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The construction of organi€inorganic scaffolds based gnzirconium phosphate and polyethylenoxa
diphosphonates is described. Microcrystalline materials with a controlled, low degree of pillaring are
synthesized and characterized by elemental analysis, X-ray powder diffraction, solid-state NMR, and
thermogravimetric analysis. The mechanism for the topotactic polyethylenoxa-pillaring reaction is proposed
and confronted with previous ones suggested for the reaction of nonpolar organic diphosphonates. The
affinity among the polyethylenoxa chains and the superficial acidic phosphates of the layered salt is thus
clearly evidenced. The work shows how the inner structure of the pillared microcrystals may be easily
modified by a second exchange of the remaining superficial phosphates by other phosphorus species as
the low-polar hypophosphite. The rigidity of the layers and the wedge-like effect of intercalated amines
at the edges of the microcrystals cause them to increase the interlayer distance, and hence porosity, in a
flash fashion.

The supramolecular construction of nanoporous solids with
ample, open voids that can be freely accessed by other
molecular species is quite difficult a task pursued by a vast
number of research groufpsThe spontaneous aggregation
of dissolved small molecular building blocks is the most
common approach (molecular tectorRys However, its
success is still rather limited because, for the self-aggregation
to render useful architectures, one should possess a profound
predictive knowledge of the involved intermolecular forces,
which implies the proposition and preparation of effective
synthons with suitable geometries and functionalities. More-
over, once the crystal or solid is formed, there are little
chances, if any, to further manipulate its structtfre.

Introduction

Engineering of crystalsand solids is an active area of
research that lays a bridge between the concepts of supramo
lecular chemistryand materials scienéelhe original ide&
was the design of organic crystals in which the molecules
were adequately oriented to suffer topochemical reactions.
Yet, modern crystal engineering is synonymous to design
principle$ directed to the synthesis of predefined crystal
frameworks with coveted properties and features. There are
several methods to shape solid frameworks. Molecular self-
assembl§is at present one of the most attractive approaches
to produce new materials. This assembling is currently
established using a number of well-known molecular interac-
tions, that is, metal complexatiband hydrogen bondin%.
The scope of their applications involves quite interesting
fields such as optoelectroniégonductivity and supercon-
ductivity,*° charge transfe¥, magnetisnt? nano- and bio-
mimetic materialg? etc.
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Figure 1. From top left counterclockwise: Schematic structure of a portion of a laygizattonium phosphate; dimensions of the grid formed by superficial
phosphates on a layer; representation of the topotactic exchangeii@onium phosphate by a phosphonate or diphosphonate.

y-Zirconium phosphate/(ZrP) is today a reasonably well-  y-ZrP as a carving board in which the appropriate organic
known layered sdlt in which two different phosphate groups molecules could be orderly grafted. This fact together with
may be distinguished, one bearing all four oxygen atoms the possibility of exchanging all superficial phosphates
bonded to different metal atoms and another one using onlyremaining from a partial pillaring by other less polar
two oxygens (Figure 1). The first ones occupy an internal phosphorus functions, that is, hypophospPitenake the
position in the sheetlike structure and maintain its integrity. prospects of this conceptual combination limited only by the
The other phosphates reside in the surface of the lamellaejmagination of the researcher. Moreover, by selecting the
forming a grid of ca. 0.55< 0.65 nm. appropriate functionality of the organic moiety, the resulting

These external phosphates can be easily replaced bymaterial can be reshaped after its preparation by means of
different oxygenated phosphorus derivatives with at least two simple processes as conformational changes induced by
oxygen atoms, i.e., phosphonates, without essentially alteringexternal agents, leading to a phenomenon that could be
the layered estructuf€ For instance, we have been the first named supramolecular allostedy.
in covalently attaching crown-ether phosphonates #wP *° In this paper, we give a full account of our results concern-
The mechanism of the topotactic phosphate/phosphonateng the low-level pillaring ofy-ZrP with the polyethyleneoxa
exchange has been recently propo¥edrganic diphospho-  diphosphonate} of Scheme 1. We have also prepared the
nates are then easily attached to opposing faces of differentnonpillaredy-ZrP exchanged phases with the corresponding

lamellae, leading to pillared, porous solids (Figure?'1).

Therefore, one can use the well-known layered structure of

monophosphonate8)(for comparison purposes.
Quite interestingly, the polyethyleneoxa chains of the
created materials showed a high affinity for the phosphate
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acid—base reactions, the intercalated base acting as effective
wedges that increase the interlayer spacing. This éffeets
revealed to be exceedingly sensitive to tiny pH changes when
the superficial phosphates were replaced by hypophosiShite.
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Scheme 1. Phosphonic Acids Synthesized in This Work (= (internal PQ) and —13.6 ppm (superficial HPO,) and the
1-5) exchanged phosphonates at-PD ppm. Provided a long
relaxation delay ¥ 10 s) was given, the relative signal areas
were in excellent agreement with the exchange levels
deduced from elemental analyses and solufith NMR

Hzogp\/\o/\(\/o\a/n\o/\/Poﬁ'IZ
2

spectra in HF/DMSQd. The TGA curve (Supporting
THC' Information) for H25 is typical of those observed for all
(OE);0P_~ g~ Oy~~~ PO(OEY, prepared materials. Four clear weight transitions are observed
PO(OE), " in all cases at the indicated temperature intervals, the most
£o5Cs . revealing ones being the loss of water {250°C) and the
Ho“(\/o\/)?OH organic component (156850 °C). The latter has been
1 HO O o~ PO(OE: assigned to elimination of glycol fragments and is in all cases
in very good agreement with the exchange levels measured
lHCI by elemental analysis and NMR measurements. A complete
account of the thermal degradation of these materials will

o PO.H be published elsewhere.
N 32

HO™T0 There are two features in Table 1 that should be re-

3 marked. The first feature is the maximum level of exchange

. ) . .. 2x in the empirical formula Zipo(POs)100(H2POs)100-2x

Thgrefore, (i) the length of the_:__ organic chalr_w, (i) the ECGHlBOSPZ(C2HIZO)n]x'(HZO)z), Whioc(h is) g(ummaZized in
polar_|ty of the layer surface, and (iii) the pH can flnel_y tune Figure 2. The figure also contains the exchange <P
&uith 1,10-decendiphosphonate performed by us from litera-
ture dat&’ for comparison purposes. It can be seen that, while
exchange levels close to 100% were easily reached for the
nonpolar 1,10-decendiphosphonate without the need of an
excess of reactant (circles), large molar excesses of diphos-
phonateg per zirconium are required to reach relatively low
exchange levels of up to 6¥0%. The 0.66x 0.54 nm

All commercial reagents were purchased from Aldrich or Fluka rectangular networks (cf. Figure 1) formed by superficial
and used as received. Solutiti, $3C, and®'P NMR spectra were  phosphates iry-ZrP leave an accessible area of 0.36°nm
recorded on either a Bruker AC-200 or a AC-300 instrument. Solid- for an organic chain once the topotactic exchange takes place.
state®'P NMR spectra were recorded under MAS and CP-MAS  simple modeling indicates that this space should be more
techniques on a Bruker MSL-400 instrument. MS L-SIMS spectra than enough to accommodate the cross section of simple
were recorded on a VG AutoSpec spectrometer. X-ray powder o qanic chains as those of linear alkyl or polyethylenoxa
diffraction spectra were recorded at room temperature on elthergroups. However, only the diphosphonates derived from the

Phillips PW1710 or Siemens D-5000 diffractometers with Gu K latter displaved . difficulties in attaining hiah h
radiation and Ni filter (40 kV, 30 mA). Thermogravimetric analysis a ler ISplayed serious difficuilies in aftaining high exchange
values.

was performed on a Mettler-Toledo TGA/STDA 851e apparatus
and recorded at 8C/min. Structure modeling was carried out on The second feature to be highlighted concerns interlayer
PC computers using the Hyperchem 6.0 and 7.5 software. Syntheticdistances, which appeared to be nearly independent of the
procedures and spectroscopy data are included as Supportindength of the exchange®l The conditioned materials over
Information. BaChL (90% r.h.) showed almost a constant interlayer
separation of ca. 1.35 nm (cf. Table 1), very different from
Results and Discussion that observed for the pillared material witmdalkyldiphos-
phonates. When the material was put in good contact with

topotactic pillaring with the studied compoun#¢Scheme water (stirred in water, centrifuged, and the slurry directly
1) in various conditions placed in the X-ray diffractometer), the interlayer distance

MAS 3P NMR solid-state spectra of the materials showed only increased to an average of .1‘80 nm, St”.l much shorter
the expected signals for the-ZrP phosphates at27.2 than the expecteq value forthe.p|lllared materlals.. Molecular
modeling of the zigzag and helicoidal conformations of the

(24) In a previous paper, we designated the change in interlayer spacingpOIyGtm/lenoxa diphosphonates predicted height cross sec-

induced by solvent intercalation or aeithase titrations as an ac-  tions of 0.3 and 0.7 nm, respectively, for the molecules
cordion-like effect (Alberti, G.; Brunet, E.; Dionigi, C.; Juanes, O.;  rasting lonai inallv. Taking in nt th he thickn

Mata, M. J.; Rodiguez-Ubis, J. C.; Vivani, RAngew. Chem., Int. esting lo gt'Jd. ally. Taking into account that t et. CKNESS
Ed.1999 38, 3351). We now find this conceptual image as somewhat Of @y-ZrP layer is 0.95 nm, the measured average interlayer

improper because the layers most probably slide relative to one anotherdistances of 1.35 nm (Conditioned) and 1.80 nm (Wet)

and the pillars do not shrink but incline. For an excellent review on . . . -
this topic, see: Clearfield, A.: Wang, Z. Chem. Soc.. Dalton Trans. indicate that the polyoxa chains remain in an almost parallel

2002 2937. arrangement relative to the lamellae, regardless of the amount
(25) Brunet, E.; Mata, M. J.; Juanes, O.; Rodiez-Ubis, J. CAngew.

Chem., Int. Ed2003 42, 3714. of water present.
(26) For an example of postsynthesis modification of the chemical structure,

not porosity, of a porous zirconium phosphonate, see: Wang, Z.; (27) Alberti, G.; Murcia-Mascdm®g S.; Vivani, RJ. Am. Chem. So2998

Heising, J. M.; Clearfield, AJ. Am. Chem. SoQ003 125 10375. 120, 9291.

solid. To our knowledge, this is the first full report in which
the porosity of a microcrystalline solid can a priori be
controlled by the selection of organic chains of different
length and a posteriori by simple aeilase reaction¥.

Experimental Section

Topotactic Reaction. Table 1 shows the results of the
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Table 1. Results of the Topotactic Pillaring ofy-ZrP with the Diphosphonic Acids 2 of Scheme 1

2 equiv [acid] ad material
atoms()? acid/Zr (mM) XP z condit. wet calc. acronyn§
11(1) 0.4 15 13 130 1.31 1.57 2.0 D25
3.0 50 28 140 1.37 1.64 D55
5.9 100 33 130 1.49 1.61 D70
14(2) 0.4 15 12 125 131 1.61 2.3 Ti25
3.2 75 22 90 1.32 1.64 Ti50
17(3) 0.4 15 15 100 131 1.73 2.6 Te25
20(4) 04 15 13 80 131 1.76 2.9 P25
35 100 32 60 1.32 2.28 P65
23(5) 0.4 15 12 90 1.37 1.76 3.2 H25
35 100 29 30 1.88 2.05 H60

aSee Scheme 1 and empirical formula:168PQx) 100(H2P 1) 100-2x{ CeH1608P2(C2H4O)n]x* (H20),. ° Exchange level deduced from elemental analysis and
liquid 3P NMR in HF/DMSOds. ¢ Water content determined by TGA and elemental analysis in conditioned sathplesder XRD interlayer distance
(nm) measured in conditioned samples over Bg@0% r.h.) or just after centrifugation (wet); expected interlayer distance (calc) for the exchazged
with alkyl 1,m-diphosphonate having the same number of atoms as the corresponding polyethyleneoxd ettairs. indicate the polyethylenglycol precursor
of the polyethylenoxa diphosphonate (Scheme 1); numbers indicate the level of exchang2%iragansy-ZrP exchanged ca. 25% with(n = 4)].

90 - to the polar phosphate layer, should remain in a mostly
80 " Tendency perpendicular-to-the-lamellae zigzag arrangement (B). It then
g 70 Cs'-tllrj\é?efgr !ooks p_Iaus_ibIe that thg Qerivatizeﬂi-_ZrP lamellae start
T 60 compds. mteraf:tl_ng_ in a way S|m|lar_ to_ a lipid membrane (C).
2 | Interdigitation of the alkyl chains is then needed to form the
"E’a L truly pillared material (D). A sluggish interdigitation process
g 407 might provide a good explanation for the slowness in the
5 301 22000 flocculation of the alkyldiphosphonate-containipgzrP.
20 i In the case of our polyethylenoxa diphosphonic adds
10 e (Figure 4), the mechanism should be similar but the oxygen
0 : : present in the organic chains should force the latter to lie
0 1 2 3 4 parallel to the lamellae (G). The affinity among the phos-
Added eq / eq y-ZP phates and the polyethylenoxa chains hampers further

Figure 2. Plot of the achieved exchange level versus the amount of added integration of new phosphonates, thus making the incorpora-
equivalents (referred to Zr) of diphosphonic aclief Scheme 1and .- tjon of 2 a substrate-inhibited reaction. This fact explains
10-decendiphosphonic aci@€{0DP; terracotta circles). er . . o .

the difficulties in attaining high exchange levels. Yet, two

There is a third fact not indicated in Table 1 that con- different layers can be in close contact much more easily
cerns flocculation times of the cross-linking process, the (H) because the interdigitation step is no longer necessary,

reaction ofy-ZrP with compound& being much faster (ca. and therefore flocculation may occur at a faster pace but

10 min) than that of the Bsalkyldiphosphonates (several With & lower overall exchange rate.

hours). We are aware that this mechanism may raise questions
In summary, polyethylenoxa diphosphonates led to (i) about the true pillared nature of tf®exchangedy-ZrP

low topotactic exchange levels even with high concentra- materials, because in step G (Figure 4) the reaction of the

tions of the organic component; (ii) no heavy swelling second phosphorus group of the diphosphonate might take

of the polyethylenoxa-pillared materials in the presence place in the same layer, thus forming loops as shown in

of water; and (iii) very short flocculation times to isolate Figure 5.

the solid material. This behavior suggests a strong inter- Before solving this problem, we should mention that it is

action, probably by hydrogen bonding, between the ethyl- well established by IR studies that polyethylenglycols adopt

enpolyoxa chains and the acid phosphates in the surfacehelicoidal conformations in water. All of our pillared

of the inorganic layer. This made us think that the mecha- materials (conditioned or wet) displayed the wagging (3353

nism of the topotactic exchange of the polar polyethylen- 1355 cn1?) and torsion (13051307 cnt) bands attributed

oxa diphosphonates should be somewhat different from thatin the literature to ©-CH,—CH,—O fragments in gauche

of nonpolar analogues. Figures 3 and 4 summarize ourconformatiort® necessary for the polyethylenoxa chains to

proposal. adopt helicoidal arrangements.

By resemblance to the pillaring reaction pfZrP with Figure 6 illustrates the key experiment, the outcome of
rigid diphosphonic acid®the exchange process of an alkyl-  \hich completely rules out the forming of loops, ensures

diphosphonate should occur in various steps (Figure 3).  the truly pillared character of our materials, and is fully
First, the exfoliated lamellae (A), colloidally dispersed in

water acetone at 80C, ,qUICkly admit the |ncorpqrat|on of (29) We have modeled the attachment of diphosphonates to the opposing
a layer of diphosphonic acid (Bj,the latter acting as a faces of two consecutive lamellae for the sake of clarity. The whole
monovalent anionic ligand. The alkyl chains, with no affinity process should obviously involve the carpeting of all faces of the
exfoliated lamellae and the piling of a certain number of layers leading
to typically sized particles (Coulter method, 6.3 um).
(28) Alberti, G.; Giontella, E.; Murcia-Mascasp S.; Vivani, R.Inorg. (30) Begum, R.; Matsuura, Hl. Chem. Soc., Faraday Tran$997, 93,
Chem.1998 37, 4672. 3839.




1428 Chem. Mater., Vol. 17, No. 6, 2005 Brunet et al.

i

(S £
Vi P ot
AW .

-

L
a

A ) -
a A
e e S T e e VY
2 M0 M T TR
30 M T T
n 3 5
LT R R
17074

»

P G LR, oy
0 17 400 g™
bk ok ok 2

Figure 4. Schematic proposal for the mechanism of the topotactic exchange&Zd? with 2 (n = 1; see Scheme 1 and ref 29).
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Figure 5. Possible arrangement of polyethylenoxa chains forming loops (left) or true pillars (right).

consistent with the helicity of the polyethylenoxa chains seen that the measured basal spacings are in excellent
hinted by IR data. agreement with those calculated by molecular modeling for

The materials bearing phosphonate/phosphate exchangé@ helicoidal conformation of the polyethylenoxa chain.
levels of ca. 25%X = 12—15 in Table 1) were titrated up ~ Moreover, whery-ZrP was exchanged with the correspond-
to pH = 9 with methylamine, and the interlayer distances ing monophosphonate8 {n Scheme 1, their structure with
of the resulting wet, neutralized materials were measureda single phosphorus end makes the formation of pillars
by powder XRD analysis (triangles in Figure 6). It can be impossible) and the resulting materials were titrated with
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4.0 - When one OH of all acidic phosphates has been neutral-
ized with methylamine, hydrogen bonding seems to be no
longer possible and the polyethylenoxa chains stand up. It
should be remarked that at this point the wagging band

3.0 - (1353-1355 cn1?) attributable to &-CH,—CH,—O frag-

s ments in gauche conformation is still clearly visible. We thus

oy . . .

5 assume the polyethylenoxa chains to be helicoidally arranged.
Interlayer distances calculated by molecular modeling are

2.0 in excellent agreement with this assumption (cf. Figure 6).
TGA indicates a water content per molecular formuan(
Table 1) of 100 and 385, respectively, for conditioned
samples oD25 andP25titrated with methylamine to ph

1.0 . : | 9, meaning that the large pores created in the material with

11 14 17 20 23 the longest organic chain are filled with additional water
Number of chain atoms molecules.
Figure 6. Interlayer distances of-ZrP phases pillared at 25% level with i
the studied polyethylenoxa diphosphonic acids (Scheme 1) in dry @ink Wwe h.ave explored whet-her these large pores Cafn include
and wet #) conditions and intercalated with methylaming)(The figure other simple molecules different from water, that is, alky-
also contains calculated interlayer distand®sfor the indicated conforma-  lamines of various lengths. The simple intercalation of
tions of the polyethylenoxa pillars. alkylamines intoy-ZrP has been widely studied and it is

. " . well known that the amines arrange as a double layer, the
methylamine in the same conditions, an amorphous solid was o . S . .
longitudinal mean axis of their zigzag conformation forming

Lorg:;r(jias shown by the absence of peaks in powder XRDan angle of 50 with the layer planed! The interlayer
P ’ . . : . , distance @) increases linearly following the relationship
These relatively simple experimental considerations make — :
. = 1.08+ 0.1, wheren is the number of carbons of the
us conclude that the exchangeyeZrP with polyethylenoxa . . . .
diphosphonate2 provides an easy access to building porous alkylamine (F!gure 8). Howe_ver, usinge25 fqr th!s test,
we have obtained the sigmoid curve shown in Figure 8 for

pillared matenals whose flna! porosity can be tqned by t_he the intercalation of methyl-, hexyl-, decyl-, dodecyl-, tet-
topotactic exchange reaction itself and is dramatically varied .
radecyl-, and octadecylamine.

by the acid-base intercalation of simple species. . .
Figure 7 shows the evolution of interlayer distanc®ab . “T‘ all cases, eIementaI analysis, NMR, and. TGA sFudles
indicate an incorporation of ca. #80% of amine, which

and P25 with the increasing amount of methylamine. The . .
approximately corresponds to one amine molecule per

behavior of the two materials is notoriously different. The nonexchanged superficial phosphate. The sigmoid curve
material with the short polyethylenoxa chaib2b) need ) o ' A
W snort polyethylenox D25) S displayed byTe25 implies a reluctance of this pillared

0.5 equiv of amine to start increasing interlayer distance, : ) . . .
whereas that with the larger chaifZ5) starts swelling from material t(_) increase mterlayer c_hstance, as compared to p_laln
the very beginning the amine was added. In our belief, this y-ZrP, which is espeually notorious at the starting and end!ng
is another evidence of the existence of an intricate hydrogen—plateaus’ hence with bOth the shortest and the Ionge;t amines.
bonding network among the nonexchanged exchangeabIeThe case of the short amines should be another manifestation
phosphates and the polyethylenoxa chains of the affinity of the chains for the-ZrP surface, and that

The ca. 25% level of phosphate/phosphonate exchangeOf the largest ones should be a manifestation of the difficulty

attained in materialD25 and P25 means that there are M ﬂ;]e E|Ong§t'0hn (cj)lehe p}llzrs. h i lculated
approximately 12 polyethylenglycol chains for every 76 _ 1 ne two dashed lines indicate the maximum calculate
phosphates. On the other ha®5 and P25 have, respec- interlayer distances by molecular modellnglibzr25 when _
tively, three and six oxygen atoms in their chains (cf. Scheme (€ ethylenepolyoxa chains are as perpendicular as possible
1 and Table 1). One may realize by this simple consideration to the layers in helicoidal (c':a.' 2.5 n'm) and z19zag (ca. 3.2
that the number of chain oxygen atomsPB5 almost equals nm) arrangements. The variation of interlayer gﬂstance from
that of its remaining exchangeable phosphates, which giveshfaxyl' to tetradecylam_lng, that crosses the predicted interlayer
the possibility of nearly all of them being involved in distance for the _heI|c0|daI arrangement of the columns,
hydrogen bonding. A small amount of methylamine should f(?”OWS the equatl_ord — 1'0847 0.16n. The smaller slope .
be enough to start disrupting the hydrogen-bonding network displayed by the pillared material (0.16) as cgmpargd to plain
that glues the lamellae, thus making the interlayer distanceV'Z;P (|O.19) r?eansrt]hat thia?]%e of tr;]e "’“T“”ff W'tt)h respect
quickly increase with the first amine additions. On the [© th€ layer planes has to be"llower than in the absence
contrary, inD25, the amount of chain oxygen atoms is one- of polyethylenoxa pillars. Despite that, the columns appear

half of that of P25, and at least ca. 50% of the phosphates to show enough conformational mobility to allow for the

cannot be involved in hydrogen bonding. The first 0.5 equiv mtercalatlon'of even longer a]kylammes. In the case'of'
of amine can thus diffuse into the interlayer space and reactoctadecylamine, the interlayer distance seems to reach a limit,

with the acidic phosphates without affecting hydrogen very close to the maximum predicted by the models for the
bonding with the organic chains. The initial interlayer (@1) Ses, § o Costantno. U.- Cloarfield. AG -

: H H . ee, Tor example: Costantino, U.; Cleartield, A.Uomprenhense
dlsmnce can be thus_ maintained D25 along the first Supramolecular ChemistryAlberti, G., Bein, T., Eds.; Pergamon
additions of methylamine. Press: New York, 1996; Vol. 7, Chapter 4.
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Figure 7. Variation of interlayer distance of the indicated materials with the amount of added methylamine. The insets show expansions of the corresponding

X-ray powder patterns at the indicated amine additions.
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Figure 8. Variation of interlayer distance in conditioned sampleg-afrP
(literature data) an@le25intercalated with methyl-, hexyl-, decyl-, dodecyl-,
tetradecyl-, and octadecylamine.

polyethylenoxa column to be in an all-anti zigzag arrange-

ment. The space left between the layers makes the alkyl chair
of octadecylamine bow even further, its angle with respect

to the layer plane being reduced to°3%his behavior hints

to a possible length and shape selectivity of our pillared

materials toward intercalation of amifésind other com-

Scheme 2. Combination of Porous/Nonporous Pillared
Materials Studied in This Work

§ oz&z . 6;6
/ °d98 B 3ed0
( AN NN A
polar-polar polar-nonpolar
XN K] C
\ 'YX XX
SRR R NN N
0808 D dede

nonpolar-polar nonpolar-nonpolar

z = polyethylenoxa chain i = alkyl or aryl chain

_ exchangeable

¢ phosphates

@ = hypophosphite

pounds. Besides, the experimental evidence gathered in this,

work that points to the helicity of the polyethylenoxa columns
introduces the idea of achieving supramolecular chirality,

tive 3435 Therefore, the polar phosphates of the layer surface
might be easily replaced by less polar phosphorus derivatives.

provided we devise a method to select their P or M This versatility gives full access to the meccano game

arrangement. These issues are the subjects of upcomin
experiments?

Double Exchange with Hypophosphite.In previous

work, we observed that the material resulting fromth&rP
exchange with an organic phosphonate is amenable of

dﬂepicted in Scheme 2.

Starting from y-ZrP, route A leads to the materials

described above, where the organic chain is as polar as that
of polyethylenoxa diphosphonatgsFrom these materials,

the remaining exchangeable phosphates will be further
are laced by hypophosphite (route B), leading to new materi-
second exchange with another suitable phosphorus deriva- P '

(32) Tsuyoshi, K.; Shinichi, W.; Kaoru, O.; Masato, i@hem. Commun.
1995 75.
(33) Brunet, E.Chirality 2002 14, 135.

(34) Brunet, E.; Huelva, M.; Vequez, R.; Juanes, O.; Roguez-Ubis, J.

C. Chem.-Eur. J1996 2, 1578.

(35) Brunet, E.; Alonso, M.; Mata, M. J.; F€émadez, S.; Juanes, O.;

Chavanes, O.; Rodyuez-Ubis, J. CChem. Mater2003 15, 1232.
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Table 2. Results of the Double Exchange with Hypophosphite of P25 Phase in Various Conditions

equiv [acid] db material
entry hypo./Zr (M) x2 y2 z2 wet/cond./dried acronyni
1 0.25 0.01 12 20 110 1.69/1.30/1.29 P25H20
2 1-2 0.05-0.1 12 42 80 1.28/1.28/1.28 P25H40
3d 30 1 14 65 60 1.28/1.26/1.26 P25H65
4¢ 30 1 31 38 100 1.28/1.27/1.26 P60H40
5 120 4 10 70 60 1.27/1.27/1.27 P20H70
6f 30 1 13 74 70 1.27/1.26/1.25 P25H75

aEmpirical formula: Zioo (PQs)100 (H2POs)100-2x—y(H2P Oz)y[CeH1608P2(C2H40)4] x* (H20),; exchange level deduced from elemental analysis and liquid
3P NMR in HF/DMSO4dg; water content determined by TGA and elemental analysis in conditioned safp@sder XRD interlayer distance (nm) of
samples wet/conditioned over Ba@90% r.h.)/dried at 100C. ¢ P stands fory-ZrP exchanged witf2 (n = 4; cf. Scheme 1)H for hypophosphite, and
numbers indicate the respective levels of exchange Pi2sH20means 25% exchangedZrP with 2 (n = 4) doubly exchanged with ca. 20% hypophosphite).
d A small amount of2 (n = 4; 0.10 equiv/Zr) was added to prevent diphosphonate lo8#esin previous footnote: adde® (n = 4; 0.40 equiv/Zr).
f Starting phas®25 previously treated with methylamine to pH 7 (see text).

als where the surface of the layers will be turned to nonpolar. acetone 1:1 at 89C. Moreover, the demonstrated affinity
We complete this road map to all possible combinations of of the polyethylenoxa chains by theZrP surface must
polar/nonpolar columns and surfaces by the double exchangehwart swelling in the conditions of hypophosphite exchange,
with hypophosphite (route D) of-ZrP already containing  and hydrogen-bonding interactions protect some of the acidic
nonpolar alkyl- or aryldiphosphonates (route C), but these phosphates, making their total replacement impossible at
results will be the subject of future papers. reasonable hypophosphite concentrations.

We selectedP25as the starting material to perform double Because amine intercalation effectively breaks off the
exchange with hypophosphite (route B). Table 2 summarizeshydrogen-bonding network (see above), we finally succeeded
the results of the different experiments. After various attempts in smoothly replacing all phosphates treating fiP25 with
(entries 1, 2, 5) using increasing amounts of hypophosphite methylamine to pH= 7. In those conditions, the pillared
(up to 120 times that of Zr and concentrations up to 4 M), material is successfully swelled and hypophosphite is thus
NMR experiments and elemental analysis revealed that 10 free to diffuse between the layers and replace all phosphates,
20% of exchangeable phosphates still remained intact. Lossedeading to a new materialP@5H75 with low pillaring.
of polyethylenoxa diphosphonate became important only at Elemental analysis and TGA gave Zr(BM®:PO)o.7+
the highest hypophosphite concentration. The addition of a (Ci4H30P>012)0.170.8HO as the empirical formula fd?25H75
small amount of2 (n = 4; cf. Scheme 1) to the reaction A sample of this material, dissolved in HF/D, gave aH
mixture (entry 3) avoided this problem, but total hypophos- NMR spectrum with signals at 0.0, 8.9, and 25.3 ppm
phite incorporation was still unseen. To this effect, entry 4 attributable to phosphoric, hypophosphorus, and phosphonic
should be highlighted. When only 0.4 equiv/Zrdfn = 4) acids, respectively. Their relative intensity (3.97:2.91:1) was
was added to the excess of hypophosphite in the typicalin excellent agreement with the calculated value (3.84:2.85:
exchange conditions (see Experimental Section), the startingl) for the empirical formula obtained from the other
P25ended up inrP60H4Q a material whose analytical data techniques. IR 0P25H75showed the expected stretching
indicated an unexpected high (n = 4) content (60%  P—H band at 2403 cni, while solid-state MAS'P NMR
exchange). It should be recalled that, beginning with plain revealed the presence of the internal phosphates2at9
y-ZrP, this level of exchange had to be achieved by using a and the complete disappearance of the signall8.6 ppm
4 times molar excess & (n = 4) (cf. Table 1 and Figure  belonging in the starting materid@?25 to the remaining
2). It looks plausible that at the very moment the majority surface phosphates. Both hypophosphite and phosphonate
of the exchangeable phosphates have been replaced by thgroups gave at ca. 10 ppm a broad signal, whose intensity
less polar hypophosphite, the polyethylenoxa pillars no longer heavily increased under CP conditions. Powder XRD of
have affinity to the surface and the material swells. The small P25H75showed a reasonable degree of crystallinity and a
amount of the added diphosphonate is thus allowed to entirelyvery short interlayer distance of 1.28 nm, which was
diffuse into the interlayer region. The final outcome is the independent of the degree of humidity of the sample.
incorporation of practically all supplementary diphosphonate, The forces governing layer piling ip-ZrP andy-ZrP/
suggesting that some of the hypophosphites that just replacechypophosphite)-ZrPH) salts should be very dissimilar. In
the superficial phosphates were further substituted by phos-y-ZrP, water molecules are sandwiched between the layers,
phonates. Taking into account that the hypophosphites areaiding in the formation of a network of strong hydrogen-
easily oxidized to phosphates at high pH (see below), bonding interactions. In appropriate conditions of polarity
lowering the polarity of the surfaces of gZrP phase and temperature (1:1 wateacetone, 80C), the hydrogen-
containing a low level of polar columns by a second bonding net is broken ang-ZrP exfoliates, each lamella
hypophosphite exchange, in the presence of the diphosphobeing effectively solvated. Yet, theZrPH phase lacks the
nate pillars, may constitute the strategy of choice to high superficial phosphates and the layer surfaces are carpeted
pillaring without using a large excess of the polar organic by a grid of nonpolar PHbonds that glue the lamellae to
moiety. one another by sturdy hydrophobic, van der Waals forces.

The difficulties in replacing all superficial phosphates by Therefore, they-ZrPH phase is very compact (interlayer
hypophosphite must come in the first place by the fact that distance of 0.88 nm) and cannot be exfoliated in water or
the organic columns obviously prevent exfoliation in water/ any other solvent. Besides, the very low acidic character of
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Figure 9. Titration curves of the indicated materials. Numbers on the graphs correspond to interlayer distances as measured by XRD on wet powders at the
corresponding points of added MeNH
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Figure 10. Variation of interlayer distance of the indicated materials with the pH (amount of added methylamine). The insets show expansions of the
corresponding X-ray powder patterns at the indicated pH.

hypophosphite Pkbonds avoid phase swelling by the action (numbers at graph origin in Figure 9; cf. Table RR5H20
of acid—base processes such as those taking place in theandP25H40with 20% and 40% hypophosphite, respectively,
y-ZrP intercalation of amines. hence still possessing a large amount of superficial acidic
With these ideas in mind, we performed a comparative phosphate (55% and 35%, correspondingly), displayed in-
study of the behavior oP25 and several of the created terlayer spacings of 1.69 (green) and 1.28 nm (orange),
hypophosphite phases toward methylamine intercalation.respectively. The latter value appears to be the minimum
Figure 9 contains the resulting titration curves. At regular possible because it is sharedBg5H75(pink) andP60H40
intervals, the suspensions were centrifuged and the solid, wet(blue), the studied materials with no left superficial phos-
material was taken to powder XRD to measure the interlayer phate. These are clear indications that the presence of the
distance, which is also included in Figure 9. low polar hypophosphite makes the material highly hydro-
It may be seen for the startirg25 that both the titration phobic, forcing the inorganic layers to be in the closest
curve and the concomitant increase of its basal spacing (cf.possible contact. In this situation, there should be little room
Figure 9) are relatively smooth, suggesting a progressive for the organic chains that must squirm along the channels
diffusion of methylamine in the interlayer space. However, left by the rows of superficial hypophosphite groups.
when hypophosphite is present, even at a fairly small level, The second important collection of events occurred when
several new events start to come about. First, the startingthe addition of methylamine was started. While titration
interlayer distance of the wet materials is much shorter curves ofP25andP25H20were very similar, the increment
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of interlayer distance in the latter is more pronounced (0.45 this enormous sensitivity of microcrystalline porosity toward
and 0.55 nm, respectively, from O to ca. 0.4 equiv of added intercalation of small molecules has no precedent so far.
methylamine). For the rest of the materials, the higher the )

hypophosphite content, the steeper the initial ascend of the Conclusion

curve, which is followed by a plateau. This may be  This paper shows the versatility of the derivatives atrP
understood in terms of an initial accumulation of amine in in that the inorganic salt can be eas”y pi”ared with
the solution, which raises pH somewhat abruptly. The highly appropriate organic moieties and doubly exchanged with
compressed microcrystals do not allow methylamine to other phosphorus functions, leading to a material whose pores
diffuse into their interior. Yet, after ca. 0-10.15 equiv, the can be controlled in size and p0|arity_ The right choice of
pH stabilizes, indicating that methylamine starts reacting the organic part of the scaffold allows an aprioristic design
steadily with the acidic groups of the solid phase. At this of the solid material. Yet, more importantly, the final
point, the interlayer distance suddenly changes from a highly structure can be reversibly modified in the solid state, even
compressed state (1.28 nm) to a extremely expanded onen a drastic manner, by the simple intercalation of small
(2.1 nm) in a very narrow interval of added amine. Figure molecules. We believe that the philosophy involved in this
10 summarizes these findings by comparing the swelling work, where the organization of the final microcrystalline

response oP25andP25H75 material can be reasonably predicted from (i) the structure
In the case of the phas®25H75(and alsoP25H40), the of its individual building blocks and (ii) the understanding
hydrophobic forces governing the behavior of th&rPH of the interactions involved among them and with third-party

phase should be still at work. The fact that their interlayer species, constitutes a “solid” strategy to overcome Maddox's
distances are very short and humidity independent (cf. Tablescandap¢

2) should be a manifestation of it. Yet, in the phases with
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