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Abstract

The intercalation of octadecyl amine (ODA) into the catalytically important VOH®&,0, VOHPQ,-0.5H,0, VOPQG,-2H,0 and
VOHPG;-1.5H,0 phases has been found to give rise to mesolamellar phases with basal spacings of 32.8, 36.3, 30.0"\amis[36c2
tively. It is shown from FTIR and CP-MAS NMR studies that considerable disorder in the alkyl tail of the intercalated ODA is introduced
due to the internal methylene groups assungagcheconformations. Consequently, the observation that the interlayer spacing of the ODA
intercalates is lower than that expected from a fully stretched ODA molecule can be ascribed to the facgdathbeonformations of the
internal methylene groups cause a shortening of the effective length of the molecule. This contradicts the postulation of tilted configurations
of fully stretched alltrans alkyl amine molecules made in earlier studies of alkyl amine intercalation in VPO phases. It is also observed
that the extent of conformational disorder in the intercalated ODA molecules is dependent on the structure of the host VPO lattice with the
highest conformational disorder in the ODA intercalate of VOHR8,0 followed by the intercalates of VOHR®.5H,0, VOPQ,-2H,0
and VOHPQ-1.5H,0.
© 2004 Published by Elsevier B.V.
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1. Introduction dium (V) phases, vanadyl hydrogen phosphate hemihydrate
VOHPOy-0.5H,0, vanadyl hydrogen phosphate tetrahy-
Vanadium phosphorous oxides (VPQ's) are a class of lay- drate VOHPQ-4H,0, vanadyl phosphite VOHP{L.5H,0
ered solids that exist in different structural and topological and the vanadium (V) phase, vanadyl phosphate dihydrate
modifications due to variations in the mode of bonding, spa- VOPOy-2H20 are industrially very important as precursors
tial orientations and nature of cross-linking between the oc- to the vanadyl pyrophosphate (VEP»O7; phase which has
tahedral vanadyl and the tetrahedral phosphate or phosphitdoeen established to be the catalytically active phase in the
structural unitg1]. Some of the VPO phases have tremen- selective oxidation of butane to maleic anhydride.
dous technological importance as catalysts for the selective The catalytic activity of the (V@P,0O7 phase is known
oxidation of butane to maleic anhydride as well as for their to be very sensitive to its structural and morphological char-
potential industrial application in the selective conversion acteristics which in turn can be controlled through the pre-
of propane to acrylic acid, pentane to phthalic anhydride cursor phas¢3]. The four precursors to the pyrophosphate
and ammoxidation of various alkyl aromatics to the cor- phase are structurally quite different. Thus the structure of
responding aromatic nitrile2]. Amongst them, the vana- vanadyl (V) orthophosphate, VORQH,O is made up of
corner shared V@ octahedra and PQtetrahedra forming

* Corresponding author. Tel.: +91 135 2660 263; fax: +91 135 2660 202. & fwo-dimensional layer latticgd], whereas face shared
E-mail addressadatta@iip.res.in (A. Datta). vanadyl dimers are interconnected by corner sharing with
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Table 1

Compositional analysis of the VPO-ODA intercalates

Sample code  Parent host ODA content (WB%) P Wt.%)P  V (Wt.%)? O Wt%F  H,O wt%)Y  Composition

ODA-VPO0.5 VOHPQ-0.5H,0 51.59 9.00 14.82 23.54 1.05 (ODAKVOHPO,-0.2H,0
ODA-VP1.5 VOHPQ@-1.5H,0 63.67 7.39 12.16 15.49 1.29 (ODyyVOHPG;-0.3H,0
ODA-VP2 VOPQ-2H,O 53.95 8.40 13.82 21.68 2.15 (ODARVOP(O,-0.44H,0
ODA-VP4 VOHPQ-4H,0 53.93 7.97 13.11 20.83 4.16 (ODABEVOHPO,-0.9H,0

2 Amine content was determined from TGA considering mass loss above 423 K due to the loss of alkyl amine surfactant.
b p and V content was determined by ICP analysis.

¢ 0% = 100— (%P + %V + %H0 + %amine).

d H,0 content was determined from TGA considering mass loss in the region 303—423 K due to la&s of H
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Fig. 1. (a) XRD patterns of the intercalation products of octadecyl amine (ODA) with VQHIPRO (ODA-VP4), VOHPQ-0.5H,0 (ODA-VPO0.5),
VOPQOy-2H,0 (ODA-VP2) and VOHP@1.5H,0 (ODA-VP1.5). (b) XRD patterns of parent VPO host phases.

hydrogen phosphate (HRDgroups in vanadyl (V) hy- double chains of VOHPQ4H,0 are loosely stacked to-
drogen phosphate hemihydr§$e6], VOHPQ,-0.5H,0 and gether by weak hydrogen bonding interaction involving vana-
by hydrogen phosphite (HRpgroups in the vanadyl hy-  dium bound water and interlayer residing free zeolithic wa-
drogen phosphite VOHP£L.5H,0 phasq7]. The vanadyl ter moleculeg4,6]. In contrast there is a tight interlayer
hydrogen phosphate tetrahydrate (VOHPIP,0) on the binding [5,6] in VOHPOy-0.5H,0 due to the existence of
other hand has a completely different structure formed by a a hydrogen-bonding network in the interlayer region. The
double chain arrangement of corner shareds\&@d HPQ layers of VOHPQ-1.5H,0, however are less tightly held in
polyhedral unitg[6]. The layers of VOP@2H,O and the comparison to the hemihydrate phase.
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Fig. 2. Plots showing variation of basal spacidgyf from XRD) with the number of carbon atomiN() for alkyl amines of different chain lengths viz-C1 4,
n-Cy6 andn-Cyg intercalated into VOHP®O.5H,0 (a), VOHPQ-1.5H,0 (b), VOPQ-2H,0 (c) and VOHPQ-4H,0 (d).

The intercalation compounds of layered vanadium or- poundg11], glycols[12] and amide$13]. VOPQy-2H,0 is
thophosphates are of tremendous interest not only as fun-also known to undergo redox intercalation of metal ifig.
damental examples of V-P—O nanocomposites but also adn contrast the intercalation chemistry of VOHR@H,O
intermediates for constructing novel V—-P—O nanostructures has hardly been studied and apart from the incorporation
of catalytic importancd7]. Owing to the weak interlayer of some small chain alkyl amin€)§,9¢,15] attempts to
binding in VOPQ-2H,0 and VOHPQ-4H,0, these solids intercalate other molecules into the VOHR@5H,O and
can act as host to different guest molecules. In this context VOHPQO;-1.5H,0 phases have not been very successful due
VOPQy-2H,0 has been shown to be very amenable for in- to their less open interlayer structure, although some inter-
tercalation of alcohol48], aliphatic and aromatic amines esting phase transformations during metal ion incorporation
[9], pyridine and its derivative®i,10], organometallic com-  into VOHPQ;-0.5H,O have been reportdd6].
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Fig. 3. (a) FTIR patterns of different VPO hosts and their corresponding ODA intercalation products in the range 400=300) IR pattern of different
VPO hosts and their corresponding ODA intercalation products in the range 2500—-4000 cm
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Fig. 4. (a) Plot showing variation gf;<CH; frequency in pure ODA and in ODA intercalated into different VPO hosts. (b) Plot showing variat&oHpf
frequency in pure ODA and in ODA intercalated into different VPO hosts.

The intercalation of long chain alkyl amine molecules into methods[7,19] and were characterized by XRD, FTIR,
layered VPO solids leads to the formation of lamellar VPO TGA and elemental analysis. Intercalation of alkyl amines
phases of mesoscopic dimensi¢hg]. These novel nanofab-  such as-octadecyl amine (ODA)n-hexadecyl amine and
ricated VPO materials are of interest because of their uniquen-tetradecyl amine into VOP£2H,0, VOHPG;-1.5H,0,
structure and potential use in catalysis. So far though no sys-VOHPO,-4H,O and VOHPQ-0.5H,O were done under
tematic study has been done to understand the orientation ofdentical conditions by stirring the above solids in the ho-
the incorporated amine molecules in VPO-amine nanocom- mogeneous dispersion of any of the alkyl amines in water
posites. This knowledge would be essential in order to tailor or in a mixture of dimethyl formamide (DMF) and water.
the structural properties of these solids as we have shown reDMF-water mixture was used as the reaction medium in
cently that subtle changes in the conformational orientation the case of VOHP®0.5H,0O as complete intercalation of
of the incorporated alkyl amine surfactants can lead to pro- the alkyl amines in VOHP®0.5H,0 was achieved only in
found differences in the layer packing and interlayer distance this medium after a reaction time of 24 h. In a representa-
in mesostructured VPO materidlE3]. In the present work  tive procedure of intercalation, 5 mmol of VOHRO.5H,0
therefore we have studied the intercalation of a long chain was dispersed into the homogeneous dispersion of 1.25 mmol
amine such as octadecyl amine (ODA) into the four different of ODA in a 40 ml mixture of distilled water and DMF (1:1
VPO phases namely VOHRQA.5H,0, VOHPQ;-0.5H,0, (v/v)). The slurry was stirred at 353 K for 24 h and the product
VOHPQO,-4H,0 and VOPQ-2H,0 with the aim of investi- isolated by filtration. The solid was thoroughly washed with
gating the effect of the structure of the host VPO lattice on acetone to remove any unreacted alkyl amine and dried in an
the orientation and conformation of the intercalated amine air oven at 393K for 6 h. Intercalation of the alkyl amines
molecules. into other solids was done by stirring the respective solids in

40 ml aqueous dispersion of alkyl amine, maintaining other

conditions exactly the same. The products obtained by the
2. Experimental intercalation of ODA into VOP@2H,0, VOHP&;-1.5H,0,

VOHPQ,-4H,O and VOHPQ.0.5H,O were coded as

VOPQy-2H,0, VOHPQ,-0.5H,0, VOHPQ,-4H,0 and ODA-VP2, ODA-VP1.5, ODA-VP4 and ODA-VPO0.5,
VOHPG3-1.5H,0 were synthesized by following literature — respectively.
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3. Chemical and physical measurements

The X-ray powder diffractograms were recorded at room
temperature on a GE XRD 9530 diffractometer using Gu K
radiation ¢ = 1.5406&) and were scanned in thé 2egion
2° to 50° at the rate of 2/min. FTIR spectra were recorded
on a Perkin-Elmer 1760X FTIR spectrometer with the sam-
ple powder diluted in KBr (1%). Typically 100 scans with a
resolution of 2 crm! were collected for each sample. All the
solid-state'3C CP-MAS NMR experiments were performed
at room temperature on a Bruker Avance 500 NMR spec-
trometer operating at resonance frequencies of 125.75 MHz
for 13C and 500.13 MHz fotH, respectively. Finely pow-
dered samples were loaded in 4 mm zirconia rotors and were
put in the CP-MAS probe. CP-MAS experiments were per-
formed with a standard CP sequence with TPPM decoupling
[20] scheme during the acquisition period for most efficient
hetero nuclear decoupling. &2 pulse of 5us was applied
to the protons to create the transvetsemagnetization at
the spinning frequency of 8 kHz. This 8 kHz sample spin-
ning was sufficient for removing the anisotropic part of var-
ious spin interactions, specifically for CSA. Contact pulses
of 250p.s were applied in botAH and 13C channels with
Hartmann—Hahn matching condition at 50 kHz rf field for
polarization transfer in rotating frame under spin-lock condi-
tion. In the pulse sequenckH spin temperature alternation
was done with alternatively shifting rf phase by 286r 'H
rf pulse and receiver phase cycling for CYCLOPS was im-
plemented for all spectral recordings. The number of scans of
FID were varied from 1000 to 3200 depending on samples in
order to get optimum signal to noise ratios. All spectra were
processed with glycine as the external reference. In order toFig. 5. 13C CP-MAS NMR spectra of pure solid ODA and the intercalation
obtain more detailed information about internal methylene products of ODA with different VPO hosts.
peaks, Bruker's interactive solid-state deconvolution method
was applied for the broad spectral region 26—40 ppm. For the
individual peaks with their respective isotropic chemical shift to mesolamellar phases as no diffraction lines due to the par-
values §iso), appropriate Gaussian/Lorentzian convolution ent VPO solids are observed in the produdisgy( 1b). All
factors were applied for each spectra separately. Individualthe XRD patterns are characteristic of single mesolamellar
peak positions, line widths and peak intensities were usedphases with basal spacingyd; from XRD) of 32.8, 36.3,
as variable parameters in iterations till the best fit for each 30.0 and 36.2, respectively. All these phases also display
spectra were obtained. Thermogravimetric analysis was car-the corresponding (002) and (003) reflections in their XRD
ried out using a Mettler TG-50 model and the DSC patterns patterns, except in the case of ODA-VP4 where the (003) re-
were recorded on a Mettler DSC-20 model using a heating flection is not observed but additional lines, not due to the
rate of 10 K/min and an airflow of 150 ml/min. The compo- parent compound, are present.
sition analysis of the VPO-ODA intercalates is presented in  In order to ascertain the arrangement of ODA molecules
Table 1 in the intercalates, two additional alkyl amines with chain

lengths ofn-C14 and n-Cy5 were also intercalated into the
four different VPO phases. The basal spacidgo{) de-

ODA-VP4

ODA-VPO0.5

ODA-VP2

ODA-VP1.5

55 50 45 40 35 30 25 20 15 10 5
(ppm)

4. Results and discussions termined from the XRD patterns of these phases along
with the ODA intercalated phase were then plotted against
4.1. XRD the carbon numbers of the alkyl amines for each individ-

ual host. Good least square fitEig. 2 with slope val-
XRD patterns of the ODA intercalation producEd. 1a) ues of 0.275, 0.525, 1.05 and 1.22%H, were obtained
of VOHP(y-4H,0 (ODA-VP4), VOHPQ-0.5H,O (ODA- for alkyl amine intercalation products of VOHR@H,O,
VPO0.5), VOPQ-2H,0 (ODA-VP2) and VOHP@1.5H,0 VOHP,-0.5H,0 VOPQ,;-2H,0 and VOHPQ-1.5H,0, re-
(ODA-VPL1.5) show complete transformation of these solids spectively. For a monolayer arrangement of alkyl chains in an
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all transconformation, oriented perpendicularly with respect
to theab basal plane of the inorganic layer, the theoretical
increase of basal spacirﬁgl] for addition of each methy-
lene group should be 1.2V The experimentally obtained
values for the increase in basal spacing for each methylene
group in the alkyl amine intercalates are thus quite different
for the various host lattices. Also, the values for the thick-
ness of the inorganic layer obtained by the extrapolation of
the plots inFig. 2 for the intercalates of VOHPH,0,
VOHP4-0.5H,0, VOPQ;-2H20, and VOHPQ-1.5H,0 are
27.8,26.8,11.2 and 144, respectively indicating large vari-
ations in the inorganic layer thickness amongst the meso-
lamellar VPO phases from the four different VPO hosts.

4.2. FTIR

FTIR spectra of ODA-VP2 in the P-O, V-0 stretching
region (800-1300 cm') show changes in the V-P-O con-
nectivity of the parent VOP©2H,0 phase following ODA
intercalation. In contrast the V—P-O connectivity of the re-
spective parent hosts are largely retained in ODA-VPO.5,
ODA-VP1.5 and ODA-VP4 as is evident from their band
structure in the P-O, V-0 stretching regidfig. 3a). An
insight into the conformation of the ODA molecules in the
intercalates can be obtained from the analysis of the band
positions in the methylene stretchings (CH2) and bend-
ing § (CH2) modes of the interior methylene groups in the
alkyl tail of the incorporated ODA molecule§i). 3b). In
pure ODA, bands at 2916 and 1472chcorrespond to the
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asymmetric stretchingsas (CH2) and bendings (CHy) vi-
brations of an altrans conformation of the internal methy-
lene groups in the alkyl tail. The positions of these bands
are known to be sensitive to ttgauchétrans conformer
ratio in the alkyl group of surfactants with an increase in
the ordering of the alkyl tail with increasingans confor-
mation of the interior methylene groups leading to small
bathochromic shifts in theas (CH2) vibration and to small
hypsochromic shifts in th& (CHy) vibration[22]. The vari-
ation of y35 (CH2) and s (CHy) frequencies in pure ODA
and the VPO intercalate$ig. 4a and b) indicate that the
increase in the conformational disorder in the methylene
chains of the ODA molecules follows the sequence ODA-
VP4 > ODA-VP0.5 > ODA-VP2 > ODA-VP1.5~ ODA

(pure).

4.3. 13C CP-MAS NMR

The solid statd3C CPMAS NMR spectrum of pure oc-
tadecyl amine (ODA) shows isotropic chemical shifts of
43 and 39 ppm assignable to the carbon)(@djacent to
the amine head group and the carbon)(@ext to it, re-
spectively. On intercalation of ODA into VOR@H,0,
VOHPG3-1.5H,0, VOHP(Q;-4H,0 and VOHPQ-0.5H,0
the signals due to £and G are no longer visible as distinct
peaks Fig. 5. This indicates strong interaction of the amine
head group of the octadecyl amine molecule with the VPO

matrix in the intercalates. This is because such an interaction

would make the alkyl amine molecules in their intercalated

175
4.4. Thermal analysis

TG and derivative TG (DTG) patterns of the ODA inter-
calates showed weight loss peaks below 423K due to the
loss of water. Subsequently all the samples showed weight
loss peaks in the temperature range 423-823 K which could
be attributed to a complex multi step decomposition of the
incorporated amines. A similar decomposition behavior of
amine surfactants has been observed ediliéf. In ODA-
VPL1.5, in this temperature rangEig. 8) there are weight
loss peaks at 507, 583 and 713 K. Correspondingly its DSC
(Fig. 8 pattern shows a shoulder at 503K and two exother-
mic peaks at 578 and 720K The three weight loss peaks
in ODA-VP1.5 with corresponding exothermic peaks in the
DSC pattern, can be attributed to the stepwise loss of the in-
tercalated amine through oxidation. Very similar TGA/DTG
and DSC patterns were observed for ODA-VP2 and ODA-
VPO0.5 with small variations in the mass loss and exothermic
peak positions. In contrast, no distinct mass loss peaks were
observed in the case of ODA-VP4. Instead, very broad mass
loss peaks centered at 533 and 723 K were obseRigd)
which is in keeping with the fact that ODA molecules are in
the most disordered state in ODA-VP4 as evidenced by FTIR
and NMR studies.

5. Conclusions

The intercalation of ODA into different VPO host lattices

state morerigid. The resulting increase of residual dipolar and gives rise to mesolamellar phases with wide variations in the

chemical shift anisotropic interactions would be felt more by
the G and G carbons because of their highest rigidity by
virtue of their close proximity to the inorganic lattice and
hence theit3C NMR signal would be very broad and weak
in intensity.

The conformational heterogeneity of the ODA interca-
lated VPO phases was also probedBg CP-MAS NMR
spectroscopy. For long chain alkyl group containing sur-
factants a'®C NMR signal in the chemical shift range
32-34 ppm indicates the presence of highly orderettails

conformation of the incorporated ODA. It is shown that con-
siderable disorder in the alkyl tail of the intercalated ODA
is introduced due to the internal methylene groups assuming
gaucheconformations. Consequently the observation that the
interlayer spacing of the ODA intercalates is lower than that
expected from a fully stretched ODA molecule can be as-
cribedto the fact that thgaucheconformations of the internal
methylene groups cause a shortening of the effective length
of the molecule. This contradicts the postulation of tilted con-
figurations of fully stretched atfansalkyl amine molecules

domain while a peak in the range 28—-30 ppm correspondsmade in earlier studies of alkyl amine intercalation in VPO

to the disorderedyauchedomain in the interior methy-
lene groups of the alkyl grouf23]. It is evident that the
13C CP-MAS NMR spectra of the ODA intercalates have

hostg[7,15,24] Thus a perpendicular monolayer orientation
with varying degrees of conformational disorder in the alkyl
tail would be the most likely arrangement of the incorpo-

structured band patterns due to superimposed peaks in theated ODA molecules in the intercalates of VOHPAH,0

range 20—-40 ppm. By deconvolution of th&C NMR spec-
tra in this region, the ratio of the area intensity due to the
gauche(l,) andtrans (I;) signal was estimated for pure
ODA and for each ODA intercalate. A typical deconvo-
luted spectrum is shown iRig. 6. Variation of thel /I, ra-

tio from pure ODA molecules to the various ODA interca-
lates is shown irfrig. 7. A gradual increase in the conforma-
tional disorder in the intercalated ODA molecules according
to the sequence ODA-VP4 > ODA-VP0.5 > ODA-VP2 >
ODA-VP1.5~ ODA is evident in agreement with the FTIR
data.

VOHPQ,-0.5H,0, VOPQ;-2H,0 and VOHPQ@-1.5H,0.

On the other hand it is also obvious that the structure
of the host VPO phase has a marked effect on the ex-
tent of conformational disorder in the intercalated ODA
molecules. The highest conformational disorder was ob-
served in the ODA intercalate of VOHR@&H,0 followed
by the intercalates of VOHP0.5H,0, VOP(Q;-2H,0 and
VOHPQO3-1.5H,0. The highest conformational disorder in
the VOHPQ-4H,0 intercalate can probably be attributed to
the fact that VOHP@4H,0 has an open one-dimensional
(1D) double chain structure with ordering of the P—O-V
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connectivity only along one crystallographic direction and
such a 1D open structure is expected to give maximum
conformational freedom and least efficient packing of the
incorporated ODA molecules in the interchain region in
comparison to the ODA molecules in the interlayer region
of the two-dimensional (2D) hosts like VOHRO.5H,0,
VOPQy-2H,0 and VOHPQ-1.5H,0. Among the 2D hosts,
ODA isin the most disordered state in the intercalation prod-
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