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Mechanism of the Topotactic Formation ofy-Zirconium Phosphate Covalently Pillared with
Diphosphonate Groups
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The topotactic reaction gf-ZrPOs;[O,P(OH)]-2H,O (y-ZrP) with benzenediphosphonic acid was examined in
water and in acetonewater mixtures. This reaction was found to take place in water only on the external surface

of the microcrystals, and pillared compounds were never obtained, even after very long reaction times. On the
contrary, covalently pillared compounds were quickly obtained in acetaager mixtures. The mechanism of

the latter topotactic reaction was investigated by determining the rate of the phosphate groups released and the
rate of the benzenediphosphonates taken up-ByP over a long time (50 days). These data showed that pillared
derivatives ofy-ZrP can be obtained because colloidal dispersions of exfoliated lamellae are formed in-acetone
water mixtures. The diphosphonate group acts initially as a monovalent species, replacing only one dihydrogen
phosphate group on the surface of the exfoligteldmellae. The colloidal and partially derivatized lamellae

thus formed can interact with each other by forming polylamellar pillared systems. When the number of pillared
lamellae exceeds a given value (usualyd, flocculation of the colloiday-ZrP takes place. Topotactic reactions
between packets of pillared lamellae may also continue in the flocculated system. Therefore, the average number
of the pillared lamellae slowly increases over time.

Introduction derivatives}26 and the mechanism has been recently investi-
gated both in water and in wateacetone mixture$. However,

h the mechanism with diphosphonic acids must be more compli-

cated because each diphosphonate group has to replace two

O,P(OH),~ ligands attached to the external part of two different

y-lamellae. Knowledge of the multistep mechanism of this

substitution could be of interest not only from a fundamental

Covalently pillareda- and y-zirconium phosphates can be
obtained by joining adjacent layers of these lamellar solids wit
diphosphonate grougs® In contrast toa-type zirconium
diphosphonates, which have only been obtained by direct
reaction between a ¥r salt and a diphosphonic achd?

-Zirconium phosph iphosphon illar mpounds have>™. . - .
gnlycboeel; pfe;;pedatbeydtgpgts;ct; ?ézgioi: Oilnc?/vaggtodr;se a epomt_ _of view but also for_ choosm_g the best experimental
mixtures in which the original @(OH)~ groups ofy-ZrPOy- conditions for the preparation of microporous compounds of

e this type. Therefore, the topotactic reaction with 1,4-benzene-
O,P(OH)]-2H,0 (hereaftery-ZrP) are replaced with diphos- . . . . .
Lhi)n(ate g]roupszs? (From a p?/acticgll point F(;f view, this kiFr)1d of diphosphonic acid, already used for the preparation of the first

. o4 . . .
preparation is important because pillared solids are obtained Withp'"_ared y-ZrP, was further investigated. An Oamount of .th.'s
soft reactions and with an almost quantitative yiel@urther-  2cid corresponding to the replacement of 50% of the original

more, the lateral distance between adjacent pillars can be easil)plihydrogenphosphate groups was chosen, and the rate (.)f the
modulated just by choosing the appropriate amount of the phosphate groups released and the rate of the benzenediphos-
diphosphonic acid in the reaction. Since the distance betweenphonaItes taken up by-ZrP over a long time (S0 days) were

adjacent layers may also be modulated by choosing the Iength‘jle'[e”;nlned both in water and in 1:1 acetemeater mixtures
of the pillar, the topotactic reaction @fZrP with diphosphonate at 80°C.
acids permits the preparation of tailor-made microporous Experimental Section
compoundg:25

The topotactic reaction betwegrZrP and monophosphonic
acids has been largely used for the preparartiom-ofganic

Reagents and Materials. All of the chemicals were C. Erba RPE
grade except zirconyl chloride octahydrate (Merck). The 1,4-benzene-
diphosphonic acid was prepared as reported in ref 8.

y-Zirconium phosphate was prepared according to the method

* Author to whom correspondence should be addressed. Telephone: 39-

75-5855566. Fax: 39-75-5855566. E-mail: labin@unipg.it. described in ref 4, slightly modified to minimize the presence of
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The Topotactic Formation gf-Zirconium Phosphate

fluorides in the final product: 640 mLf® M (NH4):HPO, aqueous
solution was mixed, in a plastic bottle, with 10 mL of a solution
containing 4.95 mL of HF and 7.5 g of ZrO&8H,0. The resulting
solution was maintained at 80C for 24 h on a water bath. A
diammonium form ofy-ZrP, of compositiory-ZrP O, [O,P(ONH,)2]o.ss
(FH2O)0.12 was obtained. A large part of the fluorides was then replaced
by contacting this form three times with 20 mL of 0.5 M (§EHPO,
at 80°C, for about 3 h. The solid was then washed 6 times with a
solution 1 M in HCI and 0.5 M in HPO,. After these treatments, a
very crystalline form ofy-ZrP with a negligible amount of fluorides
(less than 2x 1072 mol per formula weight (hereafter fw) of-ZrP)
was obtained. The interlayer distance, obtained from the X-ray powder
diffraction (XRD) pattern, was 1.22 nm.

Instrumental Details, Analytical and Methods. lon Chroma-
tography. The amount of PO, groups released into the mother

liquors of the exchange reaction was analyzed by ion chromatography

with a DIONEX series 2000 I/sp, AS4A column, and 71072 M
NaHCQy/1.8 x 10-° M Na,CO;s solution as eluent.

NMR Measurements. The relative proportions of phosphonates
to phosphates in the solids were obtained by quantitafiReliquid
NMR analysis with a Bruker AC200 spectrometer after dissolution of
weighed amounts of the sample (30 mg) in 1 nfl4dM HF acid and
deuterated dimethyl sulfoxide as solvent. The shifts of the signals of
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Figure 1. Phosphate groups released (curve a) and diphosphonate
groups taken up by-ZrP (curve b), as a function of time, when the
topotactic reaction is carried out in water at 8D. t; is defined in the
Experimental Section.

preliminary experiments are shown in Figure 1. Unlike mono-
phosphonates, it is evident that, in the case of diphosphonates,

1,4-benzenediphosphonic and phosphoric acids were 17.5 and 2.9 ppmthe topotactic reaction does not proceed in agueous solution.

respectively. The shifts are relative to 85%F, in D,0.

X-ray Powder Diffraction Measurements. XRD patterns were
recorded according to the step-scanning procedure (step siz® 0.02
with the help of a computerized Philips PW1710 diffractometer using
Cu Ka radiation, PW 1820 goniometer supplied with a bent graphite
monochromator in the diffracted beam.

Procedure for the Topotactic Reaction. Water Solution. Various
portions of 0.25 g ofy-ZrP were contacted at 8TC, with shaking,
with 50 mL of a 3.9x 1073 M solution of benzenediphosphonic acid.
At fixed reaction times, the samples were rapidly cooled to room
temperature in an ieeNaCl bath (2 min). The solids were then quickly
separated from the solutions by centrifugation (3 min). Therefore, 5
min was the shortest time (in the following indicatedtgsin which
analytical data of the separated solutions and solids could be collected

Water—Acetone Mixture. Various portions of 0.25 g of-ZrP were
dispersed in 35 mL of a 1:1 acetonwater mixture with shaking at
80 °C for about 15-20 min to allow the formation of good colloidal
dispersions. To avoid acetone evaporation, bottles with hermetic seals
were used. To each dispersion was quickly added 15 mL of a1.3
102 M benzenediphosphonic acid solution (previously heated at 80

°C), with shaking. The samples were cooled and separated as describe

above for the reaction in water.

Determination of the Degree of Pillaring. The x value in
derivatives of general formula ZrR@,P(OH)]1-2[O.P(OH)GH4-
(OH)PQY« (corresponding to the pillaring degree) was calculated as

Since no change was observed in the XRD patterp-gfP,

the small amount of diphosphonate groups taken up can be
attributed to the topotactic reaction occurring on the surface of
y-ZrP microcrystals. It can be concluded that the pillaring of
y-ZrP by topotactic reaction with diphosphonic acids cannot
be performed in aqueous solution.

Another interesting aspect of this experiment was the
unexpected slow release of a small amount of phosphates
without the corresponding uptake of the diphosphonate groups.
Taking into account the charge balance and the fact that no
other anions are present in the initial solution, this phenomenon
was attributed to a slow replacement in the interlayer region of

.O-P(OH)~ bidentate ligands by OHand HO. Due to the

high affinity of the OH" for zirconium, an appreciable hydroly-
sis (7—10%) can be reached after several days of contact. Thus,
unlike a-ZrP, where hydrolytic reactions are practically limited
only to the surface of microcrystal®in y-ZrP the hydrolytic
reactions can also take place in the bulk of the crystal. This is

grobably due to the relatively higher diffusion of the dihydrogen
p

hosphate groups in the interlayer regionyeZrP.’

Topotactic Reaction in Acetone-Water Mixture. It was
previously reported that whep-ZrP is contacted with 1,4-
benzenediphosphonic acid in 1:1 acetom@ater mixtures at 80

the average value obtained from the amount of diphosphonates in the’C, y-ZrP derivatives with a high percentage of pillaring are
solids (NMR analyses) and from the amount of phosphates releasedobtained* However, no kinetic studies nor hypotheses on the
by y-ZrP (ion chromatography analyses). The percentage of substitution mechanism of the topotactic reaction were made. After the

(or pillaring percentage) can be directly obtained from xhealue
multiplied by 100.

Results and Discussion

Topotactic Reaction in Water. In a previous papéit was
found that the substitution of the originalb,®(OH)~ groups

discovery that exfoliation of-ZrP takes place in 1:1 acetone

water mixtures at 80C.° it became evident that the formation

of pillared compounds was possible only because the topotactic

replacement occurred on the surface of the exfoliated lamellae.
Nevertheless, the mechanism of the topotactic reaction with

diphosphonic acids to give pillared compounds was expected

of y-ZrP with monophosphonates takes place in aqueous to be more complicated than that observed for monophosphonic
solutions through a slow interdiffusion of phosphoric and acids since each diphosphonate group must replace two
monophosphonic acids in the interlayer region of the lamellar O.P(OH)~ groups belonging to two differentlamellae. The
compound. To see if a similar mechanism is also possible for reaction should therefore take place through a multistep process.
diphosphonic acids, the topotactic reaction with benzenediphos-Furthermore, a drastic reduction of the rate of the substitution
phonic acid was first studied in water at 86. The diphos- reaction should occur after an initial formation of the partially
phonates taken up and the phosphate groups released werpillared compound because the rate of diffusion of the diphos-
determined over a long period (25 days). The results of these phonic acid in the pillared interlayer region was expected to be
very low. In contrast to this expectation, preliminary experi-

(9) Alberti, G.; Dionigi, C.; Giontella, E.; Murcia-MascapS.; Vivani,

R. J. Colloid Interface Sci1997 188 27. (10) Alberti, G.; Marmottini, FJ. Coll. Interface Sci1993 157, 513.
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Table 1. Phosphate Released and Diphosphonate Groups Taken L
Up by y-ZrP at Various Times . -
phosphate diphosphonate 0.40 J./-/.
time? released taken up ’
(min) (mol/tw y-ZrP) (mol/fw y-ZrP) Re ne° o
]
t, 0.04 0.04 1.08 1 N 030 /.
5 0.19 0.14 136 42 O . . . )
10 0.27 0.18 1.46 12 E —
15 0.28 0.19 1.48 2 = 020
25 0.31 0.20 1.53 2 g
35 0.33 0.21 1.56 23
45 0.35 0.22 1.60 3 0.10
60 0.37 0.23 1.63 3
120 0.40 0.24 1.70 3
180 0.43 0.25 1.75 4 0.00 - . - T . .
360 0.44 0.25 178 45 1 100 200 300 400 500 600
600 0.45 0.25 1.82 5 Time (min)

1?13%5 %256 %2255 1188% % Figure 2. Phosphate groups released (curve a) and diphosphonate
10 080 0'47 0'25 1'92 13 groups t_aken up by-ZrP _(curve p), as a function of time, when the
28 800 0:48 0:25 1:94 15 topotactic reactlo_n is c_arr!ed outina l:_; apetemter mlxtu_re at 80
72 000 0.49 0.25 1.99 77 °C. The dashed lines indicate the equilibrium of the reaction after 50

days.t; is defined in the Experimental Section.
aThe reaction time elapsed between the contagt-@fP with the

diphosphonate acid solution and the initial time in which the solution  ZrpQ,[O,P(OH),] + X[O,P(OH)GH,PO;H,] =
is rapidly cooled at room temperatufeMoles of phosphate released/

moles of diphosphonate taken dAverage number of pillared lamellae ZrPQ,[O,P(CH))] 1—x[02P(OH)CeH4PQH2]x +
calculated by the relation. = 1/(2 — R). 9t is defined in the text. -

¢ An appreciable flocculation of pillaregtZrP was only observed after XOP(OH)I (1)
this time.

It is of interest to point out that process 1 takes places in
ments performed in acetorevater mixtures showed that even exfoliated lamellae since flocculation was not observed (see
compounds with a high pillaring degree were obtained in Table 1). Furthermore, since the diphosphonate groups are taken
relatively short times. To obtain information on the mechanism up as monovalent anionic ligands, considerations similar to those
of the topotactic reaction, investigations of the gradual formation already discussed for the topotactic reaction with phenylmono-
of pillared compounds were carried out. phosphonatecan be made. There is, however, an important

To establish the time necessary to reach equilibrium, the difference. In the case of phenylphosphonic acid, due to the
phosphates released were first determined every 10 h, over ahydrophobicity of the phenyl groups, flocculation of the
long time (50 days). It was found that about 74% of the final €xfoliated lamellae takes place before the equilibrium of
equilibrium was reached in about 10 min, while more than 96% substitution of the dihydrogenphosphate groups is completed.
was already reached in the first 10 h. Then the release slowedThus, the final equilibrium is reached slowly through a slow
down considerably, and the final equilibrium was attained only interdiffusion of phosphatephosphonate groups in the interlayer
after about 45 days. It was also observed that an appreciableregion/ In the case of diphosphonic acids, the partially
flocculation of the colloidal dispersion took place after only derivatized lamellae, probably due to the presence of fre¢iPO
about 15 h of reaction. Since the very low rate of the phosphate groups, remain in colloidal dispersion for sufficient time to allow
release in the range 0-85 days of reaction could be related attainment of a large part of the equilibrium (eq 1). This
to the very slow diffusion rate of these species in the flocculated explains the fast uptake of the diphosphonate groups shown in
phase, many data were then collected in the first 10 h (i.e., beforeFigure 2, curve a, without a corresponding fast release of a
flocculation). Furthermore, the diphosphonate groups taken updouble number of phosphate moles.
by y-ZrP were also determined to control the stoichiometry of  The partially derivatized lamellae with monovalent anionic
the replacement. diphosphonate groups, once formed, begin to interact with each

Experimental data are reported in Table 1, while Figure 2 other. The acid gfOH)PGH4PO:;H; groups of one lamella can
shows the kinetic curves of the leaving phosphate and enteringthus substitute the £2(OH), groups of another lamella so
diphosphonate groups (curves a and b, respectively). The dottedorming a bilamellar pillared system (packet), as schematically
lines represent the respective equilibrium values previously shown in Figure 3. Note that 50% of the diphosphonate groups
determined after 50 days of reaction. The final uptake was behave as bivalent anionic ligands (inner pillars) while the
almost quantitative, confirming that the selectivity coefficient remaining 50% are attached as monovalent anionic ligands in
of y-ZrP for the diphosphonate groups is very high. the external part of this packet. The average valudrad$

Note that the diphosphonate uptake is much faster than thetherefore 1.5. This bilamellar packet can react with another
phosphate release and that all the diphosphonate groups usethmella or with another bilamellar packet, giving trilamellar or
for the topotactic reaction (0.25 mol/fw gfZrP) were taken tetralamellar pillared packets and so on.
up in less than 3 h. Thus, to clarify this point, the rativs: The total reaction between partially derivatized single lamellae

moles of phosphates released/moles of diphosphonates takefo give a poly-lamellar-pillared compound can be written as
up were calculated (see Table 1).

Note thatR is near to 1 in the first measured points. This nzrPQ,[O,P(OH),], [O,P(OH)GH,POH,], —
means that each diphosphonate group behaves initially as a

monovalent anionic ligand replacing only one dihydrogenphos- {ZrPO[O;P(OH)]1,[0:P(OH)GH,(OH)PCL, +
phate anion on the surface pfZrP according to the process nxH;PO, (2)
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Figure 3. Reaction between two partially derivatized lamellae with diphosphonate groups behaving as monovalent anionic bidentate ligands. A
bilamellar pillared packet is formed in whidR = 1.5 (see text).
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Figure 4. XRD pattern of a sample of-ZrP with 50% pillaring,
obtained after 15 days of topotactic reaction and then recrystallized in Figure 5. Evolution of the XRD pattern of a sample, flocculated by
hydrothermal bomb at 25%C for 3 days. the cooling procedure, aftd h of topotactic reaction: (a) sample just
flocculated, (b) the same sample washed with 10 mL of water and then
This reaction (eq 2) may start before (eq 1) is completed. Measured after 10 min, (c) 2 h, (d) 2 days.
This can explain the relatively higR values observed in the . ) . .
first hours of the reaction. The values can be used to obtain  ©f crystallinity was found to appreciably increase over reaction

a rough estimate of the average number of pillared lamellae, ime- A further increase may be obtained by treating the
n., by the relatiorR = (2n, — 1)/in.. The estimatednvalues samplesin a hydrothermal bomb. The XRD pattern of a sample
at the established times of the reaction are therefore reported in2ftér 15 days of reaction and then treated in a hydrothermal
Table 1. Note also that the average number of pillared lamellae POMP at 250°C for 3 days is shown in Figure 4.

in each packet increases slowly over time. Thus, although more ~The increase of the crystalline degree over time can be related
than 90% of the topotactic reaction is completed in a few hours, t0 the reaction between packets of pillared lamellae which leads
the reaction must be continued for many days if samples with t0 the formation of new packets in which the number of pillared
a good degree of crystallinity are desired. lamellae is considerably increased.

Note also thaR values very near 2 are only obtained after Samples obtained after short reaction times and forced to
very long reaction times. Thus, taking also into account the flocculate by cooling always showed a very low degree of
recently elucidated structure of zirconium butanediphospho- crystallinity. However, when these samples were conditioned
natell the greater part of the pillars in these samples behave asover BaCh or maintained in water, their degree of crystallinity
bivalent tetradentate ligands bridging adjacent layers. increased rapidly. It must be concluded that the reaction

XRD patterns of the samples taken after their flocculation Petween packets of lamellae may also occur in flocculated
always gave the same interlayer distance (1.31 nm whenSyStems, even at room temperature.
conditioned at 7590% of relative humidity). Only the degree In agreement with previous resuftshe pillared zirconium
benzenediphosphonate conditioned at 90% of relative humidity
(11) Alberti, G.; Murcia-Mascdm® S.; Vivani, R J. Mol. Struct, in press. and then dehydrated at 1X€ was found to lose 2 mol of
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interpillar water per fw of pillared derivative. After dehydration considering that the thickness of thelayer in different
the interlayer distance was found to decrease to 1.13 nm. Thiscompounds, taken between the centers of the external phos-
decrease can be attributed to a variation of the slope of the pillarsphorus atoms, may range from 0.74 to 0.79 nm, the maximum
with the loss of the intrapillar solvent. After rehydration, the interlayer distance cannot exceed 1.44 nm, even when the pillars
interlayer distance of 1.32 nm was again obtained. are perpendicular to the layers. Thus, the semicrystalline phase
It was also found that a semicrystalline phase with an with an interlayer distance of 1.62 nm cannot be attributed to a
interlayer distance of 1.62 nm was always initially present. pillared y-ZrP phase. In our opinion, since the peak at 1.62
However, when the acetone was eliminated (e.g., by heating atnm disappeared when acetone was removed, the presence of
60 °C or by washing with water), this peak disappeared. Figure this peak could be due to a small amount of-ZrP—acetone
5 shows the time evolution of the XRD pattern of a sample intercalated phase, stabilized by the presence of some diphos-
just flocculated afte1 h of reaction and then maintained in  phonate groups.
water at room temperature.
Taking as 0.65 nm the distance between the centers of the
two phosphorus atoms in the pillap®(OH)GH4(OH)PQ, and 1C980400B
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