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Intercalates of vanadyl and niobyl phosphates with 1,2-bu-
tanediol, 1,3-butanediol, 2,3-butanediol, 1,4-butanediol, cis-2-
butene-1,4-diol, and 2-butyne-1,4-diol were prepared and charac-
terized by XRD, TGA, and IR spectroscopy. Their thermal
stability and stability in air were studied by XRD. Intercalates of
both hosts with 1,4-butanediol and cis-2-butene-1,4-diol change
into relatively stable phases with lower basal spacing during
heating. VOPQ, intercalated with 1,3-butanediol forms a Hen-
dricks-Teller disordered structure in a wide temperature range.
© 2000 Academic Press
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INTRODUCTION

Intercalation of various molecules into inorganic layered
structures leads to new materials with interesting properties
and structures. In recently published articles (1, 2) we have
shown that the reaction of vanadyl and niobyl phosphates
with 1,w-alkanediols produces layer-type complexes of the
formula MOPO, -C,H,,(OH), (M = V,Nb; n = 2-10). The
structure of these complexes retains planar (MOPO,),
layers present in the original hosts. The intercalated diols
are arranged in a monomolecular way between the host
layers. One half of OH groups of the guest diol molecules is
bound to the host layers by means of donor-acceptor
Ogio—Myes bonds. The other OH groups are anchored
to the host layers by a system of hydrogen bonds
(O-H)gior --- Onpost- The carbon chains of the diols are prob-
ably in an all-trans conformation. The diol molecules are
perpendicular to the layers in the vanadyl phosphate inter-
calates and tilted at an angle of 74° in the niobyl phosphate
intercalates.

On the other hand, the 1,2-alkanediols molecules are
arranged between the (MOPOQO,),, layers in a bimolecular
way with their aliphatic chains tilted at an angle of 70° (3). It
was found that the intercalates contain 1.5 molecules of diol
per formula unit. Three ways of bonding of the 1,2-al-
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kanediol molecules to the host layers were proposed. Two
molecules of diol are coordinated to the metal atoms by
their first and second oxygen, respectively. The third diol
molecule is anchored in the interlayer space by hydrogen
bonds.

This present report summarizes studies of intercalation of
butanediols with various positions of the OH groups and
unsaturated C, diols into vanadyl and niobyl phosphates.

EXPERIMENTAL
1. Preparations

Vanadyl phosphate dihydrate and niobyl phosphate
trihydrate were synthesized as previously described (4, 5).
Intercalates of both hosts with all the diols studied were
prepared by a reintercalation reaction. The solid propanol
intercalated hosts (1, 2) were first prepared and used as
a starting material for the reactions with the diols. Interca-
lates of VOPO, were obtained by a long-lasting contact of
VOPO, -2C;H,OH with an ether or acetonitrile solution of
the corresponding diol. The intercalates of NbOPO, were
prepared by suspending microcrystalline NbOPO,-
2C3H,OH in dry diol. This reaction mixture was exposed to
a microwave field for about 10 min. The solid product
formed was filtered off. All samples for X-ray diffraction
analyses were left with a small residue of the respective diol
to prevent decomposition. The samples for TG-DTA and
elemental analyses were washed with dry acetonitrile or
diethylether and dried at room temperature in nitrogen.

2. Characterization of Intercalates

The powder data of the intercalates with a minor surplus
of the guest diol were obtained with an X-ray diffractometer
(HZG-4, Germany) using CuKa1 radiation (1 = 1.54051 A)
with discrimination of the CuKf by a Ni-filter. The CuKa2
intensities were removed from the original data. Silicon
(a = 5.43055 A) was used as internal standard. Diffraction
angles were measured from 3° to 37° (20@). Temperature
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measurements (from 22 to 240°C) were carried out on
a heated corundum plate with a thermocouple (6). Each
diffractogram was measured at constant temperature and
a cycle of heating and measuring lasted about 20 min.

The TGAs of the intercalates were performed with a De-
rivatograph MOM (Hungary), the measurements being car-
ried out in the temperature interval of 30-600°C in air at
a heating rate of 5°C/min. The weight of the samples was
100 mg. In some cases, the composition was determined by
elemental analysis (C, H).

Infrared spectra were recorded on a Bio-Rad FTS spec-
trometer with spectral range 4000-500 cm ™! using a dry
KBr powder containing 10% of the intercalate. The result-
ant reflectance spectra were converted into Kubelka—Munk
format.

3. X-Ray Diffraction of a Hendricks-Teller Disordered
Layered Lattice

Layered crystals are not completely ordered in some
cases. One type of disorder may be defined as a random
irregular sequence of layers of different kinds. This irregu-
larity leads to variation of diffraction angles and linewidths
of interferences in the X-ray diffraction pattern (7). We can
use the Hendricks-Teller theory for the description of this
phenomenon if the following conditions are presumed: (i)
only two types of layers are present with interlayer distances
d, and d,, (ii) both layers have the same structure factor, (iii)
fractions f; and f, correspond to interlayer distances d; and
d,, respectively, (iv) geometric factors in the X-ray experi-
ment are not considered, (v) thermal factors are neglected.
Under these assumptions, the scattered intensity on Bragg
angle may be described by (7)

1-cC?
Iav = |VvL|2 1

—2Ccos®’ (1]

where I,, is the average scattered intensity per layer, V| is
the layer form factor, and

C = fycos(®; — D) + f,cos (D, — D), [2]
where
_ fisin®; + f,sin O,
O = tan : : 3
are anfl cos®; + f,cos D, (3]
and
4nd; .
D; = 7/: sin @, [4]

where i = 1 or 2 respectively, and d; is interlayer distance.
A slight dependence of the layer form factor V; on the
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diffraction angle ® does not affect the computed basal plane
linewidths and positions. The main term determining the
positions, line shapes, and widths is I,./|V{|* in Eq. [1].
Three independent variables d,, d,, and f; are contained in
this equation. The linewidths computed by this method
correspond to disorder of layers only, while the measured
linewidths are influenced, among other things, by instru-
ment linewidth.

RESULTS AND DISCUSSION

Only 1,4-diols can be directly intercalated by replacing
water molecules in VOPO,-2H,O in a microwave field.
Intercalates of other diols had to be prepared by replacing
propanol in VOPO, - 2C;H,OH with the diols. The inter-
calates prepared are yellow, well crystalline products. Their
diffractograms show the set of the (00/) reflections which
determine the lattice parameter ¢ very precisely. The lattice
parameter a of the tetragonal cell is determined by a very
weak (200) reflection. Other diffraction lines, i.e., (hk0) and
(hkl) were usually not observed. The examples of the diffrac-
tograms of the intercalates studied are shown in Fig. 1.

The intercalates of all diols with isostructural NbOPO,
were similarly prepared by substituting the diol molecules
for propanol in NbOPO,-2C;H,OH. The intercalates are
well crystalline white powders. Besides the set of the (00])
lines, their diffractograms usually contain the (110) and (200)
reflections (as shown for 1,4-diols in Fig. 2) and only
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FIG. 1. The diffractograms of the vanadyl phosphate intercalates with
saturated C, diols.



VANADYL AND NIOBYL PHOSPHATES WITH C, DIOLS

II|||III|||I|IIII||1|I|III

2-butyne-1,4-diol
x

cis-2-butene-1,4-diol
x

Intensity [a.u.]

1,4-butanediol
*

|||I|III||IIIIi|[|I|IIIIIIIII

5 10 15 20 25 30 o4 35

FIG. 2. The diffractograms of the niobyl phosphate intercalates with
saturated and unsaturated 1,4-diols. The (hkO) lines are indicated by
asterisks.

exceptionally the (hkl) reflections. The presence of the (hk0)
and the absence of the (hkl) reflections in the diffractograms
1s characteristic of a turbostratic structure. In this structure,
the original tetragonal layers of the hosts are retained but
shifted in the directions of the x and/or y axes. The lattice
parameters are given in Table 1.

The stoichiometric quotients x., obtained by the ther-
mogravimetric analysis and several checking analyses of
carbon and hydrogen contents are given in Table 1 together
with the x_,;. values calculated as a ratio of the volume of
the diol intercalated and the molar volume of the diol which
was calculated from its density. The volume of the diol

TABLE 1
Lattice Parameters and Compositions of the Intercalates of
Vanadyl and Niobyl Phosphates with Diols

VOPO, NbOPO,
Diol afA] ¢[A] ~ep Yeo a[A] ¢[A] Xy e
1,2-butanediol 621 1543 151 146 645 1528 1.55 1.57
2,3-butanediol 6.20 1351 — 121 647 1388 125 1.38
1,3-butanediol 621 1339 115 120 646 1329 1.05 130
1,4-butanediol 6.19 1154 105 096 642 1083 1.03 095
2-butene-1,4-diol  6.16 10.85 1.00 095 645 1048 1.06 0.98
2-butyne-1,4-diol 6.22 11.20 108 094 649 1159 1.00 1.10
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intercalated was calculated as a difference between the unit
cell volume of the intercalate and anhydrous VOPO,. As
inferred from these results, all the intercalates with 1,4-diols
have general formula MOPO,-1G (M =V, Nb; G = 14-
diol). The 1,2-butanediol intercalates contain about 1.5
guest molecule per formula unit. The 1,3-butanediol and
2,3-butanediol intercalates have probably a little more than
one diol molecule per formula unit. Determination of the
composition of vanadyl phosphate intercalated with 2,3-
butanediol was not possible due to their instability in air. As
both starting propanol intercalates—VOPO,-2C;H,OH
and NbOPO, - 2C3;H,OH—do not contain water (2, 8), the
presence of water molecules in the interlayer space of all
products can be excluded.

The infrared spectra of the intercalates show bands char-
acteristic of alcohol intercalates (9). In the region 3000 to
3500 cm ™, a typical set of broad bands corresponding to
OH group vibrations is observed. The widths and positions
of the bands are influenced by the mutual interactions of the
guest molecules and by the interactions of the OH groups
with the lattice of the host. All the intercalates show C-H
stretching bands in the 2850 to 2960 cm ™' region. In addi-
tion, spectra of both intercalates of 1,4-butenediol show
a set of bands characteristic of the presence of double bond:
v(=C-H) at 3030cm™!, v(C=C) at 1640cm™ ', &(cis-
CH=CH) at 1420 cm ! and 1255 cm~!. Other bands of the
C=C bond are overlapped by host bands. The band of the
C=C valence vibration was not observed in the IR spectra
of the corresponding intercalates due to the symmetry of the
2-butyne-1,4-diol molecule.

The spectra of the VOPO, intercalates contain the
v(V=0) band in the region 1000-1020 cm ™', overlapping
the intense bands of the PO, tetrahedron (10). This indicates
the presence of a donor-acceptor bond between an oxygen
atom of the diol and a vanadium atom. For NbOPO,
compounds, the v(Nb=0) band is completely overlapped
by the bands of the PO, group.

As shown earlier (1), the 1,4-butanediol molecules are
oriented in the VOPO, intercalate as a monomolecular
layer with the chains perpendicular to the host layers. It can
be presumed from the found values of the basal spacing that
the molecules of cis-2-butene-1,4-diol and 2-butyne-1,4-diol
are arranged in the same way in the interlayer space. The
observed differences in the basal spacings correspond to this
idea because the distances of the terminal oxygens cal-
culated from the bond distances and bond angles (11, 12)
decrease in an order 1,4-butanediol (6.20 A) > 2-butyne-1,4-
diol (5.75 A) > cis-2-butene-1,4-diol (5.62 A). On the other
hand, the 1,4-butanediol molecules are tilted at an angle of
74° to the host layers in the niobyl phosphate intercalate (2).
For the cis-2-butene-1,4-diol intercalate, it is presumed that
the guest molecules are also tilted to the host layers due to
the lower basal spacing of this intercalate. In contrast, the
basal spacing found for the 2-butyne-1,4-diol intercalate
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(11.59 A) indicates that the guest molecules are probably
perpendicular to the host layers. The molecules of 1,2-
butanediol are arranged between the host layers in a bi-
molecular way with their aliphatic chains tilted at an angle
of 70° (3). For 1,3-butanediol and 2,3-butanediol, the basal
spacings and contents of the guests in both hosts (see
Table 1) suggest a bimolecular deposition of the guest mol-
ecules in the intercalates.

In contrast to the intercalates of all 1,4-diols, which are
stable in air at ambient humidity for several days to weeks,
the 1,2-butanediol intercalates undergo decomposition (i.e.,
replacing the guests for water to form a hydrate) in tens of
minutes. The stability of the 1,3-butanediol intercalates is
similar to that of the 1,4-diol intercalates, their diffracto-
grams remain the same after four days. For 2,3-butanediol
intercalated VOPOy,, a new phase with basal spacing 8.36 A
and composition VOPO4-0.5(2,3-butanediol)- H,O is for-
med very quickly (in several minutes) and it is stable for
more than one week without any observed formation of
VOPO, - 2H,O0. The diffractograms of both intercalates are
given in Fig. 3. On the other hand, 2,3-butanediol interca-
lated niobyl phosphate changes into trihydrate during sev-
eral hours.

The stability of 1,w-diol intercalates in the presence of
humidity is most likely given by a pillared arrangement
of the guest molecules in the interlayer space of the host.
The molecules of 1,4-butanediol, 2-butene-1,4-diol, and 2-
butyne-1,4-diol form a monomolecular layer in which every
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T | I T
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FIG. 3. The diffractograms of 2,3-butandiol intercalated VOPO,
(a) and product of its decomposition in air (b).
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diol molecule is anchored to the both adjacent host layers
by the terminal OH groups. Such arrangement is usually
more stable than the bimolecular one (found for 1,2-, 2,3-,
and 1,3-butanediols) which contains hydrophobic areas of
terminal methyl groups in the middle of the interlayer space.
The molecules in these areas are held together only by van
der Waals forces, hence the interlayer attracting forces are
weaker than for the pillared structures. The lowest stability
of the 2,3-butanediol intercalate is most likely given by the
fact that the terminal methyl groups sterically hinder
a closer contact of the hydroxy oxygens with the vanadium
atoms of the host layer so that the HO-V bonds are
weakened. As follows from our unpublished results (13), the
VOPO, intercalates with 2-alkanols are less stable than the
intercalates with 1-alkanols. Unexpected high stability of
the intercalate with 1,3-butanediol, which is also arranged in
a bimolecular way in the intercalates, is likely given by
a system of hydrogen bonds among OH groups placed at
the third carbon atom of the alkyl chain. Acidity of the
VOPO, layer is higher than that of the NbOPO, layer;
hence the donor-acceptor bond of the guest molecules to
vanadium is stronger than to the niobium atoms in
NbOPO,. Therefore the NbOPO, intercalates are generally
less stable against humidity in air at room temperature.
The VOPO, intercalate of 1,4-butanediol forms two
phases which coexist in the temperature region from 106 to
130°C (Fig. 4a). Positions and linewidths of the (00/) lines
are practically unvaried during heating. A similar course of
thermal decomposition was observed for NbOPO, interca-
lated with 1,4-butanediol and for both hosts intercalated
with 2-butene-1,4-diol. As an example, thermal decomposi-
tion of NbOPO, intercalated with 2-butene-1,4-diol is
shown in Fig. 5. The basal spacing of the intercalate is
almost constant up to 120°C. At 140-160°C, the diol is
released from the interlayer space as evident from the steep
decrease in the basal spacing. Broad lines of a new phase
with basal spacing 8.9 A are present up to 250°C indicating
an arrangement in which two neighboring host layers are
bridged by the molecules of the diol. This phase contains
about 1/2 molecule of the guest per host formula unit. This
type of thermal behavior is typical of all intercalates of
NbOPO, with saturated 1,w-diols (2). On the other hand,
the intercalates of VOPO, and NbOPO, with 2-butyne-
1,4-diol form amorphous phases at relatively high temper-
atures of 150 and 175°C, respectively. The intercalates of
both hosts with 1,2- and 2,3-butanediols decompose at
lower temperatures (about 80 and 60°C, respectively). The
NbOPO, intercalates are generally thermally more stable
than the VOPOQ, intercalates. The lower thermal stability in
the VOPO, intercalates in comparison with NbOPO, in-
tercalates is most likely given by reduction of V(V) to V(IV)
which is accompanied by decomposition of intercalated
alcohols (14). The reduction of V(V) to V(IV) is observed as
a change of color of the sample from yellow to green during
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FIG. 4. The changes of the diffractograms during heating of vanadyl
phosphate intercalated with 1,4-butanediol (a) and 1,3-butanediol (b).

heating. Niobium(V) in the analogous niobyl phosphate
intercalates is not reduced.

The course of thermal decomposition of VOPO, interca-
lated with 1,3-butanediol is different. Changes of the diffrac-
tograms during heating this intercalate and 1,4-butanediol
intercalated VOPO, are compared in Fig. 4. On the other
hand, the (00]) lines of the 1,3-butanediol intercalate are
remarkably broaden and their positions are shifted (see Fig.
4b). The broadening of the (00]) lines of both phases (parent
intercalate: doo, = 13.39, door = 6.70, and dgo; = 4.46 A;
product formed by heating: doo; = 8.53 and dyg, = 4.27 A)
can be explained by fragmentation of the microcrystals
during heating, nevertheless the shift of the line positions
remains unexplained. The behavior described can be elucid-
ated by the formation of a Hendricks-Teller disordered
layered lattice (7). We can assume that 1,3-butanediol starts
to release from an arbitrary layer of the parent intercalate
thus causing liberation of other diol molecules from the
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FIG. 5. Thermal decomposition of cis-2-butene-1,4-diol intercalated
NbOPO, followed by XRD and thermogravimetry.

same layer. In this way, a random irregular sequence of
intercalated and partially deintercalated layers is formed
during heating. Thus, we have d; = 13.39 Aand d, = 8.53 A
for the Hendricks-Teller function I,,/|V1|* in Eqs. [1]-[4].
The fractions f; obtained by a nonlinear least-square fitting
of the data obtained from the diffractograms measured at
various temperatures are given in Table 2. The content of
the parent intercalate decreases nearly linearly with increas-
ing temperature in a broad temperature region (more than
80°C). The dependencies of the Hendricks-Teller function
on the diffraction angle 2@ were calculated for the fractions

f1 found. The dependencies of the interplanar distances and

linewidths of the (00]) lines on temperature (i.e., fraction f;)
calculated by the Hendricks-Teller functions are given in
Fig. 6. The calculated values are in a good agreement with

TABLE 2
Content of Parent Intercalated Layers f; Calculated
from the Hendricks-Teller Function

Temperature [°C] f
34 0.87
46 0.75
60 0.61
75 0.40
93 0.27

107 0.24

120 0.13
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FIG. 6. Dependencies of the interplanar distances d and full-widths-
at-half-maxima (FWHM) of the (00/) diffraction lines of the intercalate of
VOPO, with 1,3-butanediol on temperature (diamonds, circles, and
squares—experimental values; crosses—calculated from Hendricks-Teller

function).

those obtained from the diffractograms. Considering that
the values of dy3 of the parent intercalate and d, of the
product formed by heating are similar, the positions of
corresponding diffraction maxima are almost the same and
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the broadening due to the Hendricks-Teller effect is very
small. The difference between observed and calculated
linewidths is caused by other factors, e.g., instrumental
linewidth and size of crystallites.
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