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A new lamellar mesostructured oxovanadium(V) phosphate, (DRAE))0.oVOPOs-1.5H,0O (DDA = dodecyl-

amine), has been synthesized through % S° cooperative mechanism using protonated dodecylamine (DDAH

as structural directing agent. The self-assembling process between 2D-[y@®@ties and (DDAH---CI™)

dipolar ion pairs leads to a second-order staged material in which the surfactant molecules are organized in a
interdigitated array occupying the gap between double VORrs defining the inorganic walls. Besides X-ray
powder diffraction and TEM observations, results from IR spectroscopy, thermal analysis, and intercalation reactions
suggest that the inorganic framework in the title compound has clear similarities with that observed in-VOPO
2H,0.

Introduction plates® Since then, a great effort has been devoted to the
preparation of new silica- and non-silica-based mesostructured
or mesoporous materials by using similar surfactant-assisted
procedure§:®>~11 Under this approach, and following our work

on oxovanadium phosphates, we have explored the idea that
the formation of new low-dimensional-v¥P—O materials could

be favored through self-assembling processes between inorganic
fragments and surfactant molecules.

Several vanadiumphosphorus oxide-based mesostructured
solids have been prepared up to date using alkyltrimethylam-
monium salts as surfactardfs!3Thus, hexagonal mesostructured
derivatives having the V:P molar ratio of 2:1 were reported by
Abe et al*? and Doi and Miyaké? Recently, Roca et &f have
synthesized, through a cooperativeé’l'S mechanism, new

The interest in metal phosphates and related solids having
low dimensional (i.e. 1D or 2D) structures is currently increasing
as more applications for these materials emérgearticularly,
oxovanadium phosphate chemistry has impressively grown
under the attraction of the industrial interest of the (Y-
catalysts® This has resulted in a rich crystal chemistry which
is associated, in part, with the ability of vanadium to adopt
different coordination polyhedra and to easily accede to various
oxidation state4® In this context, a great number of new
V—P—0 solids have been recently identified due to the success
of some synthesis tricks that allow the preparation of layered
or open frameworks through the incorporation into the resulting

networks of _inorgani‘?:or organic species which frequently are hexagonal mesostructuredP—0 materials (denoted ICMUV-
referred to, in a broad sense, as templates. _2) in which the bond topology seems to be similar to that in
It was in 1992 when a group of scientists of the Mobil - |ayered oxovanadium phosphates. Moreover, as ICMUV-2
company reported on the synthesis of a new family of silica- aterials have the V:P= 1:1 molar ratio, they are adequate
based mesoporous derivatives (denoted MCM-41) by using |argepyrolytic precursors of the (VOP,0; catalysts. On the other
molecular aggregates (surfactants) as “supramolecular tem-pang poi and Miyak¥ described also the synthesis of a
. lamellar mesostructured solid having a V:P molar ratio of,
* To whom correspondence should be addressed. E-mail: |°|es-marcos@approximately, 1:0.85. This lamellar surfactant-containing solid

UV.es; pedro.amoros@UV.es. . L .
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a subsequent hydrothermal treatment. In any case, it is well- octanol) occurs very slowly, but even for comparatively long reaction
known that the open layered morphology of some oxovanadium times (several days), we have been not able to obtain single phase

phosphates (particularly VORQH,0),!® together with their
solid-acid character and the presence of readily reducible V(V)
ions, makes them versatile hosts for intercalation chemi8try.
Thus, it should be noted that the intercalatiomedlkylamines
(that can be thought of as surfactants) in VQRBI,O and
(Vo.14Nbg 89 OPQy-2.7H,0O was reported prior to the discovery
of MCM-41 materials’~2° The resulting structures can be
described as organignorganic composites consisting of alter-
nating stacks of VOP@like and organic layers.

In this work we report on the synthesis and structural

products.

Analysis. Vanadium, phosphorus, and chlorine contents were
determined by atomic absorption spectrometry (Perkin-Elmer Zeeman
5000), X-ray fluorescence (Philips PW2400 instrument), and electron
probe microanalysis (Philips SEM-515 instrument). Water, alcohol, and
surfactant contents were determined by CNH elemental and thermo-
gravimetric analyses.

Physical MeasurementsX-ray powder diffraction (XRD) patterns
were obtained by means of a conventional angle-scanning Seifert
3000TT diffractometer using Cud<radiation in steps of 0.04(20)
and counting times of 20 s per step. Indexation and profile fitting were

characterization of a new lamellar mesostructured oxovanadiumPerformed on patterns collected in steps of 0.(2) over the angular

phosphate, (DDAH)y(Cl)o.osvVOPOs-1.5H,0 (DDA = dodecyl-
amine). As set out below, the ion-mediatedXSI1° self-

assembling formation mechanism here proposed is rather
unusual, only two examples of synthesis having been previously

reported in the literature (MCM-41 silicas prepared under highly
acidic conditions and layered zinc phosphdt€)In contrast,
other analogous mechanisms, dXSI* or SSM*I~, are better
documented- 11 We also present a preliminary study of the
intercalation reactions of different alcohols in the (DDAt)
(C)o.oVOPOs+1.5H,0 host lattice.

Experimental Section

Synthesis of (DDAH) o(Cl)0.90VOPO,+1.5H,0. The title compound
was synthesized according to Jander’s proce#fudich was modified
by introducing in the reaction medium DDA (DD# dodecylamine)
as surfactant. The optimized V:P:DDA molar ratio in the mother
solution is 1:5.7:1. A typical preparation can be described as follows:
8 mL of concentrated HNOwas added toral M aqueous solution of
NaHPO, (18.207 g; 0.114 mol). Then, a 0.75 M solution of Nay/O
(2.709 g; 0.02 mol) was slowly added while stirring. The resulting
solution was red-orange colored, which is characteristic of'\t@tions
in water/phosphoric acid media at low pH vald&Subsequently, an
acidified aqueous solution (100 mL of concentrated HCI in 354 mL of
water) of DDA (3.780 g; 0.02 mol) was added while stirring at room
temperature. Solvent was eliminated by heating &t@0ntil formation
of a yellow precipitate. The resulting solid was filtered off, washed
repeatedly with water, and air-dried. (Anal. Found: C, 38.0; N, 3.3;
H, 8.5; Cl, 8.5; V, 12.9; P, 8.5; water, 7.1. Calcd: C, 38.3; N, 3.2; H,
8.3; Cl, 8.2; Vv, 13.1; P, 8.0; water, 6.9).

Intercalation Reactions. Insertion of alcohols into the meso-
structured host was carried out as follows: 0.2 g of (DDAS)o.o-
VOPO,1.5H,0 was kept in contact with an excess of alcohol
(CH3(CH)OH; n=0, 1, 2, 3) at room temperature for intervals ranging

range 4-25° (26) using a counting time of 40 s per step.

Transmission electron microscopy (TEM) images were obtained by
means of a Philips CM10 microscope operating at 120 kV with asLaB
filament. Specimens were prepared by dispersing the powder in
undecane. A drop of this suspension was placed on a holey copper
grid covered with a thin carbon film and dried in air. Scanning electron
micrographs (SEM) were recorded on a Hitachi 4100FE instrument.

Infrared spectra (IR) were registered on a FT IR Perkin-Elmer 1750
spectrophotometer using dry KBr pellets containing ca. 2% of the
sample.

Thermogravimetric analyses were performed using a TGA-7 Perkin-
Elmer instrument. Samples were heated to 5@t 5°C min~* under
flowing air atmosphere. Final solids were characterized by means of
X-ray powder diffraction.

Results and Discussion

Synthesis.The synthesis of non-silica-based mesostructured/
mesoporous solids usually implies additional difficulties relative
to the established procedures for mesoporous silicas: the
hydrolysis and condensation processes affecting the inorganic
species are, in general, more intricate than those of silicium
ions and, also, the structural flexibility of the resulting inorganic
fragments (as required for mesostructured phases formation) is
lower than that of silicad®2* Our synthesis approach, which
has allowed us to obtain not only the title compound but also
other related mesostructured derivativé%,2%is based on a
simple idea previously discussed in defailthe resulting
framework in the final solid is affected by the nature of the
ionic aggregates present in the mother liquor. In this sense, and
owing to the complexity of the V/EPOJ/DDA/water system,
we made a first approximation to the problem by independently
considering the equilibria involving the organic or inorganic
species under standard conditions. Hence, our basic tools to

from a few minutes to ca. 1 h. The resulting yellow-green intercalates approach the synthesis of the title compound have been the
were recovered by filtration, washed with water, and air-dried. The phase diagram of the surfactant and the consideration of the
amount of intercalated alcohol per V atom was close to one molecule pyqyolysis and condensation processes of the inorganic moieties.
in every case: 1.3 for methanol, 1.1 for ethanol, 1.1 for propanol, and = 1 1k alkylamines have been usually considered as neutral
0.95 for butanol. Intercalation of higher alcohols (such as hexanol or .
surfactants when used as “supramolecular templafed”it
should be noted that both such a neutral character and,
consequently, the proposal oflfSmechanisms only can be valid
in a limited range of synthesis conditions. In fact, a long chain
primary amine (such as DDA) is a relatively strong base. When
work is done at low pH values, the surfactant (amine) molecules
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Schith, F.; Stucky, G. DNature 1994 368 317.
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28, 131.
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A Lamellar Oxovanadium Phosphate

must be protonated, and they should be thought of as cationic
St surfactants (DDAH species in the present case). Hence,
given that DDA is dissolved in a HCI highly acidified aqueous
solution, it is the phase diagram of dodecylammonium chloride
which more approximately would adjust it to our synthesis
conditions?” Really, this phase diagram is singular in compari-
son with those corresponding to other surfactants, such as
cetyltrimethylammonium (CTAB), usually employed as “su-
pramolecular templates”. It includes a very small domain
ascribed to hexagonally structured DDAlhesophases, which
only could be formed, therefore, under very strict working
conditions (temperature and surfactant concentration). On the
contrary, the lamellar phase expands over wide ranges of
surfactant/water ratio and temperature values. This is not a
surprising fact, as far as the occurrence in DDABF small
headgroups decreases the probability for the formation of rodlike
micelles, which are those showing a natural tendency to self-
organize in hexagonal packing&2In short, the small effective
size @) of the headgroups in DDAHwill favor packing factor
values ) close to 1 and, hence, the formation of lamellar
mesophase®. On the other hand, the surfactant concentration
we have used is well below those required for the formation of
liquid crystals and even below the critical concentration for
micelles formation. Then, a liquid crystal templating mecha-
nismt! can be rejected as that leading to the formation of
(DDAH)0.o(Cl)o.gVOPQO,1.5H,0.

Regarding the inorganic subsystem, at the low pH working
values at which we have carried out the synthesis of the title
compound, the majority species in the starting solution are
VO(H.0)s*" and HPO2.28 As we have previously shown,

tion reactions can give rise to the formation of [VOR®~

2D anions>'4 In turn, these anions can be thought of as
precursors of lamellar, microporous, or mesostructured phos-
phates having bonding topologies (derived from that V@QPO
2H,0) in which the (OV)-diu(O,0)POs(VO) fragment is
recognizable as the main structural unit.

All our results indicate that all vanadium atoms in the final
solid are V(V), i.e. the vanadium oxidation state does not vary
throughout the entire process. Then, the 2D [V@QRfagments
should be, although dipolar, uncharged as a whole. Hence, the
are not adequate to match by themselves with cationic surfac-
tants as DDAH entities. It does not seem unlike, therefore,
that CI- anions, which are present in stoichiometric amounts
in the final material (i.e. the DDAH.CI~ molar ratio in the
solid is ca. 1:1), result initially located in the organiaorganic
interface close to the ammonium headgroups to locally com-
pensate charges. In fact, dealing with cationic surfactants, it is
well-known that the hydrophobiehydrophilic interactions,
which can give rise to their organization in supramolecular
aggregates, result in being more favored when the additional
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Figure 1. (a) X-ray powder diffraction pattern of (DDAKYCl)o.o
VOPO,+1.5H:,0. (b) Profile refinement of the XRD without structural
model (pattern matching) showing the experimental and calculated
diffractograms. The difference pattern is at the same scale.

Such a mechanism could be thought of as the result of two main

4nteractions: the Coulombic attraction between the headgroups

of the DDAH" molecules and the Clanions, this very likely
defining (DDAH"---CI~) hydrogen-bonded ion pairs, and
extended attractive van der Waals forces between these ion pairs
and the dipolar 2D [VOPg) neutral fragments. In short, it is a
templating cooperative [DDAI+--CI-][VOPO,]° self-assem-
bling process. Taking into account that both ionic and van der
Waals interactions are involved as driving forces to the
formation of the (DDAH) Cl)o.0VOPO,+1.5H,0 mesostructure,

the proposed mechanism can be viewed as intermediate between

Yionic and neutral synthesis paths.

Characterization. Electron probe microanalysis shows that
the title compound has a constant and well-defined composition
with a homogeneous distribution of vanadium, phosphorus, and
chlorine atoms in the inorganic framework.

The X-ray powder diffraction (XRD) pattern of (DDAl
(Cl)o.gVOPOs+1.5H,0 is shown in Figure la. The fact that a
series of equally spaced)(peaks be observed in the low-angle
regime clearly demonstrates the layered structure of the title
compound. In consequené&the two major diffraction peaks
at 29 values corresponding td spacings of 25.97 and 12.99

species required to compensate the headgroup charges argg assigned to the (001) and (002) reflections, which results in

relatively small anions (F, CI7) compared to larger ones
(Br).28 Thus, it seems reasonable to come to the conclusion
that the formation of (DDAH)«(Cl)o.oVOPQO,-1.5H0O occurs
through a $X~1° counterion-mediated mechanism. As men-

an interlayer spacing of ca. 26 A. In addition, some weaker but
well-resolved peaks are also observed at higlflerdues. This
indicates that the overall layered structure is accompanied by
atomic scale ordering and registry of the lay&$his feature,

tioned above, this seems to be a rather unusual mechanism, ag, o1y ohserved in hexagonal mesostructured materials, is not

far as the already described small-ion-mediated self-assembling

processes between surfactant and inorganic moieties are at
tributed to ionic (charged) inorganic fragments'¥S1* and
S M*1~ mechanisms) rather than to neutral ones{(g09).9-11.21

(27) Laughlin, R. G. InThe Agueous Phase Belaur of Surfactants
Academic Press: London 1994; p 125.
(28) Marra, JJ. Phys. Cheml1986 90, 2145.

unusual for lamellar mesophases, and there are some precedents
in the literature referred to aluminum and zinc phosphates and
iron oxides?1-2°

(29) Oliver, S.; Kuperman, A.; Coombs, N.; Lough, A.; Ozin, G.Mature
1995 378 47.

(30) Tolbert, S. H.; Sieger, P.; Stucky, G. D.; Aubin, S. M. J.; Wu, C;
Hendrickson.J. Am. Chem. S0d.997 119, 8652.
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Table 1. X-ray Powder Diffraction Data for

(DDAH)0.(Cl)0.sVOPOy1.5H,0 25 nm
dobs (A) deaic (A) hkl 1o (%) ! ]
26.008 26.034 001 100
13.002 13.017 002 20
8.678 8.680 003 4
7.209 7.209 102 1
6.756 6.776 —111 1
6.501 6.508 004 1
6.184 6.179 —112 <1
5.783 5.781 011 <1
5.211 5.207 005 3 _ : _
4.893 4.895 013 <1 Figure 2. TEM image of (DDAH} oCl)ooVOPQs+1.5H,0 showing
4.374 4.381 —213 2 the highly ordered lamellar disposition.
4.183 4.182 —115 4
4.110 4.108 —202 <1 in ref 15, the estimated two-VOR@ayers thick in the dihydrate
3.7117 3.719 007 2 should be 12.2 A). Regarding the DDAH-CI~ ionic pairs

occupying the interlamellar gap, a bilayer disposition of the
surfactant molecules can be clearly excluded, taking into account
the length of DDAH molecules (ca. 16.95 A) and the ionic
radii of the CI anions (1.81 A). Hence, it becomes necessary
to think about interdigitated dispositions of the DDAldpecies.
Our calculations shown that such a disposition fits in well with
the experimental interlamellar distance if the tilting angle of
the aliphatic chains is ca. 40This tilting angle value is similar
to those described for other lamellar mesostructured derivatives
containing both ionic and neutral surfactants as tempftes.
Using this tilting angle, and assuming that the cross-section area
of an alkyl chain is 19.3 &2 the calculated number of
surfactant molecules per each oxovanadium phosphate group
should be 1.£1.2. As can be noted, this value is very close to
the experimental one (DDAHV = 0.9:1). Therefore, all occurs
as if the surfactant molecules were organized in a compact
packing into the interlayer space.
(DDAH).Cl)o.oVOPQOy+1.5H,0 shows important differences

The XRD pattern of (DDAH)o(Cl)ogVOPOy+1.5H,0 has
been indexed by using the TREOR program. A primitive
monoclinic cell with the lattice parameteas= 10.51 A b =
7.14 A,c =26.1 A, andy = 124.7 was obtained. Refinement
of the cell constants has been accomplished by the Le Bail
method using the full pattern without structural mo#felA
reasonable fit of the experimental data (excluding the largely
asymmetric (001) reflection) has been reached infhepace
group (conventional reliability factorsR, = 11.5%, Ryp =
15.9%) leading to the final parameteas= 10.38(2) A,b =
7.108(8) A,c = 26.04(2) A, and/ = 123.4(1). Figure 1b shows
the observed and calculated patterns for (DD&ET!)0.o
VOPGO,+1.5H,0. Peaks indexation is shown in Table 1. The
parameters defining the inorganic layers aré, andy, and
hence, they correspond to nontetragonal [VQR@yers.

Although, as mentioned above, the effective synthesis condi-
tions initially suggestthat the bond topology in the layers could

be similar to that observed in VORQH,0 % it is not easy to : ; :
establish an unambiguous relation between the cell parameteré’vh.en compa_red to the prewously descnbedR/z—OO materials
which contain alkylamines between layéfs?® From the

of both solids. Actually, it seems reasonable to assume that thechemical point of view, these last-WP—O compounds were
If- mbling of surf nt and VOPl@yer her with . . T . )
self-assembling of surfactant and VO ers (together wit obtained through intercalation (redox reactions) of alkylamines

the participation of Cl anions) will induce a significant . . . . .
structural distortion in relation to the original VORQH,O Into th_e inorganic host. _In these cases, the intercalation occurs
tetragonal cell. The above results suggest a monoclinic distortionw'th. _S|multaneous_ pa_rt|al reduction of V(V) atoms, and no
in the phosphate layers in such a way that the resuliing additional counterion is needed to compensate charges. From
the structural point of view, in contrast to the title compound,

parameter is approximately equal to the diagonal of the N . . ;
hypothetical tetragonal cell and theparameter is about twice their Inorganic walls are bL."lt up fl_rom single VQIR(DAyers,_
and the intercalated organic species are organized in bilayer

the tetragonal onea(= a/2; b = 2a;). This distortion, together i i that lead t tively | inter] I
with an additional tilting of the V@and PQ polyhedra, would d:zf;nsée'csms at lead to comparatively large interiametiar

t for th Iculated intral Il t hile th : .
account for the calculated intralayer cell parameters, while the “"—\/ micrographs of (DDAH)(Cl)o sVOPOy1.5H0 (Fig-

increase of the interlayer parameter would be related to the . NS
interlamellar gap in which the DDAHand CI species must ure 3)_ show that the layered morphoI(_)gy_ IS a_Iso mamtamed_at
the micrometric scale. Thus, the material is built up of prismatic

be located. latelik il h . | h d
The layered topology of (DDAR)(C1)o.sVOPOs1.5H,0 is platelike particles with very irregular shape and a constant

: : . . thickness of ca. 500 nm.
further illustrated by TEM images (see Figure 2), which reveal .
that all the particles display an homogeneous regular layer = Figure 4 shows the IR spectrum of (DDAIHCl)osVOPOy:

disposition, consistent with a monophasic product. The inter- 1'5|:20f' ﬁOOd tf)and resolution is acr_lie_ved for vibration mc;]des
lamellar distance determined from TEM images (ca. 27 A) is POth of the surfactant and VOR@noieties. Bands due to the

i 1
in good agreement with the XRD data. From these images it is Vr(i)PO4 framewqulare IoﬁatEd N the.SG(J..ZOr(]) cnr- range. f
possible to make an estimation of the thickness of the oxova- | €Y are very similar to those appearing in the IR spectrum o

nadium phosphate (ca. 12 A) and surfactant layers (ca. 15 A).VOPO4'2HZO'33 both in energy and relative intensity. Thus,
Then, if the local bond topology in the inorganic layers is similar bgndg at 1035, 1070, and 1140 cnean be asggned t{PO)

to that in VOPQ-2H,0 (see below), the walls in (DDAH)- ylbratlon models of phosphate groups. The intense bandiappear-
(Cl)oVOPQs+1.5H,0 could be considered as consisting of two N9 at 943 cm* and the two shoulders at 850 and 900°¢m
VOPOQ, layers I_ocated at the usu_al distance observed in the solid(32) (a) Yada, M.. Kitamura, H.. Machida, M.. Kijima, Tangmuir1997
VOPQy-2H;0 (in fact, on the basis of the structural data reported 13 5252, (b) Gao, Q.; Chen, J.; Xu, R.; Yue, ®hem. Mater1997,

9, 457.
(31) Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory (33) CasanN.; Amorcs, P.; Ibdiez, R.; Martnez, E.; Beltfa, A., Beltra,
Rep. LA-UR-86-748, 1987. D. J. Incl. Phenom1988 6, 193.
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Figure 5. Thermal evolution of (DDAH)¢(Cl)osVOPQ-1.5H,0 under
flowing air atmosphere.

1490 cnt?, which can be assigned &@(HNH) vibrations of
—NH3* species? are clearly observed, this indicating that the
amine groups are protonated. In addition, the splitting of these
last bands suggests the existence of strong hydrogen-bond
interactions.

Figure 5 shows a typical TGA curve (under air flowing
atmosphere) of (DDAR)Y(Cl)ooVOPO-1.5H,0. No stable
intermediate is evidenced in the course of the thermal evolution.
This notwithstanding, three stages can be distinguished along
the pyrolitic process: (1) The weight loss of 2.3% observed in
the ca. 25-60 °C low-temperature range can be attributed to
the evolution of loosely bonded (noncoordinated) water mol-
Figure 3. (a) SEM micrographs of (DDARCl)oVOPOs1.5H0 ecules. This would agree with the above observation on the basis

in which the characteristic platelike morphology can be observed and Of IR spectroscopy, and the experimental weight loss would

(b) perpendicular to the layers view. correspond to the evolution of 0.58 molecules per V atom.
(2) The second weight loss, 4.6%, which is partially superim-
100 posed with the previous one, occurs in the ca—680 °C

temperature range. This weight loss would correspond to the
evolution of the remaining water molecules (3Hmolecule/V
atom), which should be coordinated to vanadium atoms. (3)
Finally, the last step, which occurs between 130 and 820
with an associated weight loss of 52.1%, corresponds to the
evolution of the DDAH and CI species. Under air atmosphere,
the solid which result from the thermal treatmenB#/OPQ,,

as shown by its X-ray powder diffraction pattern. This fact,
together with the temperature range in which the two-step
dehydration process occurs, supports (as well as the spectro-
scopic observations above-mentioned) our considerations on the

N
[51]
1

Transmittance (%)
(] a
wn (=]
T T

0 [ L1 L !

4000 3000 2000 1500 1000 500 similarities between the title compound and VQFZB,0.15
E (cm™) On the other hand, the temperature value that initiates removal
Figure 4. IR spectrum of(DDAH).(Cl)o.sVOPO-1.5H,0. of the amine (similar to its boiling point) is significantly lower

than those observed for the previously reportee-P+-O

can be attributed te(PO) vibrations, and a weak band observed materials which contain intercalated alkylamines (3600
at 560 cn! can be assigned ,d{OPO) vibration modes. On ~ °C).%° In these last, there is a strong ionic interaction between
the other hand, the bands observed at 3418 and-166Y5 the partially reduced (VOP£'~ layers and the alkylamonium
cm~1 can be assigned t{OH) andd(HOH) vibrations of water cations. Thus, the present observation should be consistent with
molecules. The bending band is clearly split, as occurs in the our proposal about relatively weak van der Waals interactions
spectrum of VOP@®2H,0, which can be related to the presence between the dipolar [VOP{layers and the surfactant (or, more
of two types of HO molecules (coordinated and noncoordinated adequately, the [DDAH:---Cl~] dipole forming ion pairs).
to vanadium atoms). In fact, exception made of the bands From all the above, it seems reasonable to propose the
associated with the DDAHmolecules, the whole aspect of the  structural model for (DDAH)o(Cl)p.oVOPO,+1.5H,0 that we
IR spectrum is similar to that of VOR&2H,0. have represented in Figure 6. It can be thought of as consisting

Regarding the organic molecules, the IR spectrum shows of alternating stacks of inorganic walls (constructed from two
sharp bands in the high-energy range (3139, 2953, and 2893VOPQ; distorted layers) and interdigitated lamellar arrays of
cm™1) that can be assigned ta(NH), vadCH), and v{(CH) DDAHT cations. The CI anions should be located at the
vibration modes of DDAH molecules. On the other hand, the organic-inorganic interface, close to the surfactant headgroups
region providing the most useful information about the nature to locally compensate charges. In short, such a model would
of surfactant is that around 1500 cfn two bands at 1523 and  respond to a second-order staging behavior, using Whittingham’s
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Figure 6. Schematic representation of the structural model proposed
for (DDAH)(.o(Cl)ooVOPOs+1.5H,0: wwO = DDAH* surfactant mol-
ecules;:® = CIl~ counteranions.
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terminology3* which might be related to the effects of elastic
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guest specie®

Then, we think that, very likely, a formulation such as
{[(DDAH)(CI)] 0.dVOPO,4-H,0]-0.5H,0} , should give a more
appropriate description of the title compound than the stoichio-
metric formula, (DDAH) «(Cl)o.0VOPQOs+1.5H,0, we have writ-
ten until now. Actually, there are several interesting points which
would result emphasized by means of such a “doubled”
formulation, namely (a) the second-order staging behavior, (b)
the presence of one water molecule coordinated to each V(V)
atom, and (c) the existence of ca. 0.5 loosely bound water
molecules which, very likely, are located between the two
VOPOQO,-H,0 layers defining the inorganic walls. These last
features clearly reflect the above-mentioned similarities between
the title compound and VOR&2H,O. In an ideal way, we could
think about the title compound as resulting from an intercalation
process of the guest species (DDAMCI~ ion pairs) in
VOPGO,:2H,0, which would originate the elimination of a half
of the noncoordinated water molecules of the hdkbse which
would point toward the guest specieas a consequence of the

in the intercalated alcohol (from methanol to butanol).
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Figure 8. Schematic representation of the short-chain alcohols
intercalates: . (a) butanol; (b) propanol; (c) ethanol; (d) methanol.

On the other hand, it can be noted also that the ordinate in

staging behavior due to the dipolar character of the guest speciesthe origin of the eye-guide dotted line in Figure 7, ca. 26.15 A,

Intercalation of Aliphatic Alcohols into {[(DDAH)(CI)] o0.o-
[VOPO4H,0]-0.5H,0} ». The intercalates obtained by direct
reaction of [[DDAH)(CI)] 0.fVOPO,-H,0]-0.5H,0} ,» with ali-
phatic alcohols are yellow or yellow-green solids. This evolution
of the color from yellow (host lattice) to light-green is usually
observed for V(V) phosphates and related materials and is
associated with a certain increase of V(IV) centers that can be
expected in alcoholic media. The low-angle diffraction peaks
of the intercalates appear shifted to highér alues when
compared with those of the host lattice. The intercalates retain
the long-range layered order of the matrix, but they do not show
any sign of local (atomic scale) order in the walls: their XRD
patterns display the peaks assignable td)(@€flections, but
no additional peaks are observed at high@éwvalues.

Intercalation of short-chain alcohols (from methanol to
butanol) is a simple reaction for which the reaction time
increases (from few minutes to ca. 1 h) as the number of carbon
atoms in the chains does. Shown in Figure 7 is a plot of the
interlayer distance of the intercalates versus the number of
carbon atomsr() in the alkylic chain. As can be noted, the
increase of the interlayer distance withshows a typical zigzag
evolution. While there is a significant increase in the low-angle
peak position when going from. = odd ton. = even, the
changes frorm; = even ton + 1 are small. Such an evolution
type nicely fits the previous observations concerning the
intercalation of alcohols into VOP&2H,O and related solid¥

(34) Whittingham, M. S., Jacobson, A. J., Edistercalation Chemistry
Academic Press: New York, 1982.
(35) Safran, S. APhys. Re. Lett. 198Q 44, 937.

represents the thickness of the original (host lattice) mesostruc-
tured material. Interestingly, the interlayer distance increases
at a mean rate of 1.92 A/CHGiven that the distance between
two adjacent carbon atoms can be expressed as 1.27A/CH
an all-trans extended alkyl chain, a noninterdigitated disposition
of alcohol molecules in the interlamellar gap would lead to a
value of 2.54 A/CH for the mean “slope”. Both a certain tilting

of the aliphatic chains or a partial interdigitation would result,
therefore, in “slope” mean values in the 1-27.54 A/ICH, range.

The typical zigzag evolution of the interlayer distance, as well
as the fact that the amount of intercalated alcohol molecules/
vanadium atom i§[(DDAH)(CI)] . {VOPO,-H,0]-0.5H,0} » be
half of those entering into VOP&2H,0,%6 suggests that the
alcohol molecules intercalated §{(DDAH)(CI)]o0.VOPO,:
H,0]-0.5H,0}, are arranged as noninterdigitated double layers
with a tilt angle of ca. 49 (Figure 8).
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(36) Actually, we are assuming here a behavior for the intercalated alcohol
guest species similar to that previously observed for V@PI&O.
The comparative reduction by a half of the amount of intercalated
alcohol molecules is justly what could be expected from the
[VOPO4sH,0] double layer character of the walls in the title
compound. As in the case of VORQH0, the incoming of alcohol
molecules must result in substitution of both coordinated and non-
coordinated water molecules, which in the interlamellar wall space
are now ca. half of those found in VORQH,O.



