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The thermal behavior of tetrahydropyran-(THP-)intercalated
VOPO4 was probed by an extensive combination of experi-
mental methods (XRD, DSC, FTIR, solid-state NMR) and
quantum chemical calculations. Two temperature-induced
transitions were detected and all polymorphs exhibit a high
degree of molecular order and tight packing of THP in
VOPO4. The first reversible thermal transition at around
100 °C was attributed to boat/chair conformation changes of
the THP molecules. Most probably, a low-temperature boat
conformation of the guest molecules present in the interlayer
space of VOPO4 changes to a high-temperature chair confor-

Introduction

Vanadyl phosphate belongs to phosphates with a layered
structure. The layers are formed of a tetragonal grid in
which atoms of vanadium and phosphorus alternate. The
atoms of vanadium and phosphorus are connected by oxy-
gen atoms (Ohost) of the phosphate groups.[1,2]

Thus, every vanadium atom is surrounded by four equa-
torial oxygen atoms. In addition, two oxygen atoms are
bonded to the vanadium atoms forming a VO6 octahedron.
One of these two vanadium–oxygen bonds is shorter indi-
cating the presence of a V=O bond, while the other is much
longer and can be ascribed to the coordination of the oxy-
gen atom from the V=O group of an adjacent (VOPO4)�

layer. The interlayer interactions are therefore accomplished
by V=O···V bonds in anhydrous VOPO4. In the vanadyl
phosphate intercalates, the sixth position in the VO6 octahe-
dron is complemented by a donor atom of a guest molecule,
which is then in a trans position to the oxygen atom of the
V=O bond. Vanadyl phosphate forms a number of intercal-
ation compounds with molecular guests having Lewis base
character, among others also with ether oxygen as a donor
atom.[3] Recently, tetrahydrofuran,[4,5] tetrahydropyran
(THP),[5] 1,4-dioxane, 1,3,5-trioxane, and 18-crown-6[6]
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mation. This rearrangement of the THP molecules was con-
firmed by variable-temperature 13C CP/MAS NMR spec-
troscopy. Quantum chemical calculations using a B3LYP
functional and 6-31G(d) basis set also support this idea. The
second change at around 140 °C is probably caused by a
weakening of the donor–acceptor bond between the oxygen
molecule of THP and the vanadium atom of the host and the
formation of a disorder in packing of the THP molecules.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

were intercalated into vanadyl phosphate. It is presumed
that the guests are coordinated to the vanadium atoms of
the host layer through the free electron pairs of the donor
O atoms of the guests. These intercalates are generally very
stable in air and the guest molecules are released at rela-
tively high temperatures (for example the tetrahydrofuran
intercalate decomposes at about 160 °C[5]). This indicates
that the host–guest interaction is very strong.

Recently, we studied the thermal behavior of tetra-
hydropyran-intercalated VOPO4. This intercalate was pre-
pared by replacing 1-propanol in the VOPO4·2C3H7OH in-
tercalate with the THP. The lattice parameters of the tetrag-
onal structure are a = 6.201(2) Å and c = 12.014(2) Å and
the intercalate contains one THP molecule per formula
unit. The probable arrangement of the THP molecules in
the host interlayer space is derived from molecular simula-
tions with the Cerius[2] 4.5 programme. The molecular sim-
ulations showed a bilayer arrangement of the THP mole-
cules in the interlayer space, in which the guest layers are
slightly overlapping.[5]

The thermal behavior of THP intercalated vanadyl phos-
phate was monitored by powder X-ray diffraction and TG-
DTA. The basal spacing slightly increases up to 85 °C. At
this temperature, a new phase with the basal spacing 12.8 Å
appears. This effect is fully reversible during cooling. An-
other weak increase of the basal spacing up to 122 °C is
followed by a significant increase of the basal spacing be-
tween 122–140 °C, which is accompanied by a broadening
of the (00l) diffraction lines. At higher temperatures, the
intensity of the (00l) diffraction lines decreases due to slow
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decomposition of the intercalate. The a parameter of the
tetragonal lattice does not change up to 158 °C. The color
of the intercalate does not change up to 122 °C at which
point it changes to yellow-green. This indicates gradual re-
duction of vanadium(V).

As follows from the TG measurement, thermal decompo-
sition of the intercalate starts at 140 °C, and THP is slowly
released up to 600 °C. There are two endothermic effects
on the DTA curve which occur at the temperatures (78 and
126 °C) when the step changes of the basal spacing are ob-
served. No weight loss accompanies these effects. The exo-
thermic effects at higher temperatures are probably due to
the combustion of the released compounds.

The question is, what is the reason for the reversible ef-
fects that occur in the temperature range 60–130 °C and
how these effects are connected to the presumed changes in
the arrangement of the guest molecules in the interlayer
space of the host. For this purpose, we utilized solid-state
NMR spectroscopy together with other methods. Structural
changes occurring in the investigated materials, in our case
in the intercalated systems, can be easily inferred from the
chemical shifts obtained by solid-state NMR spectroscopy.
Besides, many NMR parameters are highly sensitive to the
internal dynamics of molecular systems and for instance
motional amplitudes of molecular segments can be directly
extracted from the precise measurements of the site-specific
motionally averaged one-bond dipolar couplings.

This paper reports the results of a DSC, IR, and NMR
study of the thermal behavior of the THP intercalate. We
focused also on the description of the basic structural mo-
tifs and motional states of the intercalated molecules of
THP within the interlayer space of VOPO4. For this task
we used the analysis of the 13C CP/MAS NMR spectra and
the measurements of the 1H-13C and 1H-31P dipolar coup-
ling constants. Furthermore, the conformational changes
and the rearrangement of THP molecules that occur as the
temperature is gradually elevated were probed by a variable-
temperature measurement of the 13C CP/MAS NMR spec-
tra.

Results and Discussion

The THP intercalate was prepared according to two
methods: stirring at room temperature and refluxing. Both
methods provide samples with the same composition
VOPO4·C5H10O but with slightly different basal spacings.
The sample prepared at room temperature has a basal spac-
ing of 12.02 Å and its lattice parameters are the same as
those of the intercalate described in the previous paper.[5]

The sample prepared by refluxing has a slightly higher
basal spacing of 12.11 Å. Both samples were heated to
115 °C and then cooled to room temperature. After the
thermal treatment, the basal spacing of the sample prepared
at room temperature shifts from 12.02 to 12.11 Å (see Fig-
ure 1a). On the other hand, the diffractograms of the sam-
ple prepared by refluxing are practically the same before
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and after the thermal treatment and its thermal XRD be-
havior seems to be fully reversible (Figure 1b). Therefore,
all other investigations were done with this sample.

Figure 1. Comparison of the diffractograms measured before (solid
line) and after (dashed line) thermal treatment for the THP interca-
late prepared at room temperature (a) and by refluxing (b).

DSC Measurements

Figure 2 shows the DSC curves for the intercalate. Three
cycles of heating and cooling were carried out (curves 1–6).
The first heating curve (dashed line 1) shows an endother-
mic peak at 98 °C with a shoulder at 102 °C. The second
and third heating curves (3 and 5) are identical and differ

Figure 2. DSC curves of the intercalate prepared by refluxing. The
curves are numbered as they were measured. The measurements 7–
12 were repeated after 5 d with the same samples as measurements
1–6. The first cycles of heating (1 and 7) and cooling (2 and 8) are
marked with dashed lines.
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from the first heating curve. They have only one endother-
mic peak at 100.5 °C. All three cooling curves (2, 4, and 6)
are nearly the same.

After 5 d, another three heating and cooling cycles were
carried out with the same sample. The first heating curve
in this series (dashed line 7) is similar to the first heating of
the fresh sample. There is an endothermic peak at 97 °C
but the shoulder at 102 °C is less marked. It indicates some
slow relaxation at room temperature. The next two heating
curves (9 and 11) and all cooling curves (8, 10, and 12) are
practically the same and do not differ from those of the
fresh sample.

FTIR Spectroscopy

The phase transitions in VOPO4·C5H10O intercalate
demonstrated by DSC analysis have been tested by FTIR
spectroscopy. The FTIR spectra of the intercalate
VOPO4·C5H10O during heating from 25 to 120 °C and of
pure THP are shown in Figures 3 and 4.

Figure 3. FTIR spectra of the intercalate VOPO4 with THP in KBr
pellets during heating from 25–120 °C and ATR FTIR spectrum
of pure THP in the region from 3200 to 2600 cm–1.

The infrared spectrum of the VOPO4·C5H10O intercalate
at ambient temperature exhibits pronounced peaks which
correspond to the THP vibrations. The intercalation of
THP into vanadyl phosphate has been characterized by IR
and Raman spectroscopy.[5] The band at 996 cm–1 in the
infrared spectrum of VOPO4·C5H10O has been assigned to
the symmetric ν(PO4) stretching vibration which is infrared-
active due to the distortion of the phosphate tetrahedron in
the intercalate. The shoulder at 1001 cm–1 is most probably
the V=O stretching band of the vanadyl group. Its position
corresponds to the coordination of the oxygen atom of
THP to the other axial position of the VO6 octahedron.
The band at 1149 cm–1 in the infrared spectrum of the in-
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Figure 4. FTIR spectra of VOPO4·H2O and of the intercalate
VOPO4 with THP in KBr pellets during heating from 25 to 120 °C
and ATR FTIR spectrum of pure THP in the region from 1800 to
600 cm–1.

tercalate with THP is the asymmetric ν(PO4) stretching vi-
bration of the phosphate tetrahedron. The position of the
main spectral bands of the host structure differs only
slightly from those of anhydrous vanadyl phosphate or its
hydrated form.[7] This confirms that the structure of the
original VOPO4 layers remains unchanged after the inter-
calation reaction.

The position, shape, and intensity of bands in the 3100–
2700 cm–1 region (see Figure 3) of the spectrum of the in-
tercalate differs from those in the spectrum of pure THP.[8,9]

Some changes of the CH2 stretching vibrations have been
observed when going from the liquid state to the interca-
lated form of THP. During the fixation of the intercalated
molecules in the interlayer space, the asymmetric CH2

stretching vibrations at 2936 and 2840 cm–1 split into sev-
eral bands and a new doublet shifted to 3002 and 2993 cm–1

appears in the infrared spectrum of the intercalated THP
(see Figure 3). Going from the liquid to the intercalated
state of THP a change of the scissoring (several bands from
1380 to 1470 cm–1), wagging (at about 1350 cm–1), twisting
(at about 1250 cm–1), and rocking (at about 1150 cm–1) vi-
brations of the CH2 group have been observed in the infra-
red spectrum of the intercalate (see Figure 4).[8,9] The band
of the asymmetric C–O–C ring vibrations at about
1090 cm–1 is overlapped by PO4 vibrations of vanadyl phos-
phate in the infrared spectrum. The position of the defor-
mation ring vibration is shifted from 817 to 813 cm–1 in
the infrared spectrum. The peak of the deformation ring
vibration at 872 cm–1 of THP is shifted to 870 cm–1 with a
shoulder at 881 cm–1.

The infrared spectra of the VOPO4 intercalate with THP
present some reversible changes during heating to 120 °C
and cooling back to 25 °C. In the region 3100–2700 cm–1,
the asymmetric CH2 stretching vibration, which is split into
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several bands at ambient temperature, passes to two bands
at 2936 and 2840 cm–1 and the doublet at 3002 and
2993 cm–1 passes to one band at 3001 cm–1 during heating
at about 110 °C. This transition occurs at 90 °C during
cooling (see Figure 3). At the same temperatures we observe
the reversible changes in the region from 1500 to 1100 cm–1

of the scissoring, wagging, and twisting vibrations of CH2

groups and in the region from 1000 to 800 cm–1 of the ring
deformation vibration (see Figure 4). The observed changes
might be explained by the existence of two different confor-
mations of the intercalated THP molecules. Basically, a six-
membered ring of THP can adopt one of the two most
common conformations: boat and chair. At ambient tem-
perature, the attractive forces between the host layers com-
pel the guest molecules to adopt the boat conformation,
which is spatially less demanding. The corresponding low-
temperature intercalate has therefore a lower basal spacing.
On heating, the attractive forces between layers become less
important and the THP molecule can adopt the energeti-
cally most favorable conformation, the chair conformation.
The high-temperature chair conformation requires more
space which results in a higher basal spacing of the interca-
late at elevated temperature. This idea is strongly supported
by the quantum mechanical calculations presented below.

NMR Spectroscopy

Local Structure and Segmental Dynamics

The standard 13C CP/MAS NMR spectrum of the in-
tercalate (Figure 5a) clearly reflects that the THP molecules
intercalated between the layers of vanadyl phosphate are
regularly arranged. This is indicated by relatively narrow
and symmetric signals with a linewidth of about 0.59, 0.55,
and 0.45 ppm for signals C1, C2, and C3, respectively. As
these linewidths are almost comparable with the linewidths
of CH2 signals of highly crystalline substances measured
under the same conditions (e.g. glycine: 0.42 ppm), this fea-
ture reflects a high degree of organization and packing of
the THP molecules. The other possible explanation, a nar-
rowing of the signals due to the fast rotation or fast ring
interconversion of the THP molecules in the interlayer
space, can be excluded. As reflected by the determined het-
eronuclear one-bond 1H-13C dipolar splitting vCH = 12.2–
11.8 kHz (Figure 6), the THP molecules in the basic state
at room temperature are fairly immobilized. This follows
from the comparison with the expected rigid limit value of
vCH, found to be 12.3 kHz based on a model compound
measurement (crystalline glycine).

Motional averaging of the dipolar splitting expressed by
an order parameter[10]

S = νCH/νCH,rig = νCH/12.3 kHz

is a measure of the equilibrium distribution of orientations
of the bond vector in a molecular reference frame. As-
suming segmental motion to be axially symmetric and small
in amplitude (�sin θ� ≈ �θ�), the order parameter can be
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converted to a root mean square (r.m.s.) angular fluctuation
of the bond vector according to the following defini-
tion:[10,11]

S = 1 – 3/2�θ2�

Figure 5. 13C CP/MAS NMR spectrum (a) and 31P CP/MAS NMR
spectrum (b) of VOPO4 with THP.

Figure 6. 13C{1H} NMR dipolar spectra of CH2 units of the in-
tercalated THP molecules measured at room temperature. The
splitting in kHz (∆ν) reflecting the motionally averaged dipolar
coupling constant (DCH) is shown between the maxima and calcu-
lated r.m.s. amplitudes at the left side of each spectrum.

In the case of the THP molecules intercalated in VOPO4

the order parameter S ranges from 0.995 to 0.959. Applying
the above-mentioned simplest but still physically realistic
model, the determined motional amplitudes of the most ri-
gid carbon atoms C1 and C2 of the THP molecule are
about 0–4°. The motional amplitude of the most mobile
segment C3 corresponds to a fluctuation angle of about 9–
10°. This definitely confirms very low flexibility of THP
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molecules at room temperature and therefore existence in
one preferred conformation. The observed motional restric-
tions are probably induced by strong interaction with
VOPO4 layers.

The character of this intermolecular binding can be de-
duced from the 13C NMR chemical shift. At room tempera-
ture the chemical shifts for the resonance peaks of THP
trapped in as-synthesized vanadyl phosphate are signifi-
cantly different from those of THP in the liquid state. It
can be seen that the chemical shifts of the carbon atom
connected to the oxygen atom in THP (C1), move to low
field (δ = 69.9 ppm) in the VOPO4 intercalate in compari-
son with δ = 68.4 ppm in the liquid state. Oppositely, the
signals of C2 are significantly moved to high field (δ =
25.1 ppm), while the position of the signal of the C3 atom
is almost unchanged (δ = 23.9 ppm). In the liquid state the
carbon atoms C2 and C3 resonate at δ = 26.9 and 23.8 ppm.
This phenomenon is caused by the nature of the interaction
between the oxygen atom of THP and vanadyl phosphate.
THP is a polar molecule in which the electronegativity of
the oxygen atom is larger than that of the carbon atoms.
As the oxygen atom of THP approaches the V atom, part
of the electrons on the oxygen atom move to the vanadium
atom, leaving the C1 atom with less negative charge. The
deshielding effect causes the chemical shift to move to lower
field, leading to a larger value of the chemical shift. Conse-
quently, due to the inductive effects, electron density in-
creases around the C2 atoms leading to a higher shielding
of the nuclear spins and corresponding lower values of the
chemical shifts. As the observed changes in the chemical
shift are relatively large, +1.5 and –1.8 ppm for C1 and C2,
respectively, the interaction between THP and the vanadyl
phosphate framework must be strong.

A tight contact between the THP molecules and the
VOPO4 framework is further evidenced by a 31P CP/MAS
NMR experiment in which the nuclear polarization is trans-
ferred from hydrogen atoms of THP to spatially close phos-
phorus atoms (their distance must not exceed 6 Å). As this
experiment can be easily performed (Figure 5b) and the ob-
tained result is quite identical with the 31P MAS NMR
spectrum measured with a direct excitation of the 31P mag-
netization (not shown here) the THP molecules must be
regularly arranged over the whole sample and must be in
close contact with all phosphorus atoms.

Average short distances between the hydrogen and phos-
phorus atoms were estimated from the measurement of 31P-
1H dipolar profiles employing a recently developed and ap-
plied two-dimensional Lee–Goldburg cross-polarization ex-
periment.[12,13] The obtained dipolar spectrum (Figure 7)
probably corresponds to two superimposed dipolar dou-
blets reflecting a superposition of two independent contri-
butions. The most probable short-range 1H-31P pairs are
reflected by the main splitting of the dipolar spectrum
which is about 210 Hz. This corresponds to the average in-
teratomic distance of 5.1 Å. The outer low-intensive doub-
let with the dipolar splitting of 460 Hz may reflect the
shortest 1H-31P pairs, the interatomic distance of which is
about 4.0 Å. The reliability of the applied analysis of the
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1H-31P dipolar spectrum was confirmed by the measure-
ment and subsequent simulation of the 1H-31P dipolar pro-
files for a four-spin system of CaHPO4 for which the neu-
tron-diffraction crystal structure is well known.[14]

Variable-Temperature 13C CP/MAS NMR Spectroscopy

Variable-temperature NMR experiments offer an inter-
esting prospect to probe a temperature-induced rearrange-
ment occurring in the investigated intercalated system. Gen-

Figure 7. 31P{1H} dipolar spectrum of VOPO4·THP intercalate
measured at room temperature. The splitting in Hz (∆ν) is shown
between the maxima.

Figure 8. Temperature dependence of the 13C NMR chemical shift
of VOPO4 with THP.
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erally, an increase in temperature may help to overcome en-
ergy barriers and a reconstitution of the molecules – transi-
tion to another “polymorphic” form – can take place. Such
changes can be simply monitored by two basic NMR pa-
rameters: chemical shift and linewidth of the 13C NMR sig-
nals.

In our particular case the temperature dependence of the
13C NMR chemical shifts (Figure 8) clearly revealed two
conformation transitions. Both these transitions are not
quite instant and rather occur in more or less broad tem-
perature ranges. The first one occurs in the temperature
range 70–85 °C and it is accompanied by a rearrangement
of the THP molecules. This statement follows from three
observed phenomena: (i) the 13C NMR shifts of the C1 and
C2 carbons signals substantially moved; (ii) the linewidth
of all signals after the transition is significantly narrowed;
and finally, (iii) in the temperature range of the phase tran-
sition it is almost impossible to record the 13C NMR spec-
tra.

The impossibility to detect the 13C NMR spectra indi-
cates that the molecules of THP are involved in the dynamic
exchange process. The molecular motion, however, is nei-
ther very fast nor isotropic, because the 13C MAS NMR
spectrum measured with direct excitation provides only
broad and unresolved signals. That is why this transforma-
tion could be attributed to the local conformation transi-
tion, for example boat/chair, which – at this temperature
range – is reversible. At higher temperatures (95–130 °C)

Figure 9. Variable-temperature 13C CP/MAS NMR spectra of
VOPO4 with THP.
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after the first transition, the molecules of THP are again
stabilized and rearranged with a significantly higher degree
of self-assembling. This is reflected by a high efficiency of
the cross-polarization and very narrow signals with a line-
width of 0.48–0.38 ppm (Figure 9). The second transition
occurring at about 130 °C is not so dramatic. We observe
only slight changes in the 13C NMR shift and slight broad-
ening of the corresponding signals indicating increased dis-
order in packing of the THP molecules. The changes in the
chemical shifts observed with increasing temperature fur-
ther indicate a tendency of the molecules of THP to reach
a relatively “free” state without the strong interaction with
the VOPO4 framework. Each transition is probably con-
nected to a weakening of the intermolecular interactions
between the THP molecules and vanadyl phosphate struc-
ture units.

Quantum Chemical Calculations

The character of the bonding between the guest mole-
cules and the host layer in the THP intercalate was investi-
gated by the methods of quantum chemical calculations.
Figure 10 shows a DFT-optimized structure of the molecu-
lar segment representing local interactions of vanadyl phos-
phate with THP, using a B3LYP functional and 6-31G(d)
basis set. In order to keep the overall planar structure of
the segment during full geometry optimizations and to
make the electronic structure in the segment close to the
conditions appearing in the intercalates, an oxygen atom
was inserted between two neighboring PO4 groups and ter-
minal oxygen atoms were substituted by OH groups.[15] The

Figure 10. Optimized B3LYP/6-31G(d) structures of the molecular
segment modeling the vanadyl phosphate–THP interaction with
THP in boat and chair conformations.
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total charge of the model compound was set to +3. It was
found that all geometry optimizations with various starting
orientations of THP with respect to the vanadyl group lead
to the structures displayed in Figure 10, with the boat and
chair conformations of THP. The structure with the chair
conformation is energetically more favored by 4.9 kcal/mol.

Conclusions

In summary, the following conclusions can be made:
(i) The donor-acceptor bond between the oxygen atom

of THP and the vanadium atom of VOPO4 has been con-
firmed by both IR and NMR spectroscopy. This bond loos-
ens with increasing temperature.

(ii) The phase transition observed by the DSC and pow-
der XRD methods is accompanied with changes in the in-
frared spectrum of the intercalate.

(iii) The existence of two phases (with the phase transi-
tion in the temperature region 80–120 °C) could be ex-
plained by the fact that the six-membered ring of THP
forms two conformations: chair and boat. The chair confor-
mation is energetically more favorable, as follows from the
quantum chemical calculations, but is sterically more de-
manding. Thus, its existence can be presumed at higher
temperature, when there is more space between the layers
of the host as indicated by higher basal spacing observed
for the high-temperature phase. The boat conformation, on
the other hand, can be arranged in the interlayer space in
such a way that the distance between layers is lower. There-
fore, this boat conformation can be present in the low-tem-
perature phase, where it is favored by steric conditions.

(iv) The second transition/change at around 140 °C is
most probably caused by weakening of the donor–acceptor
bond OTHP–V and formation of a disorder in packing of
the THP molecules. These phenomena are followed by a
slow decomposition of the intercalate.

Experimental Section
Sample Preparation: The THP intercalate was prepared either by
stirring a suspension of VOPO4·2C3H7OH in THP at room tem-
perature overnight or by refluxing a suspension of
VOPO4·2C3H7OH in THP for 1 h. The products were filtered off
and dried under nitrogen at room temperature.

XRD: The powder data were obtained with a D8 Advance dif-
fractometer (Bruker AXE, Germany) using Cu-Kα radiation with
a secondary graphite monochromator. The diffraction angles were
measured from 7 to 80° (2θ). The temperature measurements from
25 to 200 °C were carried out on the heated corundum plate with
a thermocouple. Each diffractogram was measured at constant
temperature and each cycle of heating and measuring lasted about
60 min.

DSC Measurements: DSC experiments were performed with a Met-
tler DSC 12E instrument. The instrument was previously calibrated
with indium, tin, and lead standards. A crystalline powder sample
of about 1 mg was placed in an aluminum pan and measured with
a heating and cooling rate of 5 Kmin–1 in the range from 40 to
115 °C.
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Infrared Measurements: The structural and optical properties of the
samples were checked using Fourier transform infrared (FTIR)
spectroscopy. Infrared measurements were performed with a
Bruker IFS 55 EQUINOX FTIR spectrometer with a DLATGS
detector. All spectra in the range 400–4000 cm–1 with 2 cm–1 spec-
tral resolution were obtained from compressed KBr pellets in which
the VOPO4·THP powders were evenly dispersed. Two hundred
scans were used to record each FTIR spectrum. A variable-tem-
perature-controlled cell (Specac Ltd.) in the range from 0 to
+250 °C with solid holders was used for temperature-dependent
measurements. The spectrum of the corresponding liquid THP was
measured by the ATR technique on a ZnSe crystal. The spectra
were corrected for the content of H2O and CO2 in the optical path.

Solid-State NMR Spectroscopy: Standard one-dimensional (1D)
experiments with cross-polarization (CP) and with direct excitation
as well as two-dimensional (2D) recoupling experiments were per-
formed with a Bruker Avance 500 NMR spectrometer (Karlsruhe,
Germany, 2003) with a 4-mm ZrO2 rotor. Magic-angle spinning
(MAS) speed was 10–12 kHz, the nutation frequency of the B1(13C)
and B1(31P) field was 62.5 kHz, and the repetition delay was 4 s.
To detect site-specific 1H-13C and 1H-31P dipolar spectra, 2D PIL-
GRIM (Phase Inverted LG Recoupling under MAS) experi-
ments[12] were applied. Incremented off-resonance LG-CP with a
22.6 µs increment was used as a dipolar evolution period. The in-
tensity of the B1(1H) field for cross-polarization was ω1/2π =
62.5 kHz and Hartman–Hahn matching conditions at the +1 spin-
ning side-band were optimized experimentally. TPPM (two-pulse
phase-modulated) decoupling was applied during the detection
periods. The phase modulation angle was 15°, and the flip-pulse
length was 4.7 µs. The applied nutation frequency of the B1(1H)
field was ω1/2π = 89.3 kHz. The 13C scale was calibrated with gly-
cine as the external standard (δ = 176.03 ppm: low-field carbonyl
signal). The 31P scale was calibrated with CaHPO4 (δ = –0.6 ppm).
Taking into account frictional heating of the samples during fast
rotation[16] precise temperature calibration was performed before
variable-temperature experiments.

Method of Calculation: Quantum chemical calculations were car-
ried out at the ab initio level of theory employing the
Gaussian 98[17] program package. Local interactions and structures
in the intercalates of vanadyl phosphate with THP were studied at
a DFT level using a B3LYP functional with a 6-31G(d) basis set.
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