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The course of the replacement of ethanol by water molecules
in the VOPO4-2C,H;OH intercalate, and of water by ethanol
in VOPO,4-2H,O has been studied by X-ray diffraction and
infrared and Raman spectroscopy. Formation of mixed phase
VOPO,4-C,HsOH-H,0O was not observed. The shape of the
kinetics curves indicates a transition of at least one reaction
zone through the crystal. A delay in formation of the product

in comparison with the decrease in the amount of starting
material can be explained by the existence of non-diffracting
advancing phase boundary. In a VOPO,/ethanol/water
system, VOPO,2C,H;OH is formed as the only product
when the system contained more than 96 vol% of ethanol,
whereas in the system with less than 94 vol% of ethanol only
VOPO,4-2H,0 is present.

Introduction

Compounds based on vanadyl phosphate are of great
interest because of their catalytic properties for oxidation.
The structure of vanadyl phosphate dihydrate, VO-
PO4-2H,0, has been determined by Tietze using X-ray dif-
fraction!!l as tetragonal, space group P4/nmm, a = 6.202
A and ¢ = 7.410 A. Tachez et al.”?! used neutron powder
diffraction of the deuterated compound in order to deter-
mine the positions of hydrogen atoms and determined the
space group P4/n, a = 6.215 A and ¢ = 7.403 A. The layers
are built up of PO, tetrahedra linked to distorted VOg4 oc-
tahedra by sharing four equatorial oxygen atoms. VOg oc-
tahedra are completed by axial oxygens, one of which is a
vanadyl oxygen, and the second of which belongs to the
interlayer water molecule coordinated to vanadium. The se-
cond water molecule is bonded by weak H-bridges between
the VOPO, layers.

Vanadyl phosphate is a good host structure for intercal-
ation of organic molecules with suitable functional
groups.P! Intercalation compounds of vanadyl phosphate
with aliphatic and aromatic amines,/*~° heterocycles,!” al-
cohols and diols,!®! carboxylic acids®®! and their amides!!‘]
have been studied. From this point of view, vanadyl phos-
phate dihydrate can be regarded as an intercalate of o;-
VOPO, with water.

The time course of intercalation of water into o;-VOPO,
has been followed by TMA, XRD!!T and infrared and Ra-
man spectroscopy.['? Formation of vanadyl phosphate
monohydrate was not observed during hydration of the an-
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hydrous form under ambient conditions. Instead, the
broadening and the shift of positions of the (00/) diffraction
lines were observed. These phenomena were explained by
formation of a Hendricks—Teller disordered layered struc-
ture, which is composed of the @;-VOPO, and VO-
PO4-2H,0 layers. The vanadyl stretching band appears to
be especially sensitive to atoms coordinated to the va-
nadium within an octahedral arrangement in the host lat-
tice structure. During the intercalation, the position of this
band at 1035 cm ™! in the anhydrous form changes to 995
cm ™!, which are typical values for mono- and dihydrates.
The additional peak at 1017 cm™! occurring in the initial
stages of intercalation was explained in terms of a random
stacking of intercalated and non-intercalated layers in the
sample.

Ethanol can be intercalated into anhydrous vanadyl
phosphate!’3l or it can replace the water molecules in
VOPO,2H,0.B8! The kinetics of intercalation of ethanol
into anhydrous vanadyl phosphate were studied by XRD
and a volumetric method, and the kinetics curves obtained
were found to have a sigmoidal shape.['¥ During intercal-
ation, the original host and the intercalate are present in
one crystal. Both phases are separated by an advancing
phase boundary.!'”) A molecular mechanics simulation,
combined with X-ray diffraction and supported by vi-
brational spectroscopy, was used to investigate the layered
structure of vanadyl phosphate VOPO, intercalated with
ethanol.!'®! The bilayer arrangement of ethanol molecules
in the interlayer was found, giving the calculated basal spac-
ing d = 13.21 A; the experimental d value obtained from
X-ray diffraction is 13.17 A. One half of the total number
of CH3CH,OH molecules is anchored by their oxygen to
VOPO, layers to complete the vanadium octahedra and
their orientation is not very strictly defined. The second half
of the ethanol molecules are linked by hydrogen bonds to
the anchored ethanol and sometimes also to the layer oxy-
gen. The position and orientation of this anchored ethanol
with respect to VOPO, layers exhibits a certain degree of
disorder, resulting in the disorder in the layer stacking.
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Owing to the instability of VOPO42C,HsOH when ex-
posed to air, the water molecules intercalate into this system
at room temperature by simply keeping the compounds un-
der ambient conditions. The course of reintercalation of
water molecules into vanadyl phosphate intercalate with
ethanol was studied by X-ray diffraction and infrared and
Raman spectroscopy. The aim of this work is to contribute
to the elucidation of the mechanism of water/ethanol dis-
placement in vanadyl phosphate.

Results and Discussion
X-ray Study

In order to study an equilibration in a VOPO,/ethanol/
water system, VOPO42H,O was contacted with ethanol
containing a known amount of water. The dependence of
the basal spacing of solid products on the concentration of
ethanol is shown in Figure 1. It is evident that only two
phases are formed in this system. A mixture of
VOPO42C,HsOH and VOPO4-2H,0O phases is formed in
the ethanol/water solvent containing from 94 to 96 vol% of
ethanol. Above 96 vol”o of ethanol, only VOPO42C,H;OH
(basal spacing 13.17A) is present, whereas below 94 vol%
of ethanol in the solvent mixture only VOPO42H,0 (7.41
A) is formed. These results were obtained from the proper-
ties of the binary alcohol/water mixture, where an azeotrope
with 96 vol% of ethanol is formed as a mixture with the
most stable structure. Ethanol containing a lower content
of water is hygroscopic and tends to take up water. There-
fore, water is taken from VOPO,2H,O and the water mol-
ecules in the interlayer space are replaced by ethanol mol-
ecules. The solvent with more than 6% of water, on the
other hand, can provide water molecules to replace ethanol
in VOPO42C,HsOH and leads to the formation of
VOPO42H,O. This means that the co-intercalate
VOPO,C,HsOH*H,O0 containing molecules of ethanol and
water together was not observed. The co-intercalate of this
type was reported by Matsubayashi as a starting material
for the intercalation of ferrocene into VOPO,.!'7! Practically
the same result is obtained when VOPO,4-2C,HsOH is con-
tacted with ethanol/water mixtures.

In situ X-ray diffraction was employed to follow the reac-
tion of polycrystalline VOPO42H,O with ethanol vapors.
The lines observed in the diffractograms belong to either
vanadyl phosphate dihydrate or ethanol-intercalated vana-
dyl phosphate, indicating that there is no intermediate prod-
uct such as VOPO,C,HsOH-H,O. In the region investi-
gated, four sharp (00/) lines of the intercalate were ob-
served, which gave the same value for the basal spacing.
The interlayer distances calculated from the (00/) reflections
of both phases remain constant. Small changes of line-
widths during reintercalation can be explained by a de-
crease in the size of an area of the dihydrate and an increase
in the size of an area of the intercalate formed in the crys-
tals. It can be assumed from the XRD results that the in-
tercalate is formed directly in the majority of the crystals,
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Figure 1. Basal spacing and content of the solid products in the
VOPO,/water/ethanol system

without any occurrence of random stacking of the layers
(Hendricks—Teller effect).

The dependence of the extent of reaction of dihydrate
(ag) and ethanol intercalate (0g) on reaction time is shown
in Figure 2. The reintercalation process starts very quickly.
The kinetics curves do not have a sigmoidal shape. Their
shape could probably be described as exponential or, better
still, as a combination of parabolic and linear dependences.
This type of kinetic curve has been found for some hetero-
geneous oxidations of metals with gaseous oxygen!!3~2% or
during reactions of metals with sulfur vapors.?!~23! This
type of reaction is supposed to be a two-step process. In
our case, the first step may involve replacement of the water
molecules by ethanol and the second step could be a re-
arrangement of the ethanol molecules to form bilayers in
the interlayer space. This idea is supported by the existence
of the non-diffracting phase, which separates pristine and
intercalated parts of the crystals as an advanced phase
boundary.[!3124] In this very disordered zone of the crystals,
the host layers are bent so that segments with variable inter-
layer distance containing a mixture of both guests are
formed. In addition, interlayer spaces filled with water or
ethanol molecules can vary along the ¢ axis in this zone.
The amount of this non-diffracting phase corresponds to a
difference of oy — ag, which is shown in Figure 2 (open
circles). This phase is formed very quickly and then slowly
transforms to the product during the reaction.

A progressive  hydration of the intercalate
VOPO42C,Hs0OH was studied by XRD at several relative
humidities (r.h.). The course of hydration is similar for rela-
tive humidities lower than 75%. The exchange of ethanol
molecules for water is also fast and the reaction time de-
pends on the relative humidity used and sample thickness.
The lines observed in the diffractograms belong to either
vanadyl phosphate dihydrate or ethanol-intercalated vana-
dyl phosphate, indicating that, as in the reaction of
VOPO,42H,0O with ethanol, there is no crystalline inter-
mediate product such as VOPO,-C,Hs;OH-H,O. All diffrac-
tion lines (00/) are sharp and their positions do not change.
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Figure 2. Dependence of the extent of reaction of the parent vana-
dyl phosphate dihydrate a;; and the product g on time 7 obtained
by XRD during reintercalation of VOPO42H,O with ethanol va-
pours; the difference ai—oag (open circles) corresponds to the
amount of non-diffracting phase

The dependence of the extent of reaction of ethanol interca-
late and dihydrate at r.h. = 11% on the reaction time is
shown in Figure 3. The shape of the kinetic curves is very
similar to those in the case of the formation of ethanol in-
tercalate and, indeed, a similar mechanism is presumed to
be operating. The formation of non-diffracting phases was
also observed.

A different course of reaction was observed at high hu-
midities. Changes in the diffractograms during hydration at
92% r.h. are shown in Figure 4. The ethanol intercalate is
transformed to vanadyl phosphate pentahydrate (basal
spacing 10.5 A) very quickly. The intensity of the series of
three (00/) lines of VOPO45H,O decreases during hy-
dration and the dihydrate is formed. This process is sup-
ported by two factors: the large interlayer distance in
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Figure 3. Dependence of the extent of reaction of the ethanol inter-
calate o and the product oy on time 7 obtained by XRD during
hydration of the ethanol intercalate at 11% r.h; the difference
ag—oy (open circles) corresponds to the amount of non-diffrac-
ting phase

VOPO,42C,Hs0OH (compared with VOPO,4-2H,0) and the
high concentration of water molecules in air at 92% r.h. The
attacking water molecules fill the interlayer space after the
release of ethanol before the layers are able to move closer
together. The unstable pentahydrate formed then slowly de-
composes to the dihydrate.

FTIR Spectroscopy

IR spectra of VOPO42C,HsOH and its spectra upon
progressive hydration by atmospheric water are shown in
Figure 5 together with the spectrum of pure ethanol. One
can easily identify the bands corresponding to the ethanol
molecules. The ethanol bands maintain the same position
in the IR spectra of the intercalate as in pure ethanol. This

Figure 4. The changes of the diffractograms during hydration of VOPO,-2C,HsOH at 92% r.h.
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Figure 5. IR spectrum of pure ethanol (a) and VOPO,-2C,HsOH
(b) as a function of time of hydration by atmospheric water molecu-
les

is due to the weak ethanol—layer bonding.[>>! IR spectra
of VOPO,4-2C,HsOH and VOPO,4-2H,O are given in Fig-
ure 6. In the IR spectra of the dihydrate and intercalate
we can see the same bands at the same positions (see Table
1). The broadened band in the spectrum of the VO-
PO,-2H,0 (with the center of gravity at about 920 cm™!)
contains a mixture of overlapping bands: v;(PO,),
S(P—O—-V) and p(H,0O). It is evident that this band
changes its profile on going from VOPO4-2C,HsOH to the
dihydrate. Evidence for this is that p(H,O) bands are ab-
sent and 6(P—O—V) deformation bands are suppressed in
the intercalate due to the smaller number of hydrogen
bonds between ethanol and the host layers in comparison
with the network of hydrogen bonds in VOPO,4-2H,O. The
band due to the degenerate asymmetric stretching vi-
bration v3(PO,) is active only in the IR spectra and its
position at 1143 cm ™! is the same as in the intercalate.
Only one band of a stretching V=0 vibration is observed
in the spectra of VOPO4-2C,HsOH and VOPO,-2H,0 and
this occurs at the same position (995 cm™!). The same is
valid for the lattice vibration at 681 cm™!.

In agreement with other authors®® we believe that the
sharp bands near 3600 and 1620 cm™! in the spectrum of
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] 2 ] 3 i 1

1000 900 800 700
Wavenumber, cm’™

1
1200 1100

Figure 6. IR spectra of pure ethanol (a), VOPO,-2C,HsOH (b),
this intercalate upon 24 hours of hydration by atmospheric water
(c) and VOPO,4-2H,0 (d)

VOPO,-2H,0 (see Figure 5) are due to strongly bonded
water molecules within the crystalline lattice associated with
the water molecule bound to vanadium. The additional lat-
tice water is indicated by the broad bands near 3300 and
1620 cm ™! in the spectrum of the dihydrate. In the bending
vibration at 1620 cm ™!, sharp and broad bands are super-
imposed. In the spectrum of intercalate at the beginning of
the hydration process (0 min.) we can assign the sharp
bands near 3600 cm~! to the ethanol molecule that is
strongly bonded to vanadium (this peak is absent in the
spectrum of pure ethanol). The broad band at 3350 ¢cm ™!
corresponds to the stretching vibration of OH groups in
ethanol molecules.

During the hydration process of VOPO42C,HsOH in air
the ethanol vibration bands gradually disappear and the
bands corresponding to the water molecules in VO-
PO,4-2H,0 appear. After 24 hours of exposure to air the IR
spectrum of the intercalate had completely changed to give
the IR spectrum of the dihydrate (see Figure 6). Intermedi-
ate phases were not observed during the hydration process
of VOPO,-2C,HsOH.

Table 1. Infrared (IR) and Raman (Ra) frequencies (cm ') of VOPO4-2H,0 and VOPO,2C,HsOH (c.g.: center of gravity; s: strong; w:

weak; sh: shoulder)

Vibration vi(POy) Vv>(POy) v3(POy) v4(POy) lattice V=0 v-(H,0) vi(H,0)
symmetric symmetric asymmetric asymmetric stretching
stretching bending stretching bending
VOPO,-2H,0
IR c.g. 920 Not observable 1143 Not 681 995 3130 1615
1076 w observable 3310
3500 sh
3600 sh
Ra 945 s 460 Not observable 579 Inactive 1035 Inactive -
929 sh 433 541 985
VOPO4-2 C,H;OH
IR c.g. 920 Not 1143 Not 681 995 3350
observable Et. band ov. observable 3600 -
Ra 937 s - 1147 591 Inactive 1029 Inactive -
542 990
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Raman Spectroscopy

The Raman spectra of anhydrous VOPQ,,
VOPO,2C,HsOH, the intermediate states obtained by hy-
dration with atmospheric water, and VOPO4-2H,O are
shown in Figure 7. The ethanol bands in the Raman spec-
trum of VOPO,4-2C,HsOH are in exactly the same positions
as in the spectrum of pure ethanol. Consequently, the etha-
nol spectrum can be subtracted from the spectrum of the
intercalate. As a result of this subtraction we obtained the
spectrum of the intercalate without ethanol bands, which is
more convenient for the comparison of bands correspond-
ing to the VOPO, layers in the dihydrate, anhydrous, and
intercalated structure. The most intense band of the Raman
spectrum, with a maximum at about 929 cm ! in the anhy-
drous form, at 937 cm ™! in VOPO,2C,HsOH, and at 945
cm~! in VOPO4-2H,0, corresponds to the symmetric
stretching vibration v{(POy,). This band is especially active
in the Raman spectra. The bands of the degenerate asym-
metric stretching vibration v;(PO,4) are not observed in the
Raman spectra. In addition, the bands due to symmetric
bending vibrations [v4(PO,) at 579 cm™! and 541 cm™!] and
bands due to asymmetric bending vibrations [v,(PO,) at
460 and 433 cm™ '] are observed in the Raman spectra of
the samples. Two bands can be observed at 1029 and 990
cm~! in the Raman spectrum of the host structure and
these correspond to the V=0 stretching mode. The vanadyl
stretching band is especially sensitive to the local coordi-
nation of vanadium and two peaks indicate the presence of
anhydrous and hydrated forms of VOPO,. Only one peak
at 1036 cm ™! is observed in the anhydrous form. The partial
escape of water in the hydrated form is due to the heating
caused by a laser beam during the measurements (for a de-
tailed explanation see ref.l'?). In the case of
VOPO42C,HsOH, these bands are slightly shifted and
broadened. This broadening of V=0 stretching bands re-
flects the disorder in the position of ethanol molecules
found by molecular simulations.[>! The irregularity in hy-
drogen bonding of ethanol to PO, oxygen atoms also affects
the PO, stretching and bending modes.

T T T T T T T

Intensity, a.u.
'T

1000 900 800 700 600 500 400

1100
Wavenumber, cm”
Figure 7. Raman spectra of anhydrous VOPO,; (a),

VOPO,42C,H50H (b), the intermediate state of hydration (c¢) and
VOPO,-2H,0 (d). The ethanol spectrum was subtracted from the
spectrum of VOPO,4-2C,HsOH
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Conclusions

A progressive hydration of VOPO,2C,HsOH has been
studied by X-ray analysis and ATR FTIR and Raman spec-
troscopy. The mixed intercalate VOPO,C,HsOH-H,O is
not formed during hydration of VOPO4-2C>HsOH. During
this hydration, only vanadyl phosphate dihydrate or penta-
hydrate (at high relative humidity) are formed. In contrast
to the intercalation of ethanol into anhydrous vanadyl
phosphate, the kinetic curves of reintercalation of dihydrate
do not have a sigmoidal shape. The shape of the kinetic
curve indicates a transition of at least one reaction zone
through the crystal. A similar course is also observed for
the reintercalation of VOPO4-2H,O with ethanol. A delay
in the formation of the product in comparison with the de-
crease in the amount of starting material is explained by
the existence of very disordered phase.

The reintercalation reactions are very fast and their acti-
vation energy is presumed to be very low compared with
that of intercalation of water or ethanol into anhydrous
VOPO,. This is due to the sufficient interlayer distance in
the starting materials. Moreover, no energy is needed for
V=0--V bond breaking, as is seen in the case of intercal-
ation into anhydrous VOPO,4.['¥ As inferred from the con-
stant position of the stretching V=0 vibration during hy-
dration of VOPO42C,HsOH, both guests are anchored to
the host layers by similar bonds and therefore no large
change in the bond energy is expected during the reaction.

Experimental Section

The samples of VOPO42C,HsOH for the IR and Raman measure-
ments were prepared by suspending solid VOPO,42H,O in dry
ethanol for two hours. After filtration, the product was dried in
nitrogen and kept in sealed ampoules. The study of the equili-
bration in the VOPO,/ethanol/water system was carried out by con-
tacting VOPO42H,0O or VOPO,-2C,HsOH (0.25 g) with 10 mL of
ethanol/water mixture (from 92.5 to 100 vol% of ethanol) for two
hours. The powder data of the intercalates with a small excess of
the guest were obtained with an X-ray diffractometer HZG-4
(Prézisionsmechanik, Germany) using Cu-K,, radiation with dis-
crimination from Cu-Kjp by a Ni-filter. The exchange reactions were
performed in the following way: the sample of VOPO42H,O or
VOPO42C,HsOH was placed on the surface of a thermostated
(25°C) corundum target plate under dry nitrogen, whereupon the
stream (ca. 0.5 Lmin~!) of nitrogen saturated with vapors of etha-
nol or water was introduced onto the sample. The reaction taking
place in the solid phase was monitored by recording the diffractog-
rams (from 6 < 20 < 30) at 8§ minute intervals. The intensities of
the (001) reflections of VOPO,4-2H->O and VOPO42C,HsOH were
obtained from diffractograms measured from 5.5 < 20 <15at 4
minute intervals. The extent of reaction, ap, for the product at time
t is given by the equation:

op = B/B..

where B is the intensity of the (001) line of the product at time ¢
and B.. is this intensity at infinite time. Analogously, the equation:

as = 1 — A/A,
describing the extent of the reaction, ag, for the decrease in the

amount of the starting material at time 7 can be defined, where A
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is the intensity of the (001) line of the starting material at time ¢
and A, is this intensity at time ¢ = 0. Depending on the direction
of the reaction, op = ap and ag = oy when the starting material
is dihydrate, whereas op = 0y and ag = o when the starting mate-
rial is the ethanol intercalate.

Infrared measurements were carried out using a NICOLET IM-
PACT 400 Fourier transform infrared (FTIR) spectrophotometer
in an H,O-purged environment. An ambient-temperature deuter-
ated triglycine sulfate (DTGS) detector was used for the wavelength
range from 400 to 4000 cm~!. A Happ-Genzel apodization func-
tion was used in the whole region and the spectral resolution was
2 cm~!. Approximately 300 scans were coadded to achieve the sig-
nal-to-noise ratio shown. The Baseline Horizontal Attenuated To-
tal Reflection (ATR) accessory with ZnSe crystal (n = 2.4 at 1000
cm~!) was used for measurements of infrared spectra of the
samples. In our experiments the effective path length was approxi-
mately a few pm (angle of incidence = 60°, number of reflections =
7). The ATR correction was performed in order to eliminate the
dependence of the effective path length on the wavelength. After
some trials it was found that the best results were obtained, if a
sample is exposed for a definite time to the external conditions
without removing the sample from the crystal between the sub-
sequent spectral measurements. In this situation the water mol-
ecules arrive at the surface of the ZnSe crystal from the bulk vol-
ume and the adsorption of water at the measured surface of the
sample is avoided.

FT Raman spectra were collected using an Equinox 55/S Fourier
transform near-infrared (FT-NIR) spectrometer (Bruker) equipped
with FT Raman module FRA 106/S (Bruker). The samples were
irradiated by the focused laser beam (power 100 mW) of an Nd-
YAG laser (1064 nm, Coherent). The scattered light was collected
in backscattering geometry. A quartz beamsplitter and Ge detector
(liquid N, cooled) were used to obtain interferograms. 128 inter-
ferograms were co-added and then processed by Fourier transform-
ation with Blackman-Harris 4-term apodization and a zerofilling
factor of 8 to obtain final FT Raman spectra in the range
4000—1000 cm ™! with 4 cm™! resolution.

The FT Raman spectra of pure species (VOPO,4, VOPO,42H,0,
VOPO,2C,HsOH) were obtained from samples in sealed glass am-
poules. In each case the glass ampoule was placed in the sample
holder and aligned by the motorized x-y-z sample stage to achieve
the optimal optical condition of irradiation of the sample and of
the collection of the scattered light. The FT Raman spectra col-
lected during the intercalation of water were obtained from the
samples placed in the aluminium cup. The aluminium cup was op-
tically pre-aligned using sulfur as a sample, and then sulfur was
replaced by the particular sample studied.
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