CH,0OH by the vander Waals thickness of C}£H,0OH molecule in

is ruled by two factors: the o direction. Due to the disorder in positions and orienta-
« the positions and orientations of ethanoles with respgons of ethanole molecules, described above, the directions
to VOPQ, layers (see Figure 4) and magnitudes of the displacement veasorsy vary within

« the alternation of upper and lower ethanoles in the twitie limits given in Figure 7.
dimensional arrangement in the interlayer (see Figures 5a,
5b) Twomodels presented in Table 1, with different cell an-
gles and with nearly the same sublimation energy exhibit ogly, 1..«i0ne
slightly different layer stacking (see Figures 6a-b). This dis-
order is a natural consequence of the disorder in positions ) . . ) .
and orientations of ethanole molecules in the interlayer, wh Iepular mechan|cs simulations _com_blned with X-ray pow-
can be seen from Figures 3 and 4. Figures 6a and 6b illustf&fediffraction and supported by vibrational spectroscopy has
schematically the stacking of layers in two models from T8een found as a powerfull tool in structure anaIyS|s of inter-
ble 1: Model-I (6a) and Model-Il (6b). For transparency, tt{@lated Iayered structures. There are two main advantages of
ethanole molecules have been deleted in Figures 6a,b, Bifjcombined structure analysis: ,
three successive layers with braun vanadium and black, ma® It prov.ldes the de;alled insight into the structures exhib-
genta and blue P@roups are shown in view perpendicula'rt'”g the disorder, Whlch can obstract the normal structure
to the layers. Comparing Figures 6a and 6b one can see 31&{ysis based on diffraction method alone. As a result of
the different layer stacking in both models, exhibits certaf@Mbined structure analysis, we obtained the structure model
common featwes. Thadisplacementectoro has in both cases Ncluding the qualitative and quantitative characterization of
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Figure 7 Displacements vec-
tors o (black arrows) show-
ing the shift of two successive
VOPQ, layers in intercalate
VOPQ,.2CH,CH,OH for two

models Model-l and Model-II

disorder, which would be hardly attainable from the difraai%ferences
diagram presented in Figure 2.
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