Inorg. Chem. 2004, 43, 368—374

Inorganic:Chemistry

* Article

Anionic Ligand Exchange on ZrPO4Cl(dmso): Alkoxide and Carboxylate
Derivatives

Riccardo Vivani,* Silvia Masci, and Giulio Alberti

Department of Chemistry, Usrsity of Perugia, Via Elce di Sotto 8, 06123 Perugia, Italy

Received June 18, 2003

This paper reports the preparation and characterization of a series of organic derivatives of ZrPO,Cl(CHs),SO
obtained by topotactic anion exchange of chloride ligands with several n-alkoxide (RO) and carboxylate groups
(RCOO0). Exchange with alkoxides, with an alkyl chain length from 2 to 8 carbon atoms, gave products of general
formula ZrPO4RO(CH;),SO0. In these derivatives alkoxide groups, covalently bonded to zirconium atoms via Zr-0
bonds, point toward the interlayer region. Carboxylate derivatives, of general formula ZrPO4[(RCOO)(CH3),SO];—«(OH
H,0),, were obtained using benzoate (x = 0), nitrobenzoate (x = 0.3), and phenylacetate (x = 0.2) groups. The
thermal behavior of these organic derivatives is discussed. Due to this reactivity, ZrPO,CI(CHs),SO is an attractive
precursor for materials chemistry.

Introduction these ligand exchange reactions are of topotactic type, and
the approximate disposition of organic moieties that occupy
the interlayer region can be easily predicted on the basis of
general stereochemistry rules.

Following the work of Clearfield and co-worketsye

Many layered solids are able to host several neutral or
ionic species in the interlayer region, by means of intercala-
tion or ion exchange reactions. In the resulting compounds,

host-guest interactions are generally weak, being of van der . .
recently prepared a new layered zirconium phosphate, of

Waals or polar type. X .
Layered zirconium phosphates (hereafter ZrP) are known formula ZrPQCI(CHz),SO  (hereafter-ZrP), in which
zirconium atoms are coordinated by four phosphate groups

to be good ion exchangers and intercalating hosts for cationic; . o :
or polar species, since they usually bear acidi€©® groups in four equatorl_al posmons lying on the layer pla_me and by
directed toward the interlayer regidm special behavior is a couple of anionic gnd neutral monodentat.e ligands, (.:l
shown by ZrPGO,P(OHY]-2H,0 (y-ZrP). In this com- and dimethyl sulfoxide (hereafter dmso), in trans-axial
pound, the GP(OH), groups, covalently bonded to zirconium positions Due_ t_o the r_elatlve weakness Of._ZCI. bonds, .
on the external part of layers, can be replaced by other O we fou_nd that _|t is p_oss_lble_ to replace chloride ligands with
PRR groups by means of ligand exchange reactions. A large o:]her w:orgamc almé)%nltc Il%andfs, SIUC? ast tz_l-lsulfatr(]e,
variety of zirconium phosphate phosphonates, of generalC roi_na €, ]?: molybdate, by simple topotactic exchange
formula ZrPQO,PRR, in which the organic groups are reactions ot type

covalently bonded to the inorganic layers, has been prepared
using soft conditiond? We demonstrated that the structure
of inorganic layers does not change appreciably during these

reactions occurring on the surface players? Therefore, ~ in which the parent compound is dispersed in a solution of
the corresponding anions to be exchanged.
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and this work describes the preparation and characterization

of alkoxide and carboxylate derivatives biZrP.

Experimental Section

ReagentsAll reagents were C. Erba RPE grade. They were used
without further purification.

Preparation of ZrPO ,Cl(dmso0). It was prepared as previously
described.

Preparation of Short-Chain Alkoxide Derivatives (Number
of Carbon Atoms in the Alkyl Chain = 2—4). A 1 g amount of
ZrPO,Cl(dmso) was contacted, under nitrogen, with 68 mL of 0.1
M n-tributylamine solution using the corresponding anhydrous
n-alkanol as solvent. The reaction mixture was maintained in a
closed glass container at a temperature of@0ower than the
alkanol boiling point, for 4 days. The solid was then separated by
centrifugation, washed twice with 100 mL of alkanol, dried at 70
°C for 2 h, and finally stored under nitrogen atmosphere.

Preparation of Long-Chain Alkoxide Derivatives (Number
of Carbon Atoms in the Alkyl Chain = 5-8). For these
derivatives, thé-butoxide derivative, ZrP§Z,H,O(dmso), prepared
as described above, was used as precurdofl g amount of
ZrPO,C4H,O(dmso) was contacted, under nitrogen, with 68 mL of
0.1 M n-tributylamine solution using the corresponding anhydrous
n-alkanol as solvent. The reaction mixture was maintained in a
closed vessel at 82C, for 4 days. The solid was then treated as
described above.

Anal. Calcd (found) for ZrP@C,HyO(CH;),SO: Zr, 26.97 (27.2);

P, 9.17 (9.20); C, 21.29 (20.95); H, 4.73 (4.52). Similar results
were obtained for all other alkoxide derivatives.

Preparation of Carboxylate Derivatives. A 1 g amount of
ZrPO,Cl(dmso) was contacted with 68 mL of a 0.05 M RCOOH
(R = CgHs, CsH4sNO,, CH,CgHs) and 0.05 M RCOONa solution
using a 1:1 v/iv dmsewater mixture as solvent. The solid was
maintained in this solution for 3 days at 7&, and then it was
separated by centrifugation and washed twice with 100 mL of a
1:1 v/iv dmse-water mixture. Finally it was dried at 8TC.

Anal. Calcd (found) for ZrP@CeHsCO,(CHs),SO: Zr, 23.68
(23.54); P, 8.05 (7.95); C, 28.04 (27.84); H, 2.86 (3.22).

Characterization of the Products. The zirconium content of
samples was determined gravimetrically by dissolving a weighed
amount (0.150 g) in a few drops of concentrated HF, followed by
precipitation with Cupferron and subsequent calcination t0,ZrO

Phosphates and chlorides were determined by ion chromatog-
raphy. About 0.100 g of sample was refluxed 8h with 10 mL
of 1 M NaOH; after filtration and suitable dilution, the solution
was injected into a Dionex series 2000 i/sp instrument, using an
lonPack AS4A column and a buffer solution, with composition 1.7
x 1073 M NaHCQ; and 1.8x 1073 M Nay,CO;, as eluent.

Thermogravimetric analysis (TG) was carried out in air on a
Stanton Redcroft STA 780 apparatus from room temperature to
1100°C at 5°C/min heating rate.

Carbon and hydrogen elemental analysis was performed by a
Carlo Erba 1106 analyzer.

FT-IR spectra were recorded using a Bruker JFS V FT-IR
spectrometer, in the 4601000 cnt! spectral range. The samples
were prepared as pressed pellets in anhydrous KBr.

J-modulated3C liquid NMR spectra of the samples were
obtained by a Bruker DPX 200 spectrometer. About 50 mg of
sample was dissolved in a few drops of concentrated HF and 0.5
mL of D,O.

X-ray powder diffraction (XRD) patterns were measured using
a Philips APD XPERT diffractometer using the CudkKradiation,

Figure 1. Structure of ZrP@QCldmso. Asterisk indicates methyl groups
of dmso having occupancy 0.5.

with a 0.03 26 step size ath 1 s counting time in the 240° 26
range at room temperature. Unit cell parameters have been first
determined on the basis of 200 and @&flections, and then they
were refined using the CELREF progrdrfinally a whole profile

fit, using the Le Bail method, has been performed with the GSAS
program?

Results and Discussion

Alkoxide Derivatives of 4-ZrP. Figure 1 shows the
structure of al-ZrP layer. The unit cell is tetragonal, space
group P4/n, with parametersa = 6.5955(1) A andc =
10.2422(4) A¢

Chlorine atoms occupy an external position with respect
to the layer surface and are more exposed than the contiguous
dmso sites. Different from other zirconium phosphates, the
layers of1-ZrP do not bear acidic or strongly polar groups.
Therefore, it is expected that this compound cannot inter-
calate guest species very easily. In agreement to this, any
intercalation compound df-ZrP is today known, and when
the solid was suspended in pure alkanols, no intercalation
reaction occurred, even under heating. On the other hand,
we showed that this compound is able to exchange chlorine
atoms with other anionic species, and alkoxide ions could
be exchanged with reactions of type

ZrPO,Cl(dmso)+ RO~ — ZrPO,RO(dmso)+ CI~

However, alkoxide ions are very strong Bsied bases,
and the concentration of the free anion in pure alkanol is,
generally, extremely low. We found that this reaction can
be promoted provided that the RQoncentration in the
contact solution is increased. Preliminary experiments have
been performed using thebutoxideh-butanol system. The
preparation of a butoxide derivative has been achieved by
three independent routes, which consisted in dispersing
ZrPQ,Cl(dmso) in an anhydrous butanol solution of (a) KOH,

(7) Laugier, J.; Bochu, BLMGP-Suite ENSP/Laboratoire des Mataux
et du Gaie Physique: BP 46, 38042 Saint Martin ditds, France.
(8) Larson, A. C.; von Dreele, R. Bseneralized Crystal Structure Analysis
SystemLos Alamos National Laboratory: Los Alamos, NM, 2001.
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(b) sodium butoxide, or (c) an alkylamine. However, among 221 A
them, the use of a-tributylamine solution was preferred.
In fact, the use of KOH hydroxyl ions, other than to favor
the deprotonation of the alkanol, was found to activate the
direct OH/CI exchange ok+ZrP, with the partial conversion
into the undesired ZrP@Hdmso product; furthermore,
tributylammonium chloride, which is formed during the RO/
Cl exchange reaction using tributylamine, is more soluble
in the alcoholic medium than sodium or potassium chloride
formed when using RONa or KOH solutions, respectively.
These inorganic salts were collected as solid phases, mixed 10 20 30 40
with the A-alkoxide derivative. Finally, among other alkyl- 20()
amines, tributylamine was selected because of its high Figure 2. XRD patterns of eptanoxide (a) and butoxide (b) derivatives of
basicity and large dimensions that prevented a direct reactioni-zrP compared to that of the parent compound Z®@mso) (c).
with the host compound. During this investigation we have
found that small amines are able to replace dmso, bonded
to zirconium atoms irl-ZrP, by a topotactic neutral ligand
exchange reaction. This process is fasteriialkoxide 20 ] e
derivatives, where the interlayer region is expanded due to .
the presence of RO residues. Therefore, when these amines g
are used as bases to favor alkanol deprotonation for RO/Cl & 15- o
anion exchange reactions, an appreciable amount of amine/
dmso exchange was also observed. A deeper investigation
on this interesting behavior will be reported elsewhere.
However we found that this reaction can be avoided when
using a large amine, such as tributylamine, very likely 0o 1 2 3 4 5 6 7 8 9
because it does not meet the steric requirements P n
sites. Figure 3. Interlayer distance of alkoxide derivatives/eZrP as a function
J-modulated®C liquid NMR of a sample dissolved in HF  of the number of carbon atoms in the alkyl chain.
confirmed the absence of amines after the reaction and, in
the same time, the presence of both alkoxide and dmso inlayers, some useful information on the arrangement of alkyl
the exchanged solid, while ion chromatography revealed thegroups can be derived. Each carbon atom added to the alkyl
total absence of chlorides. chains causes a constant incremetj Of the interlayer
The RO/CI exchange reaction in the presence of 0.1 M distance equal to 2.0 A Therefore, the aIkyI chains in the
tributy|amine occurred in one step, as assessed by XRDdifferent Samples should be all in the same conformation
patterns, which showed that the ZrR)dmso) phase that can be reasonably assumed to be their all-trans confor-
gradually disappeared while the amount of ZERO(dmso) mation. Under this model, the interlayer distances of different
phase gradually increased. This reaction needed about 4 day§amples should follow the equation
for the full conversion in ethoxide, propoxide, and butoxide
derivatives, while for the higher alkoxides (from pentoxide d(A) = mn.1.27 sina. + B 2
to octanoxide) times increased considerably. Therefore, we
decided to prepare the long-chain alkoxide derivatives start-wherem is the number of monomolecular films in which
ing from the preenlarged butoxide derivative, ZgPEHsO- the chains are arranged between the layers and 1.27 A is the
(dmso), as precursor. Reaction times were thus limited to 4 increment in length for an all-trans alkyl chain per each
days in all the syntheses. All the alkoxide derivatives from additional carbon atorhBy the combination of eqs 1 and
2 to 8 carbon atoms in the alkyl chain were obtained as pure2, A = 2.0 = m1.27 sina. From composition daten must
phases, with composition ZrBRO(dmso). Their XRD be equal to 2, and. can be estimated to be about°5Zhis
patterns are typical of layered materials (Figure 2). value is close to that calculated (§5or an alkyl chain in
The d values of the strong peak at lovd Zalues can be  trans conformation with the first ZrO bond perpendicular
therefore associated with the interlayer distance. These to the plane of layers and a tetrahedrat-Zr—C angle. From
values, when plotted as a function of the number of carbon these data it is possible to build a structural model in which
atomsnc, in the alkyl chain of alkoxide groups, show a good alkoxide groups are coordinated to zirconium atoms belong-
linear correlation that follows the equation ing to al-type layer and are directed toward the interlayer
region from both sides of layers. Figure 4 shows a schematic
d(A)=2.0c+77 @) model of the hexanoxide derivative fZrP.

Intensity (arb. units)

25

104

This plot is reported in Figure 3. ©) @) Lagaly, GA o . Ed. Engle7a 15, 575. )
a) Lagaly, G.Angew. em., Int. Ed. Eng , .
If we reasonably assume that the process cannot ap- ™ & cantino. U.: Vivani, R. Zima, V.. Benes, L. Melava K.

preciably change the structure of the inorganic backbone of Langmuir2002 18, 1211.
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Figure 5. Whole profile fit, with the Le Bail method, for the butoxide

derivative (under th@4/n space groupR, = 0.104) (a) and for the benzoate
derivative ofA-ZrP (under theP4,/n space groupR, = 0.108) (b).

Figure 4. Schematic model of the structure of the hexanoxide derivative
of A-ZrP. 07

The B parameter of eq 2 is a constant and represents the -10 1
interlayer distance of the structural residue when—= 0,
which roughly corresponds to the presence of one hydroxyl
group in the alkoxide site.

Alkoxide derivatives are obtained as poorly crystalline
compounds, as assessed by their XRD patterns (Figure 2). 40
Although these patterns are broadened and not suitable for T ; : . ,
structural analysis, we found that they are consistent with 0 200 400 600 800 1000
tetragonal unit cells oft-type, that is with thea value of T(C)
about 6.6 A and thec parameter corresponding to the Figure 6. TG curve for the butoxide derivative @fZrP.
interlayer distance. For example, XRD pattern of the butoxide of 7-7rp as a precursor for the introduction of a large
derivative can be indexed with the tetragonal unit eett magnetic moiety (a nitronyl nitroxide radical) inside this
6.601(1) A andc = 15.016(3) A, and for the eptanoxide strycturel®
derivativea = 6.607(1) A andc = 22.115(3) A. Figure 5a Thermal Behavior. Figure 6 shows the TG curve of the
shows the whole profile fit for the butoxide derivative pattern. putoxide derivative oi-ZrP. Weight loss starts at about 200

Therefore, in agreement with the hypothesis of a topotactic °C, with the unresolved loss of both butoxide and dmso
process, the replacement of chlorides with alkoxide ions, andmoieties. At the end of the analysis, at 1T@) the formation
even the successive replacement of short-chain with long-0f an equimolar mixture of zirconium oxide and zirconium

chain alkoxides, did not change appreciably the inorganic Pyrophosphate was assumed, according to the following
framework of layers. reaction of decomposition:

Due to the high reactivity of the basic alkoxide groups, zrPQ,C,H,O(dmso)+ nO, — 1/2ZrQ, + 1/2ZrR,0, +
these derivatives are not stable in air. A slow conversion gaseous products

into the hydroxyl derivative, ZrP{®OH(dmso), was observed, _ _ .
due to the reaction with water coming from air humidity. The calculated % weight loss is 43.8%, in good agreement

On the other hand, alkoxide derivatives can be used asWith that experimentally found (42.3%). TG curves for all
preenlarged substrates in which large anionic species carPther alkoxide derivatives are in agreement with this model.

be introduced more easily than in the parent c_ompoupd. .In (10) Caneschi, A.; Gatteschi, D.; Vaz, M. G. F.; Costantino, U.; Nocchetti,
a recent paper we successfully used the butoxide derivative ~ M.; Vivani, R. Inorg. Chim. Acta2002 338 127.

-20 4

-30

% weight loss
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Figure 7. Evolution, as a function of reaction time, of XRD patterns for
the product of benzoate/chloride exchange reaction-@nP.

Carboxylate Derivatives ofA-ZrP. (a) Benzoate Deriva-
tive. Carboxylate/Cl exchange reaction a#ZrP was first
tested with benzoate groups, by contacting the parent
compound with the free acid or one of its salt solutions, using
several solvents. While the reaction was extremely slow in
pure organic solvents, we found that the use of aqueous
SOIVe.ntS and the mc.r?ase O.f the free ber)zoate fraCtlonFigure 8. Schematic model of the structure of the benzoate derivative of
(obtained by the addition of its salt forms) improved the ;.7p.
exchange rate. On the other hand, a certain degree of
hydrolysis on the sample was often found, because of the
concomitant OH/CI exchange reaction. Best conditions were
the use of an equimolar mixture of benzoic acid and sodium
benzoate in 1:1 v/v waterdmso mixture as solvent, at 75
°C, in which the reaction

N L\
<] o
L L

% Weight loss
& )

ZrPQ,Cl(dmso)+ C;H,COO —
ZrPQ,CH,COO(dmsof CI™

A
IS

-50

was completed in about 3 days. The reaction occurred in o 200 400 600 800 1000
one step, with the gradual conversion of the parent compound T(°C)
(d=10.2 A) into the benzoate phask= 14.9 A), as shown
by XRD pattern of the product, taken at different times,
reported in Figure 7. corresponds to a weight loss of 20.50% and is ascribed to
The final product was pure, with the composition the loss of 1 mol of dmso/mol of zirconium. The compound
ZrPO,CeHsCOO(dmso) (compound). Figure 8 shows a  obtained after heating f@ h at 220°C had the composition
hypothetical model of the benzoate derivative, built up under zrPQ,CsHsCOO (hereaftetl ) and, once formed, is stable
the hypothesis that the structure dflayers does not  from room temperature up to about 38D. The loss of dmso
appreciably change due to the exchange reaction. As forcauses a change of the interlayer distance from 14.9 to 13.2
alkoxide derivatives, the crystallinity degree of this product A at room temperature, as shown by the XRD pattern
is not sufficient for a complete structural analysis. However, (Figure 10). The second step of weight loss starts at about
we found that the XRD pattern of this compound is 400°C and can be ascribed to the decomposition of organics.

Figure 9. TG curve for the benzoate derivative bZrP.

compatible with the tetragonal cell dftype witha = 6.585- At the end of the analysis, at 110G, an equimolar mixture
(1) A andc = 29.702(7) A (see Figure 5b), that is with the  of ZrO, and ZrRO; was formed according to the following
a parameter similar to that of ZrROldmso, while thec process:

parameter is the double of the interlayer distance. The

interlayer distance of this derivative, 14.9 A, is now changed ZrPQ,CsH;COO(dmso)— ZrPQ,CsHsCOO +

according to the increased dimensions of the anionic ligands gaseous products 1/2ZrQ, + 1/2ZrR,0, +

bonded to zirconium. gaseous products

Different from alkoxide derivatives, carboxylate deriva-
tives are stable in air at room temperature, very probably The calculated weight loss is 49.58%, in good agreement
because of the low basic strength of carboxylate groups. with that found experimentally (47.50%).

Thermal Behavior. Figure 9 shows the TG curve for FT-IR Study. FT-IR analysis confirms composition data.
Weight loss is composed of two well-defined steps. The first Figure 11a,b shows IR spectralofndll , respectively. The
step occurs between 200 and 28D, temperature at which  spectrum of the parent compound is also reported for
the sample reaches a constant weight. This first stepcomparison. Spectra of parent compound arghow the
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14.9 A

13.2A

Intensity (arb. units)
?

Figure 12. Hypothetical change in the benzoataetal atom bonding
before and after dmso loss, at 22D, for the benzoate derivative H§ZrP.

10 20 30 40 16.4 A
209
Figure 10. XRD patterns of the benzoate derivative/oZrP before (a)
and after heating at 22TC for 2 h (b). - 14.8 A
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=}
8
~| @ 8
2
2 >
g c
8 2
o b) IS n
g ‘,\//”\,\/—\P\(/\pm J §
€
a T T T T
§ c) 0 10 20 30 40
- 20(°)
Figure 13. XRD patterns of phenylacetate (a) and 2-nitrobenzoate (b)

4000 3000 2000 1000 derivatives ofA-ZrP.

_ wavenumber (cm-) o The low-frequency regions of IR spectra of benzoate
e netong e o A oy e o o Setcmaey  defivatives are dominated by phosphate vibration bands,
also reported for comparison (c). while the sharp bands around 700 ¢nmay be assigned to
aromatic C-H out-of-plane bending vibrations.

(b) Other Carboxylate Derivatives. On the basis of
benzoate exchange, two other carboxylate groups were
the loss of dmso. L . successfully exchanged dZrP, namely 2-nitrobenzoate and

_Thg sharp band at 1657 Gfin | IS due to 9=O _stretchmg phenylacetate groups, giving rise to the following deriva-
vibration of carboxylate group. This band is shifted at lower tives: ZrPQ[CeHANO5)COO(dmso){OH H,0los and

frequency inll (1488 cnT?). In this sample, alfurther band ZIPQ[CeHsCH,COO(dmso)] {OH H,0]o». In both deriva-
is present, at 1454 crh These data might be interpreted on tives a small amount of hydrolysis, that is the exchange of

the basis of the changes in the coordination of carboxylate chlorine atoms and dmso groups by hydroxyl and water,

groups by me_ztal a_toms, due to thermal loss O.f dmso. Before respectively, was found by chemical analysis. However, XRD
dmso loss, zirconium atoms are tran_s coordinated by dmsopatterns of these two derivatives clearly show the presence
z_and benzoate groups, these latter acting as monodentte ( of only one phase (Figure 13). Very likely, these hydrolyzed
ligands, as shown in the model of Figure 8. The presence 0fgroups are desordered in the structure and/or they form a

a sharp band ?t 13.34 cﬁh which is probab]y due to the small amount of amorphous phase not detected by XRD
C—0OZr stretching vibration, may support this model. After analysis

the loss of dmso, zirconium atoms remain unsaturated, and The amount of hydrolysis is higher for nitrobenzoate

there IS su;‘ﬁqent room to coord.mate benzogte 9roups as yerjyative, probably due to the lateral steric hindrance of
blqentate?(z ) I|ganq§, as sc.hemancally shown in Figure 12. nitrobenzoate groups that prevents a full exchange. The
This bonding condition implies that the two carboxylate@ interlayer distance of this derivative was 14.8 A. As expected,

_lIJ_(r)]ndeare alrr]nost qu“’ﬂem' V‘ﬁ%g bor:jdfdtgftréess thgn tWO'this value is close to that of the benzoate derivative, because
erefore, the two bands at an may be the nitro group, in theortho position, does not evidently

ascribed to antisymmetric and symmetric stretching vibra- contribute to the steric hindrance along thexis. On the

t|(r)]ns, re;pecnvzly, 9f bld(fantatg ca:boxylate grol’:}pﬁls contrary, the interlayer distance of phenylacetate derivative
czangz In coor |nat|qn ot car oxy;te groupsr,] g tc()j is higher, 16.4 A, due to the increased dimensions of this
n?, tends to saturate zirconium coordination sphere an maygroup along the axis.

justify the stability ofll . However, in the absence of accurate Thermal behaviors of these two derivatives are close to

structural data, we cannot exclude any other hypothesis. that already described for the benzoate derivative: dmso is
(11) Nakamoto, K.Infrared spectra of inorganic and coordination lost in a Well—defmed stgp, in the 26@50°C temperature
compoundsJohn Wiley & Sons: New York, 1963. range, with the formation of a stable compound. FT-IR

typical bands around 3000 cy ascribed to €-H stretching
vibration of dmso. These bands are abserit jrconfirming
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spectra, before and after dmso loss, show similar featuresderivatives can be also formed using different anionic
that can be analogously discussed. ligands. This reactivity can be useful for the preparation of

) solids containing in the interlayer region a vast variety of
Conclusion functionalized organic groups.

This work shows that alkoxide and carboxylate groups can .
be successfully introduced ih-ZrP by topotactic ligand Acknowledgment. This work was supported by MIUR,

exchange, with the formation of two distinct classes of Project No. 2002038793_001.
organic derivatives. It is likely that other classes of organic 1C034695R
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