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Commercial bis-(4-bromophenyl)-ether, [BrCsHq,—0, has been used to prepare 4-[4'-(diethoxyphosphoryl)phen-
oxy]phenyl-phosphonic acid diethyl ester, [(CHsCH,),0sP—CsHq],—0O, (1) following a slight modification of the
Michaelis—Arbuzov reaction. The acid hydrolysis of | gave 4-(4’-phosphonophenoxy)phenyl phosphonic acid,
[H203P—CgH,]o—0 (11), and both compounds have been characterized by *H NMR and *3C NMR. The crystal structure
of Il has been determined by single-crystal X-ray diffraction. Il crystallizes in an orthorhombic unit cell, space group
Phen, with a = 7.822(3) A, b = 5.821(2) A, ¢ = 28.982(9) A, and V = 1319.7(7) A3. The final R factor was R1
= 0.0614. The structure is layered, being held together through a hydrogen bonding network. I has been used as
precursor in the syntheses of new metal (Mn, Fe, Co, Ni, Cu, and Zn) bisphosphonates. The syntheses were
carried out using a fixed metal/bisphosphonic acid molar ratio of 2.1:1 and the influence of the pH in the reac-
tions has been studied. Nine new compounds have been isolated: Mny(O3PCeHsOCsH4PO3)-1.5H,0 (llN),
Mns(OH),(03PCgH4OCeHsPO3),-2H,0 (IV), Fe(HOsPCsH,O0CsH,PO3)-0.5H,0 (V), Co,(03PCeH4OCH,PO3)-2H,0
(VI), Nix(O3PCgH40CeH4PO3)-3H,0 (VII), Niy(O3PCeH4OCsH,PO3)-2H,0 (VIII), Cuy(O3PCsH4OCeH4PO3) (I1X),
Zny(0O3PCeH,0CsH4PO3) (X), and Zn(HO3PCeH,OCsH4PO3H) (XI). Compound IX crystallizes in an orthorhombic
unit cell, space group Pbcn, and unit cell parameters a = 8.1012(5) A, b = 5.3109(3) A, ¢ = 29.2595(5) A, and
V = 1258.8(1) A3, Its structure has been solved by ab initio powder diffraction and refined by the Rietveld method
to Re = 0.042. IX has a pillared layer framework with highly distorted CuOs groups sharing edges to give isolated
dimers. XI was indexed in a monoclinic unit cell, space group P112;, with parameters a = 9.4991(9) A, b =
5.0445(5) A, ¢ = 29.131(2) A, y = 91.945(7)°, and V = 1395.1(3) A3 Its structure has been refined by the
Rietveld method, Rr = 0.054, since it is isostructural with the known compound, Zn[HO3sP(CgH4).PO3H]. All solids
were also characterized by thermal analysis and IR and UV-Vis spectroscopies.

Introduction ligands ([QP—R—PQ;]*", R = organic unit) whose com-
Hybrid organe-inorganic solids provide numerous com- binations with metals are expected to lead to three-dimen-
pounds whose frameworks are built from the ionocovalent Sional structures with open frameworks without using any

connection of inorganic moieties via organic molecules func- ©r9anic template. Moreover, the use of alkyl and/or aryl di-
tionalized by complexing groups such as carboxylates or phosphonates could allow manipulation of the length of the

phosphonates, with the dimensionality of the final solid being C&7P0n chains to increment and modulate the size of the
largely influenced by the number of complexing grogps. pores. In general, microporous materials are of great im-
During the past few decades, much effort has been dedicated (1) Barthelet, K.. Nogues, M.. Riou, D~ Fsy, G.Chem. Mater2002

to obtaining porous materials by using organodiphosphonate ™ 14 4910-4918.
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portance as molecular sieves, catalysts, ion-exchangers, andsing any spacer molecules by carrying out the reactions in

sensor material.>

DMSO or DMSO-C,HsOH mixtures. These materials show

Two main strategies have been followed to synthesize alow crystallinity but with a narrow distribution of pores in
vast number of new compounds of di-, tri-, and tetrava- the 10-20 A range and surface areas-e#00 n/g for the

lent metals: (1) using alkylenediphosphonic acids
[-OsP(CH,),POG;—, mainly forn = 1-5 and 8], and (2)
using arylbisphosphonic acids; with or without introducing

biphenyl and~250-300 nt/g for the terphenyl derivatives.
Morevover, the sulfonation of the aromatic rings gave highly
acid materials with potential applications as catalysts and

in the syntheses a second organic ligand or spacers such agroton conductor Related compounds with divalent

phosphites or phosphat&s:6The organic phosphonate units

metals [Cu(HGP—R—PQ;H),%2Zn(HO:P—R—PQOsH) % and

act as cross-linking agents which covalently pillar the metal Zn(OsP—R—P0;)-2H,0' R=CgHa, Ci2Hg] were obtained

inorganic layers giving the hybrid materials. In general,

in aqueous medium and the crystal structures are known.

whatever the nature of the cation and the length of the chain, These fully pillared bisphosphonates show very low surface

the porosity of the final compounds is crucially related to
the rigidity of the organic linkef¢ Methylendiphosphonates
provide the more open structures in the group of alkyl-
diphosphonates. So, NaZ®H)(O;P—CH,—P0;)-1.5H,0

areas as there is not available free space because the phenyl
rings are closely packed. The replacement of some of the
aryl rings by phosphate/phosphite groups led to compounds

with slightly higher surface areas and with isotherms that

shows a zeotype structure with 10-membered channels builtsuggest the presence of slit-shaped mesopéres.

up from the corner-sharing of two types of monodimensional

moieties: infinite chains of tetrahedral and columns of
hexameric units containing two ZnQetrahedra and two
methylendiphosphonate grouffsOther examples are a

In this paper, we first report the synthesis and structure
of a new bisphosphonic acid, 44ghosphonophenoxy)-
phenyl phosphonic acid, p@;P—CgH4],—O. This organic
complex agent has been used to prepare a new family of

vanadio-methylendiphosphonate showing a 3D structure with organc-inorganic hybrid materials with transition metals

14-membered windowsnd the Ce(OzP—CH,—PQG;)-H,O
with “rectangular” channel.

On the other hand, Dines et%\vere the first to introduce

the use of phosphorous acid as a spacer between the inorgan

—POsZr layers cross-linking with a rigid aryl group: 44
biphenylylenbis(phosphonic) acid, {8;P—C;,Hg—POsH,].

(Mn, Fe, Co, Ni, Cu, and Zn). The syntheses, structural
details, and thermal behaviors are reported.

ingperimental Section

General Methods. Carbon and hydrogen contents were deter-
mined by elemental chemical analysis on a Perkin-Elmer 240

So, for the fully pillared state the biphenyl rings are spaced analyzer. Thermal analysis (TGA-DTA) data were recorded in air

only 5.3 A and no porosity is expected. However, by
introducing spacer molecules, such a¥?O;H groups,

porosity should be expected because of the empty space du

on a Setaram Labsys apparatus with a heating rate of 10 ®min
in air and using calcined AD; as a reference standard. The water
content was determined from the weight loss in the heating process

Gt relatively low temperatures. Infrared spectra were recorded on a

to the separation of the pillars. Although these materials were ghimadzu FTIR-8300 apparatus in the spectral range 4800

synthesized in agueous mediaClearfield et aPf® have
successfully prepared supermicroporous hybrids with Zr

cm™! by using dry KBr pellets containing approximately 2% of
each sample. The absorption spectra were recorded on a Shimadzu

and biphenyl and terphenylbisphosphonate pillars without UV-3100 spectrometer in the 262600 nm range, with BaSO

(5) (a) Dines, M. D.; Di Giacomo, P. M.; Callahan, K. P.; Griffith, P. C.;
Lane, R. H.; Cooksey, R. E. I€hemically Modified Surfaces in
Catalysis and Electrochemistriiller, J. S., Ed.; ACS Symposium
Series 192; American Chemical Society: Washington, DC, 1982;
Chapter 12. (b) Clearfield, A. INew Derelopments in lon Exchange
Materials Abe, M., Kataoka, T., Suzuki, T., Eds.; Kodansha Ltd.:
Tokyo, 1991. (c) Alberti, G.; Costantino, U.; Marmottini, F.; Vivan,
R.; Zapelli, PAngew. Chem., Int. Ed. Endl993 32, 1557. (d) Alberti,
G. In Comprehensie Supramolecular Chemistrplberty, G., Bein,
T., Eds.; Pergamon: New York, 1996; vol. 7, p 151. (e) Cheetham,
A. K.; Férey, G.; Loiseau, TAngew. Chem Int. EAL999 38, 3268.
(f) Clearfield, A.; Wang, ZJ. Chem. Soc., Dalton Tran®002 2937~
2947. (g) Wang, Z.; Heising, J. M.; Clearfield, A. Am. Chem. Soc.
2003 125, 10375-10383.
See, for example: (a) Song, H.-H.; Zheng, L.-M.; Lin, C.-H.; Wang,
X.-Q.; Gao, SChem. Mater1999 11, 2388. (b) Stock, N,; Bein, T.
J. Solid State Chen2002 167, 330-336, and references therein. (c)
Barthelet, K.; Merlier, C.; Riou-Cavellec, M.; Riou, D.{ ey, G.J.
Mater. Chem2002 12, 1132-1137, and references threrein. (d) Fu,
R.-B.; Wu, X.-T.; Hu, S.-M.; Zhang, J.-J.; Fu, Z.-Y.; Du, W.-Xorg.
Chem. Commur2003 6, 827—829. (e) Bakhmutova, E. V.; Ouyang,
X.; Medvedev, D. G.; Clearfield, Alnorg. Chem.2003 42, 7046~
7051. (f) Yin, P.; Peng, Y.; Zheng, L.; Gao, S.; Xin, X.-Qur. J.
Inorg. Chem.2003 726-730. (g) Stock, N.; Guillou, N.; Bein, T.;
Ferey, G.Solid State Sci2003 5, 629-634.
(7) Riou, D.; Baltazar, P.; Fey, G.Solid State Sci200Q 2, 127-134.
(8) Lohse, D. L.; Sevov, S. CAngew. Chem., Int. Ed. Engl997, 36
(15), 1619-1621.
(9) Clearfield A.Chem. Mater1998 10, 2801-2810.

(6)
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as reference standard. 4Biphenylylenebis(phosphonic acid),
H,0sPCGH;—CeH4POsH,, was synthesized as earlier reportéed.

H,O3PCGH4—CgH4PO3H,, [(CH3CH2)203P_C6H4]2_O, and
[H,0O3P—CeH4l,—O were characterized by an NMR technique.
NMR spectra in solutions were recorded on a Bruker WP-200 SY
instrument, at 200 MHz fotH and 50.3 MHz for!3C. Chemi-
cal shifts are given relative to the residual signal of solveds,
7.24 ppm anddc 77.0 ppm for deuteriochloroform, any; 3.31
ppm andc 49.0 ppm for methanal, Coupling constants are given
in Hz.

Preparation of 4-[4'-(Diethoxyphosphoryl)phenoxy]phenyl-
phosphonic Acid Diethyl Ester (). All chemicals of reagent
quality were used as purchased from Aldrich. The diethyl ester was
prepared using a slight modification of the MichaelArbuzov
reactiort? by following a process similar to that used in the synthesis
of the 4,4-biphenylylenebis(phosphonic acit).Bis-(4-bromo-
phenyl)-ether (19.68 g, 60 mmol) and 150 mL of 1,3 diisopropyl-
benzene were added to a 500-mL three-neck flask fitted with a

(10) (a) Poojary, D. M.; Zhang, B.; Bellinghausen, P.; Clearfieldnarg.
Chem. 1996 35, 4942-4949. (b) Poojary, D. M.; Zhang, B.;
Bellinghausen, P.; Clearfield, Anorg. Chem1996 35, 5254-5263.

(11) Zhang, B.; Poojary, D. M.; Clearfield, Anorg. Chem.1998 37,
1844-1852.

(12) Harvey, R. G.; Desombre, E. Rop. Phosphorus Cherti964 1, 57.
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CHyCH,—O a O—CHy,-CHs the appropriate metallic salt, dissolved in water, to an aqueous
o:p'ao @ p—0 suspension off . The metal/acid molar ratio was always 2.1:1. The
CH3-CH2_('3 6_CH2_CH3 mixtures were heated in a 100-mL Teflon-lined autoclave for several

days. Every product was filtered off, washed with water and acetone,
and dried at 60C. The details for each synthesis as well as the
b elemental analyses are given in Table 1. The selected synthetic
o |C')3H=o procedures shown in that table were those that gave single phase
OTEOCBH materials and/or higher yields.
Figure 1. Schemes for 4-[4(diethoxyphosphoryl)phenoxy]pheny! phos- Preparations of Mny(OsPCeH4OCHPO;)-1.5H,0 (1il) and
phgonic acid diethyl estet, argﬁi(4-(4—phg§phor?oph)ér)12xy)pheygsl phgsghonic Mn 5(OH)2(O3PCeH4OCeH4PO5)2:H20  (IV).  Mn(CH;COO),:
acid, I 4H,0O (Panreac,>99%, 0.515 g (2.1 mmol)) was dissolved in
20 mL of water and added to a 20 mL suspension of 0.33 g (1
reflux condenser, Ninlet, and an addition funnel. The flask was mmol) of Il under stirring. After 3 days of reaction under
fitted into a regulated heating mantle with magnetic stirring. The autogenous pressure at 20D, a very pale pink powdetll , was
solution was heated to B0 °C after which 0.75 g of anhydrous  obtainedlV was prepared under the same conditions but the initial
NiCl, was added as catalyst. Inmediately, the temperature waspH was increased up to 5.6 by adding 10 wt % aqueous solution
increased up to 188C. The flask was purged with ANand under of NaOH.
a gentle stream of this gas, 30 mL (180 mmol) of triethyl phosphite ~ Preparation of Fe(HO3PCsH;,OCeH4PO5)-0.5H,0 (V). The
was added over a 5-h period to minimize catalyst poisoning. This hydrothermal experiments designed to prepafé Bisphopshonates
mixture was then heated at this temperature for 24 h followed by gave a mixture of at least two phases: a thin dark green film at the
the addition of 0.69 g of fresh Nigto the solution and 30 mL of  bottom and a bright yellowish green powd®f) Ssuspended/ was
triethyl phosphite. This mixture was again heated for 24 h and synthesized as a single phase by refluxing 0.584 g (2.1 mmol) of
allowed to cool overnight. The resulting dark black solution was FeSQ-7H,O (Prolabo,>99.5%) dissolved in 20 mL of water and
vacuum distilled to remove the solvent and unreacted triethyl a suspension of 0.33 g (1 mmol) ibfin 20 mL of water. Although
phosphite. The resulting dark liquid was kept at room temperature the starting source was an iron(Il) salt, the obtained bisphosphonate
for several days until a sticky tar-like substance was formed. The contained trivalent iron.
ester was extracted with 500 mL of 460 °C petroleum ether in Preparation of Coy(0sPCgH4OCsH4PO3)-2H,0 (VI). This
a Soxhlet extractor. After 10 days of extraction, the pet-ether was compound was obtained as a purple powder from 0.534 g (2.1

removed by rotary evaporation leaving an oily liquid. Mass mmol) of Co(CHCOO)-4H,0 (Panreac>99%) and 0.33 (1 mmol)
spectroscopy of the ester showed a unique peak which agrees withof acid in 22 mL of water.

the molecular weight calculated for PEIsP—CgHal.—O. The Preparations of Ni(OsPCsH4OCsH4PO3)-3H,0 (VII) and
assignations ofH and**C NMR for | in CDCl; (Figure 1) are as  Nj,(O4PCgH,OCeH4PO3)-2H,0 (VIII) . Several different syntheses
follows. 8y (CDCl) 7.81 (q, 4H,Jun = 8.3,3)p = 15.8,0rtho- led to the same stoichiometry but with different water contents.
H), 7.12 (q, 4H,Jun = 8.8, Jup = 3.6, metaH), 4.03 (m, 8H, Ni(CH3COO0)+4H,0 (Fluka, >99%, 0.543 g (2.18 mmol)) was
CHy), 1.29 (t, 12HJyn = 7.1, Hg). c (CDCly) 159.4 (d,*Jcp= mixed with a suspension of 0.34 g (1.03 mmol) Ibf A first

3.4,C-4,C-4,133.8 (dA)cp=11.5, C-2, C-6, C-2C-6), 123.4 experiment was carried out for 5 days at 1%D giving VII . A

(d,"Jcp=1928, C-1, C-), 118.7 (d*Jcp= 11.5,C-3, C-5,C-3 second preparation was carried out at 2@0for 5 days giving

C-5), 61.9 (d,Jcp = 5.2,CHy), 16.2 (d,*Jcp = 6.2, CHy). VIII . If the initial pH was increased up to 5.5, by adding dropwise
Preparation of 4-(4-Phosphonophenoxy)phenyl Phosphonic 25 wt 9% water solution of [(CE4N]JOH, VIII was again formed

Acid (I1). I was dissolved in 375 mL of ethanol and heated to 80 put with higher yield. When the Rf source was NiS@6H0,

°C while stirring in a 500-mL three- neck flask. Concentrated HCl pH 1.8,VIII was also obtained but with very low crystallinity and

(150 mL) was added dropwise over a 3-h period by using an yield, 11%.

addition funnel. Then the transparent solution was heated. After  prenaration of Cuy(O3PCeH4OCsH4PO3) (IX). This compound

the first day of hydrolysis, a white solid appeared. The process of |55 hydrothermally prepared from a mixture of 0.4234 g (2.1 mmol)

hydrolysis was continued for 5 days more until no additional s Cu(CHCOO) H,0 and 0.33 g (1 mmol) ofl in 40 mL of
solid was observed. The solution was cooled and concentrated,,ier.

through rotary evaporation. The white solid was washed with large Preparations of Zn(OsPCeH4OCeHPOs)  (X)  and

volumes of water and dried at 6. The final white powder : .

- ) ! Zn(HO 3PCeH4,0OCsHPOsH) (XI). Two zinc bisphosphonates were
[H20sP—CeHi)2-0, 6.81 g, was obtained with a 57.2% yield based prepared with different starting compounds. Zn¢C®0)-2H,0
on [BrCHal2—O. (Panreac99.5%, 0.463 g (2.1 mmol)) and 0.33 g (1 mmol)lof

Single crystals ofll were obtained by dissolution of a small  \\are mixed in 40 mL of water and heated at 20D giving X.
amount of the powder in the minimum amount of methanol and g \vever when 0.3769 g (2.1 mmol) of Zn$E,0 (Panreac

subsequent addition of etha_mol to allow a slow _crystgllization. The >999%) was used instead of the zinc acetate, the lower initial pH,
ggtm/rllgléetrﬁnmg;ggaﬁp wasll:l. Thefaﬁ&g;iatl%ﬁ;ig[r;d see Table 1, yielded! .
orll in CDsOD (Figure 1) are as followsy (CDsOD) Crystallography and X-ray Data Collection for . Single-

= 3 = —
7.82 (0, Juy = 8.8,%Jp = 13.1, orthoH), 7.13 (q,Jun = 8.8, crystal data were collected on a Bruker SMART 1000 CCD
“Jp = 3.2,metaH). oc (CD:OD) 160.8 (dJcp=35,C-4,C-4, oo 0omd with Hromated Cu. Kadiati
134.4 (23 p— 11,4, C-2, 06, C2.C-6), 128.5 (d Jup— 190.4 iffractometer equipped with monochromated Cu Kadiation.
o1 c 1’) cliQ 9 (d 150 O3 C5 C '3C é’)C;nalytic.aI’ Data collection and reduction were performed with Bruker CCD
-1, C-1), 9 (07 p=15.9,C-3,C-5,C-3C-9). 3 ; _
data: experimental, C, 43.80%; H, 3.64%; calculated, C, 43.64%; SMART 5.4 and SAINT- 6.0 softwaré? Crystallographic comput

H, 3.64%. The meltin int is 271°C.
, 3.64% € e+ 9 ,po o is (13) SMART version 5.0 and SAINT version 6.01 area detector instru-
Syntheses of M* 4-(4-Phosphonophenoxy)phenyl Phospho- ment control, data acquisition and area detector data integration

nates. All compounds described below were prepared by adding software; Bruker AXS, Inc. Madison, WI.
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Table 1. Synthetic Conditions and Chemical Analyses for Divalent Transition Metal Bisphosphonates

chemical analysis: % found (% calcd)

T (°C)/ TGA: total Am (%) = % found (% calcd)
compound pHpH: t (days) yield %H,0: % found (% calcd)
Mn2(OsPCsH4OCsH4P Os)-1.5H,0 (111') 4.7/13.3 200/3 93.5% %€ 31.53 (31.11); %H=2.38 (3.21)
TGA: total Am (%) = 36.0% (38.7)
%H,0: 6.1% (5.8)
Mns(OH)2(O3PGsH4OCsH4P Gs)2-H20 (1V) 5.6/4.7 200/3 84.7% %E 29.43 (30.50); %H= 2.04 (2.99)
TGA: total Am (%) = 32.0% (32.9)
%H,0: 5.0% (5.3)
Fe(HO;PCsH4OCsH4P03)-0.5H,0 (V) 1.9/1.6 Reflux/1 91.1% %G& 36.72 (36.74); %H= 3.00 (2.55
TGA: total Am (%) = 40.0% (43.6)
%H,0: % 2.8 (2.3)
C0p(O3PCsH40CsH4PO3)-2H,0 (VI) 4.5/4.0 200/5 90.4% %€& 30.22 (30.01); %H= 2.78 (2.50)
TGA: total Am (%) = 40.2% (39.2)
%H,0: 7.6% (7.5)
Niz(O3PGsH4OCsHaPOs)-3H,0 (VII) 4.5/3.9 150/5 75.5% %€ 29.85 (28.95); %H= 3.05 (2.81)
TGA: total Am (%) = 42.2% (41.4)
%H,0: 11.3% (10.9)
Niz(O3PGsH4OCsH4PQs)-2H,0 (VI ) 5.5/5.1 200/5 93.1% %E 29.39 (30.04); %H= 2.84 (2.5)
TGA: total Am (%) = 40.5% (39.2)
%H,0: 8.4% (7.5)
Clp(OsPCsH4OCsHAPO) (IX) 4.8/4.0 200/3 88.7% %€ 31.18 (31.78); %H= 1.69 (1.76)
TGA: total Am (%) = 32.5% (33.5)
Zny(OsPCsHAOCsH4P O3) (X) 5.1/3.7 200/3 91.2% %E 32.00 (31.52); %H= 1.45 (1.75)
TGA: total Am (%) = 34.6% (33.3)
Zn(HOsPGsH4OCsH4POsH) (XI) 1-2/1.7 200/5 75.3% %G 35.97 (36.61); %H=2.28 (2.54)

TGA: total Am (%) = 42.1% (43.2)

Table 2. Some Crystallographic Data for p@sP—CsH4].—O, Il (single crystal); and GOsPCH,OCsH4PO;), IX, and Zn(HQPCsH4OCsH4POsH),
X1 (polycrystalline)

Il IX Xl
empirical formula QzH]_zO7P2 CU2C12H807P2 ZnC12H1007P2
formula mass/gnol~! 330.16 453.16 393.43
dimensions/mm 0.0% 0.04x 0.01 powder powder
temp/K 110(2) ~300 ~300
wavelength/A 1.542 1.542 1.542
space group Pbcn Pbcn R12;
alA 7.822(3) 8.1012(5) 9.4991(9)
b/A 5.821(2) 5.3109(3) 5.0445(5)
c/A 28.982(9) 29.260(1) 29.131(2)
yl° 91.945(7)
VIA3 1319.7(7) 1258.9(2) 1395.1(3)
Vat-non-H/A¥at 15.71 13.65 15.93
z 4 4 4
DJg-cm—3 1.662 2.349 1.826
wlmm=2 3.18 6.47 4.60
F(000) 680 896 792
theta range for data collectiof)( 3.05-58.97 16< 20 <74.1 14< 20 <79.8
index ranges &h=<5-6<k=<6,-32=<1=<25
refins collected 4888
independent reflns 89@R[int) = 0.1147] 836 1783
refinement method Full-matrix least-squares 8n F Rietveld Rietveld
data/restraints/params 896/0/96 836/31/70 1783/115/175
GOF onF?, %, 1.007 3.11 23.6
R indices [ > 20(1)] R1=0.0614, wR2=0.1036 R?=0.064 R?=0.102

R indices [all data]
largest diff. peak and hole

ing was performed using the SHELXTL 5.10 packayé small
colorless platelet microcrystal of dimensions 0:09.04 x 0.01

RZ 0.1630, wR2= 0.1306
0.341 and.340 eA -3

R=0.024, Ryp=0.030

R=0.084, Ryp= 0.106

(TASC) as previously reportéd Further details of the powder data

collection and analysis are given in Table 2. The powder thermod-
mm? was used. The data collection details and some crystallographiciffractometric study folVI was carried out with the same diffrac-
information are given in Table 2. tometer but in a second goniometer permanently equipped with an
Crystallography and X-ray Powder Data Collection for HTK 10 heating chamber. The thermodiffractometric pattern was
Il —XI. X-ray powder diffraction patterns for the metal bisphos- scanned over the angular range3%° (260) and countig 1 s per
phonates were collected at room temperature on a Siemens D-500Gtep. The sample was held at each temperature for 10 min before
powder diffractometer using graphite-monochromated Cau K recording any pattern to ensure that any transformations that may
radiation. Higher statistics powder diffraction data were recorded take place were allowed time to complete.
for compounddX and Xl between 12 and 80n 26 with a step

size of 0.02 and a counting time of 14 s per step. To minimize the (14) ST_EIgrriﬁtéﬁAl;/l(sSIl-\i/lEaéQar?r{,\sltlalllogggphic Software Package, Version
preferred orientation effect, the powder patterns were collected in (15) Cabeza, A.; Losilla, E. R.; Martez-Tapia, H. S.; Bruque, S.; Aranda,

a sample disordered in the tubular aerosol suspension chamber M. A. G. Adv. X-ray Anal.200Q 42, 228-237.
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Results and discussion

Thermal Study. The thermal behaviors of the nine
phosphonates are quite similar. In the Supporting Informa-
tion, Figure S1, are shown, as archetypes, the TGA curves b
for compound®/I1, X, andXl. The TG curve folVI, Figure
Sla, is representative for compourdis—VIIlI as all contain
hydration water molecules. This is evident as a weight loss
at temperatures ranging between 140 and 260 These
losses are associated with endotherms. The combustion o
the organic parts are observed above 4Q0) which are
associated with exotherm¥ll , which has three hydration
water molecules, gave two weight losses prior to the
combustion. One step is observed above’@0due to the
release of one water molecule and a second loss above 25
°C corresponding to the remaining two water molecules. The
TG curve forX, Figure S1b, is representative of anhydrous
bisphosphonatedX and X). There is only a weight loss
starting at about 50€C due to the combustion of the organic
moieties. The TG curve foXl, Figure S1c, is representative
of hydrogenbisphosphonatés &éndXl). Prior to the organic
combustion, a small loss, associated with an endotherm, is
observed, and this is due to the condensation of the acid
phosphonic groups{POH) with the subsequent release of 000 =800 3000 2500 2000 1800 1000 500
water. Wavenumber (cm)

The thermal decomposition products at 900 were Figure 2. FTIR spectra for (a) bDsPCsHa—CeHaPOsHz; (b) H2OsPCeHa-
identified through their X-ray powder patterns. Bisphospho- OCH4POsHz, 115 (c) Niz(OsPCsHsOCeHsPOs)-2Hz0, VIII ; (d) Cup(Os-
nateslll and VI—X gave the corresponding metal pyro- " &H«OCHPQy), 1X; and (€) Zn(HGPCHOCHPOH), XI.
phosphates, N3P0, as the only crystalline compound. This
result supports the 1:1 M/P ratio in the proposed formulas.
The thermal residue fdW , a hydroxy bisphosphonate, was
a mixture of MpP,O; and Mry(PQy),, which agrees with
the chemical formula having higher than 1.0 Mn/P molar
ratio. Hydrogen bisphosphonat®sand XI, with metal/P
molar ratios of 0.5, gave poor crystalline compounds that
could not be identified.

Infrared Spectroscopy Study. The IR spectra for
the diphosphonic acids J;PCH,—CeHs,PO;H, and
H,0sPGH4,OCsH4POsH, (11) are shown in Figure 2a and b,
respectively. Two very broad bands centered at 2850 and
2350 cn! denote the presence of the acid groups; 0D
which interact strongly by H-bonds in both compounds. The
first band is due to the PEOH stretching vibrations and the
second band is usually assigned as a combination band
the P-O stretching vibrations, in agreement with IR data
already reportetf The small sharp absorptions corresponding
to the G,—H stretching vibrations are present at 3090 and
3070 cmt. The strong sharp absorptions at 1589, 1500, and
1404 cn1t for I, see Figure 2b, are due to theCCy
stretching vibrations. The sharp band centered at 1260 cm
for Il can be assigned to,2 0O as it is absent in the IR
spectrum of the 44biphenylylenebis (phosphonic acid),
Figure 2a. In the 1200 and 1000 chrange, a set of bands

due to P-O stretching vibrations are located. Below 1000 given in Figure .3a‘ The spectrum has two bands near 230
cmL, many absorptions bands, characteristic of these phOS_and 280 nm which are typical charge-transfer absorptions.

, . These bands are present in all the synthesized bisphospho-
phonic acids, are observed. . o
nates. The absence of any strong band in the visible range
(16) Holmes, R. R.. Day, R. O.; Yoshida, Y.. Holmes, J.MAm. Chem. suggests that the oxygen environment around the manganese
So0c.1992 114 1771. is octahedral. The absorption spectrumfaf=e**-d°), which

nce (a.u.)

Fransmitta

The IR spectra of the metal(ll) bisphosphonates change,
when compared to that of the pristine diphosphonic acid,
due to the formation of the corresponding salt. Three
representative infrared spectra have been selected and they
are also displayed in Figure 2. Figure 2c shows the IR
spectrum forVIlIl which is representative of the hydrated
metal bisphosphonaté$ —VIII . It shows the G-H stretch-
ing vibrations of the water molecules centered close to 3400
cmt and the disappearance of the PB stretching vibra-
tions. The H-O—H bending vibration of the water molecules
in VIl is observed as a shoulder near 1620 &nfrigure
2d shows the IR spectrum féX which is representative of
the anhydrous metal bisphosphonat¥s;-X. O—H stretch-
ing vibrations are not detected, in agreement with the

Tchemical formula. The bands are those typical of the organic
0group. Finally, Figure 2e shows the IR spectrum ¥ir
which is representative of the anhydrous metal hydrogen
bisphosphonates. The broad band centered at 3100ism
typical of the PO-H stretching vibrations but without strong
interaction by H-bonds. There is no band in the ®—H
bending region, in agreement with the chemical formula.

Diffuse Reflectance SpectraThe absorption spectra of
metal bisphosphonates are shown in Figure 3. The absorption
spectrum folV (Mn?-d®), which has a pale pink color, is
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Table 3. Bond Lengths (A) and Angles for [H203P—CgH4]>—O, I
P1-02 1.497(5) 02P1-03 112.7(3)

P1-03 1.529(5) 02P1-04 112.2(3)
P1-04 1.539(5) 03-P1-04 108.2(3)
a P1-C4 1.743(7) 02P1-C4 110.9(4)

S 03-P1-C4 107.0(3)
s 04—-P1-C4 105.6(3)
3 b 01-Clx 2 1.375(7) C+01-C1 122.9(8)
= C

s c1-c2 1.366(10) cz2C1-01 116.8(7)
= d C1-C6 1.395(10) C2C1-C6 120.5(8)
E c2-C3 1.349(9) 0%C1-C6 122.7(7)
<«

c3-c4 1.405(10) Cc3C2-C1 119.1(8)
c4-C5 1.388(9) Cc2C3-C4 123.6(8)

e C5-C6 1.372(9) C5C4-C3 115.4(7)
C6-C5-C4 122.5(7)

. C5-C6-C1 118.8(8)

— T T T T T in Figure 3f. A new broad charge transfer band is observed
000400600 807(1 (nn;;)oo 1200014001600 close to 380 nm. Three broad strongly overlapped absorption
- 3 Diff et 12 for (2) MOPGHOCHPE) bands are observed at approximately 1000, 840, and 740 nm.
ijgure o. Iffuse retlectance spectra for (a 3 4 4 . . . . .

L5HO, Il ; (b) Fe(HQPCHOCHAPO)-0.5HO, V; () CoOPCiHe These peaks are c_onS|stent W|_th copper in a very distorted
OCsH4PO;3)-2Hz0, VI; (d) Co(OsPCsHsOCeHPOs); (€) Nin(OsPCeHa- CuGs oxygens environment, with four short €© bonds
OGeH4POy)-2H;0, VIII | and (f) Cy(OsPCHAOCHIP D), IX. and one very long CdO bond, due to the JahiTeller

L N ) effect. A likely assignment of these bands are the transitions
has a pale yellow color, is given in Figure 3b. Again, any from 22 to X2 — y? at 1000 nm, fromxz, yzto X2 — y? at 840
d—d bands should be very weak and they are not observed. - and fromxy to X2 — 2 at,740 nmi?
However, the greater oxidizing power of Fe(lll) make the X’-ray Diffraction Study. Crystal Structure of

charge-transfer bands stronger, and a new Charge'tranSfefH203P—C6H4]2-O, Il Structure solution and refinement was

(t:)gll:)? gfp&?:foaspgu‘:‘:fu'der at 340 nm which justifies theperformed with the SHELXTL packadein the space group
: _ Pbcn(a= 7.822(3) A\b = 5.821(2) A,c = 28.982(9) AV

The absorption spectrum fafl (Co?*-d’), which has a  _ 1319.7(7).Z = 4, andVannn = 15.71 Aat). The
purple color, is given in Figure ?’C' The profile is typical Of positions of t'he non—,hydrogen atoms were located by direct
the CO.Q o_ctahedral groups with three band.s' Th_e MaN ethods and refined by full-matrix least square$-dagainst
flhbes‘gl'r ZEIE;E “I'(I?i;?g;dtrgr?;zotg. %ger::rgn?jnguliiéswisigg]:: dto all rgflections. All non-hydrogen atom; were refined anisq-
. L 4 tropically. Hydrogen atoms were positioned from geometric
IS ob;grved near_770 nm gnd itis due to thg(F) — Azg. considerations, included in the refinement, but their positions
transition. The third band is close to 1320 nm and aSS|gnedWere not refined. Atomic parameters are given as Supporting

to the T 4(F) — “Tyq transition!’” After dehydration at 160 L : .
Information in Table S1. Bond distances and angles are given
°C, purpleVI transforms to blue GOsPCH4sOCsH4POs) in Table 3 g g

and its absorption spectrum is given in Figure 3d. This new The crystal structure df is given in Figure 4 with some

profile is typical of CoQ te.trahedral'groups which shows atoms labeled. The oxygen atom corresponding to the ether
two complex bands. The first band is centered at 1350 nm function, O1, is situated on a 2-fold axis, and therefore, the

and is due to théA, — “T,(F) transition. The second band,
due to the!A, — 4T,(P) transition, is observed between 530

and.630 nm, and its complexity i.s ori79in§1ted by several Spin 516 51, The framework is layered with the diphenyl rings
forbidden quartetdoublet transitiond? This complex band pointing along the-axis. The angle between the phenyl rings

is located at lower energy than that of the octahedral £00 is 122.9(8), C1-01—Cl1, typical of the ether functions. As

groups, as seen in Figure 3, and it directly shows the Changeexpected the tetrahedral phosphonic group, €Rnas two

in the oxygen’s environment from octahedral to tetrahedral long P_O' bonds at 1.53(1) A correspondi'ng to the proto-

upon dehydratpn. I . nated oxygens, a shorter=® distance at 1.497(5) A, and a
The absorption spectrum f&flll - (Ni**-cF), which has a long P-C bond at 1.743(7) A, see Table 3. There are two

yellow color, i_s givenin F_igure 3e. The ob_served five bands types of H-bonds. The interlayer H-bond, which holds the
are those typical for a Nifoctahedral environment. Three layers together, is O4H2-+-02 with distances O4-02 of

spin allowed pands are located-a1250, 780, and 420 nm &2 & 204 04 H2-+-0O2 angle of 154 see Figure 4 (large
which are assigned to iz t0 *Tzg, *T1(F), and Tiy(P) dashed lines). There is a second intralayer H-bond,
transitions, respectively. Two spin forbidden bands, located O3—H1---02 with distances 0302 of 251 A and

~ ~ H 1 - .
ft 700 gpd 490 nm, are as_5|gned o thay to_ B and 0O3—H1---0O2 angle of 154.4, see Figure 4 (small dashed
Tagtransitions, respecnvely. Fmallyz the absorption spectrum lines). The central phosphonic molecules shown in Figure 4
for IX (Cu#*-f), which has a yellowish green color, is given are displaced by half of thb-axis value, so they are not

(17) Lever, A. B. Plnorganic Electronic Spectroscopgnd ed; Elsevier ?nteracﬁng with the adjacem phenyl rings through.-Plh'hi
Science: New York, 1984. interactions. The knowledge of the structural detailf

asymmetric part of the unit cell contains a unique phenyl
ring, C1—-C6, and one phosphonic acid, P1 and-@, see
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Figure 5. X-ray thermodiffraction for CgOsPCsH4sOCsH4POs)-2H,0.

SR )

Table 4. Selected Bond Lengths (A) and Angled for
Cu(0sPCHsOCsH6P D), IX

Cu-01 1.92(2) P-O1 1.546(3) C+C2 1.395(3)
2.61(2) P-02 1.549(3) C2C3 1.410(3)

Cu-02 1.93(6) P03 1.539(3) C3-C4 1.395(3)
1.99(2) P-C1 1.817(3) C4C5 1.412(3)

Cu-03 1.92(2) C5C6 1.388(3)
c6-C1 1.401(3)

C4-04 1.339(3) C404-C4 117.2(6)

01-Cu-02 96.6(12) 02Cu—03 157.9(7) O+Cu—03 94.29(3)
163.2(7) 93.0(1) 0O2Cu-02 81.81(3)

01-P-02 110.3(2) O2P-03 110.8(2) 02P-C1 107.8(2)
01-P-03 111.1(2) O+P-C1 108.0(2) O3P-C1l 108.6(2)

P—C1-C2 122.7(4) C2C3-C4 120.7(3) C4C5-C6 120.7(3)
Figure 4. Ball and stick representation of the crystal structure ofG P-C1-C6 115.9(3) C3C4-C5 117.9(3) C+C6-C5 119.6(4)
PGsH4)-0 with atoms labeled. The interlayer and intralayer hydrogen bond C2—-C1-C6 117.5(4) C3-C4-04 125.5(6)
interactions are schematically highlighted as large and small dashed lines, C1-C2—-C3 119.9(3) C5C4-04 113.3(4)
respectively.

non-hydrogen atom is very similar to that lbfbut the cell

very important as the resulting hybrids do not have high edges are doubled along theaxis and halved along the
crystallinities. So the bond distances and angledl afan c-axis.
be used as restraints in the structure determination procedures Structural Details for Hydrated Metal Bisphospho-
for the organe-inorganic compounds. nates, lll—=VIIl. Metal bisphosphonates have patterns with

The first diffraction peak (002) fot , corresponding to  the first diffraction peak, corresponding to the basal spacing,
the basal spacing, is observed at 14.49 A. This value is largerranging between 14.3 and 14.6 A. This is very close to the
than that of 4,4’-biphenylylenebis(phosphonic) acid, 13.06 interlayer spacing of the pristine solid, 14.5 A. The
A. This increase is due to the introduction of the ether substitution of two protons for the metal(ll) cations between
function between the phenyl rings. The powder pattern for adjacent layers makes a very minor modification of the
4,4'-biphenylylenebis(phosphonic) acid was auto-indexed interlayer distances, the metric of the cells change little,

using the TREOR90 prograthin a monoclinic cell witha although the symmetry of the resulting compounds can be
= 7.149(5) A,b = 13.529(8) A,c = 13.118(7) A,p = largely modified.
98.55(4%, V = 1255(1) B, Z = 4, Varnon-n = 15.68 Aat, The X-ray powder diffraction patterns fol —IV and
Moo = 8,1° and Fpo = 12 (0.019, 108%° The volume per  VI—=VIIl show broad peaks indicating low crystallinity and
(18) Werner, P. E.; Eriksson, L.; Westdahl, M.Appl. Crystallogr1985 (19) Wolff, P. M. J. Appl. Crystallogr.1968 1, 108.

18, 367. (20) Smith, G. S.; Snyder, R. LJ. Appl. Crystallogr.1979 12, 60.
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Figure 6. Final laboratory X-ray powder diffraction Rietveld plot for §@sPCsH4OCsH4POs), IX.

their structures have not been solved. However, some insights Crystal Structure of Cu,(OzPCsH,OCsH4PO3), IX. The

can be obtained from the absorption spectroscopy studiesX-ray laboratory powder pattern dX was auto-indexed
All hydrated materials have metals in oxygen octahedral using the TREOR90 progrédffwhich gave an orthorhombic
environments with the water very strongly retained as unit cell witha = 8.085(4) A,b = 5.308(2) A,c = 29.24(1)
determined in the thermal study. The releasing temperaturesh, V = 1255(1) &, Z = 4, Varnon-n = 13.65 A/at, My =

for the water molecules are higher than 150 which 139 andFy = 21 (0.013, 74§° The systematic absences
suggests that they may be directly bonded to the metals. TheindicatedPbcnas the highest symmetry possible space group.
presence of these water molecules plus a larger disorder inThe crystal structure was solved by an ab initio procedure
the organic moieties may justify the lower crystallinity of from powder diffraction data. The pattern decomposition
these compounds when compared to the anhydrous ones (seeption of the GSAS packadewas used to extract structure
below). factors, using the Le Bail methdd from a limited region

The X-ray laboratory powder pattern fof obtained of the powder pattern, 16 20 < 74.1° (836 reflections).
hydrothermally, which has higher crystallinity than that Structure determination by direct methods was carried out
obtained by refluxing, was auto-indexed using the TREOR90 using the programs Sir2082by default setting. The best
programt® The resulting orthorhombic unit cell has = solution, after 200 trials and with aR residual value of
9.644(3) A,b = 10.025(2) A, c = 14.062(2) A,V = 31.9%, gave the atomic positions for one copper atom, one
1359(1) B, Z = 4, Varnon-n = 14.77 Blat, Moy = 1619 phosphorus atom, three carbon atoms, and four oxygen
and Foo = 31 (0.0163, 42%° The systematic absences atoms, three of which bond to the P atom and the fourth in
indicated Pmcmas the possible highest symmetry space a special position on the 2-fold axis, as for the ether oxygen
group. The cell edges are very related to those of metalin Il . So, there were only three carbon atoms left to find for
bisphosphonates, see below, but doubling Ibhexis and completing the phenyl ring. These three carbon atoms were
halving thec-axis. The crystal structure is under study by positioned by using geometrical considerations in order to
ab initio powder diffraction methodology. build the complete phenyl ring.

VI has been studied in more detail as its color changes The structure was refined by the Rietveld metHoaiith
reversibly from purple, at room temperature, to deep blue the GSAS suite of prograrfisusing the overall parameters
above 160°C. This is typical for a change in the oxygen obtained in the last cycle of the Le Bail extraction. At this
environment from Co@octahedral to Co®tetrahedral. A stage, the refinement of the model was carried out using soft
thermodiffractometric study was undertaken to characterize constraints in the following bond distances{®, 1.53(1);
this reversible evolution. Figure 5 shows the powder pattern P—C, 1.80(1); G-C, 1.40(2); and C(4}Oetnes 1.35(2) A]
of VI at several selected temperatures and finally at room-and nonbonding distances {®0, 2.55(2); O--C(1),
temperature again. A sharp modification is observed between .

120 and 160°C with a small contraction in the interlayer (1) (LC;?‘?AO% A O won Dreete. R, Fa%’?eéi'pstﬁ‘;t“&_ﬁ?ggﬁ PRl
spacing. This topotactic change agrees with the water loss  Alamos, NM, 1994.

observed in Figure Sla. If this blue compound is exposed (22) Le7BaiI, A.; Duroy, H.; Fourquet, J. IMater. Res. Bull1988 23,

to the atmosphere at room temperature, it is rapidly hydrated 23) gurla, M. C.; Camall, M.; Carrozzini, B.; Cascarano, G. L.; Giaco-

and the purple solid with the original powder pattern is vazzo, C-f; Polictiori, ? S;i)atgna, Rd Si:rzooz: e;n]?w DitrelcttMeihods
. s program Tor automatiC solution ana retrinement or Crystal structures.

optamed. The CryS'.[a”Iany of Q(JOgPCeI-_|40C6H4P03) ob- 3. Appl. Crystallogr 2003 36, 1103.

tained by dehydratiny/!| is poor, see Figure 5. (24) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65.
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Figure 7. Ball and stick representation of the crystal structure of(Ogt
PGH4OCsH4PO;) with the oxygen polyhedra around the copper cations
depicted.

2.73(1); G--C, 2.40(2); C--C, 2.78(2); and C(3/5)-Oethes
2.40(2) A] in order to keep a reasonable geometry for the
tetrahedral GPC groups and a plane phenyl ring. Initially,
the weight factor for the soft constraints was high, 200. The

Table 5. Selected Bond Distances (A) for Zn(HRCHeOCsHsPOsH),
Xl

Znl-02  2.05(2) P01 1.545(9) P204 1.547(9)
Znl-03  2.18(2) P+O2 1.540(9) P205 1.537(9)
Znl-06  1.95(2) P03 1.557(9) P206 1.551(9)
Znl-05B  1.94(3) PiC1 1.802(9) P2C7 1.829(9)
ZnlB-0O5 2.06(3) P1B-O1B 1.538(9) P2B0O4B  1.545(9)
ZnlB-02B 2.17(3) P1B-02B  1.547(9) P2BO5B  1.547(9)
ZnlB-03B 2.10(2) P1B-O3B 1.558(9) P2B-0O6B  1.545(9)
ZnlB-06B 1.98(2) P1B-C1B  1.81(1) P2B-C7B 1.82(1)
P1B-C6B  2.59(5) P2B-C12B 2.47(4)
o7-C4 1.36(1) O7B-C10  1.35(1)
O7-C4B  1.36(1) O7B-C10B 1.35(1)

Cu atom, another for P atom, and a third one for the rest of
the atoms (C and O). No attempts to locate the H atoms
were carried out due to the limited quality of the powder
diffraction data. Final positional and thermal parameters are
given as Supporting Information in Table S2. Selected bond
distances and angles are given in Table 4. The Rietveld
refinement plot is shown in Figure 6.

The crystal structure diX is displayed in Figure 7. The
framework is layered with the inorganic layers built up by
CuGs units. Four Cu-O short bond distances range between
1.92(2) and 1.99(2) A, see Table 4, and there is a fifth very
long distance to O(1) at 2.61(2) A. It must be underlined
that the two Cu@units share an edge giving isolated dimers
in the inorganic layer. The biphenylylenebis(phosphonate)-
ether organic groups act as pillaring agents alongthgis
and they are situated above and below the plane defined by
the Cu cations. The €0—C bond angle of the ether group
is 117.2(6) being close to the value found fibr, 123, given
above. The layered structure X gave a basal spacing of
14.63 A.

Crystal Structures of Zn,(0OsPCsH,OCsH4PO3), X, and
Zn(HO3PCgH4OCeH4POsH), XI. The X-ray powder dif-
fraction pattern foX was auto-indexed using the TREOR90
program® in an orthorhombic cell with parametes =
9.335(8) A, b = 10.486(3) A,c = 29.063(9) A,V =
2855(1) B, Z = 8, Varnon-n = 14.86 Aat, My = 512 and
Foo= 11 (0.021, 97%° This cell is very large since tHeaxis
is doubled when compared to those of the starting ma-
terial, Il , and the analogous copper hybti#,. All attempts
to solve the crystal structure of have been unsuccessful.
However, the profile of its powder pattern is quite similar
to that ofIX. So, the framework oK must be very related
to that of IX.

The X-ray powder pattern foXl was auto-indexed in a
monoclinic unit cell using the TREOR90 progrdfThe
parameters wera = 9.543(5) A,b = 5.043(2) A,c =
29.16(1) A,y = 91.80(3}, V= 1402(1) B, Z = 4, Varnon-
= 15.93 A/at, My = 171° andF,, = 43 (0.011, 41¥° The
systematic absences were consistent with the space group
P112/m. The obtained unit cell edges f&t were very close
to that previously reportéf for the zinc biphenylylenebis-
(hydrogenphosphonate), Zn(HRC;,HsPO;H) [a = 9.510

weight of the soft constraints was steadily reduced to the § 'y — 5 007 A c = 14.211 A o =92.80, 5 =99.73, y

final value of 30. The preferred orientation along the [001]
was refined using the MaretDollasé® correction. The last
refinement converged to R = 3.0%, R = 2.4%, and R

= 4.2%. One isotropic thermal parameter was refined for

= 92.02, V = 665.5 B, Z = 2, and space groupl].
Therefore, this structure was used as a starting model for

(25) Dollase, W. AJ. Appl. Crystallogr.1986 19, 267.
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Figure 8. Final laboratory X-ray powder diffraction Rietveld plot for Zn(H@CH4OCsH4POsH), XI.

the Rietveld refinement of Zn(HPGH,OCH4POsH) using
the GSAS suite of prograrfis Initially, the refinement was
carried out in the space groti12/m by including the two
extra oxygen atoms in a special positior, f/, 0.25) (
corresponding to the ether function between the phenyl rings.
The refinement was carried out using soft constraints for the ¢
bonding distances [zrO, 2.0(1); P-O, 1.53(1); P-C, T
1.80(1); C-C, 1.40(2); and C(4}Oemes 1.35(2) A] and
nonbonding distances 80, 2.55(2); O--C(1), 2.73(1);
C:--C, 2.40(2); C--C, 2.78(2); and C(3/5)*Oethes 2.40(2)
A] to keep a reasonable geometry for the tetraheds®I@®
groups and a plane phenyl ring. The initial weight was 200
and was reduced in the successive cycles. At this point, the
refinement did not converge. Hence, the refinement was
carried out in the noncentrosymmetric space greag2. '
With this symmetry, there are 44 atoms in the asymmetric
part of the unit cell: 2 Zn atoms, 2 ether oxygen atoms, and
4 different HQP—CgH4 units. Finally, the refinement
converged to Rp = 10.6%, R = 8.4%, and R = 5.4%.
The final weight of the soft constraints was 30 and the
preferred orientation was refined using the Mar&ollaseé®
correction along the [001]. One isotropic thermal parameter
was refined for all atoms. Final atomic positional parameters
are given as Supporting Information in Table S3. The bond
lengths are given in Table 5 and bond angles are provided
as Supporting Information in Table S4. The Rietveld
refinement plot is shown in Figure 8.

The crystal structure ofl is displayed in Figure 9 and it
is very similar to that of zinc biphenylylenebis(hydro-
genphosphonat¥) but with the ether function between the
phenyl rings. The framework is layered with the inorganic (-
layers built up by isolated ZnQunits. There are two '
crystallographically independent Zn€trahedra with ZsO ' i )
bond distances ranging between 1.94(3) and 2.18(2) A. Thelag o, ot i ik epresentaion of tre snstal srcture of
inorganic layer is formed by the linking of these tetrahedra
through the phosphonate units along tiaxis. However, however, it must be noted that the hydrogens have not
the inorganic layers are held together along dkeexis only been located in this powder diffraction study. The biphen-
by H-bonds of the phosphonic acid groups, see Figure 9, ylylenebis(phosphonate)-ether organic groups act as pillaring
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agents along the-axis. The layered structure ofl gave a metals. These hybrids are less crystalline than the anhydrous
basal spacing of 14.58 A. counterparts. This may be due to the disorder imposed into
the organic groups by the presence of the water molecules
in the inorganic layers. On the other hand, the three
We have synthesized a new bisphosphonic dtidand anhydrous hybrids)X —XI, have the metal in distorted
its structure has been studied in detHilhas been used to MO,—MOs polyhedra. These results are in full agreement
prepare a new family of metal bisphosphonates. Although with previously reported crystal structures for related materi-
the metal/phosphonic acid molar ratio has been kept constantls. Hence, Zs{OsP(GH4).POs)-2H,0 has a crystal structure
at 2.1/1, the use of acetate or sulfate as the source of thewith ZnOs octahedra in the inorganic layétsind anhydrous
metallic ion may lead to compounds with different stoichi- Zn(HOsP(GH4),POsH)%° and Cu(HQP(GsH4),POsH)12 hy-
ometries. This is a clear consequence of the acid nature ofbrids have MQ polyhedra.
these starting salts that give quite different initial pH values  The three-dimensional crystal structures of these hybrid
for the syntheses. Thus, when the used salt is acetate, thenaterials can be described as microcrystalline phases with
initial pH is higher than 4 and the solids obtained have a gp inorganic layer built up by the metal oxygen polyhedra
formula Mp(OsPGH,OCeH4PG;)-nH:O, Il andVI —X. The which are pillared along the-axis by the organic chelating
use of a sulfate salt causes a decrease in the pH, apyroup. In the present case, an ether function has been
proximately to 2, which favors the presence of protonated jnoduced between the phenyl rings of the phosphonic acid

oxygen atoms in the phosphonate groups as was observeq, jhcrease the reactivity of these solids. The oxygen bonded
for V andXI. Furthermore, if the pH is artificially increased, 5 the aromatic rings acts as an electron donor and hence, it

hydroxy metal phosphonates can be obtained as was observeg ates the ring for electrophilic aromatic substitutions (for

for IV.. However, the pH is not the only key parameter as, g,ample, sulfonation). In a next step, porosity may result
for example, when a nickel(ll) sulfate was used, the obtained by replacing part of the phosphonic groups by phosphate or
compound was not protonated, although the pH was low. phosphite. Finally, sulfonation can increase the acidity

Hence, the .metal oxygen environment is_another key leading to acid porous cataly$td. This work has been
parameter. Finally, it must be pointed out that the starting undertaken and results will be reported elsewhere.
metal source forV was Fe(ll) sulfate, butv contains
Fe(lll) cations. The oxidation of Pe to F€* by the oxygen Acknowledgment. Financial support from MCyT (Spain)
present in the reaction medium is likely due to two factors, through MAT2003-7483-C2-1 research grant and from R.A.
the reducing character of Fe(ll) plus the low solubility of \yelch Foundation (United States) through A673 grant and

the bisphosphonic acid in water that makes the reaction NSE grant (United States) DMR-0332453 is gratefully
progress slowly with the £xissolved in the refluxed water.  gcknowledged.

Hydrothermal conditions do not allow full oxidation of #e

to Fe' leading to a mixture of phases. However, the  Supporting Information Available: X-ray crystallographic

crystallinity of V obtained by refluxing is lower than that information in CIF format for compounds, IX, andXI. Tables

when it is hydrothermally obtained. of refined atomic parameters for compourntsiX, andXl ; table
The oxygen environments around the metal cations in these©f the selected bond angles F; and thermal analysis curves for

hybrid materials may be octahedral or tetrahedral. The VI, X, andXI (pdf). This material is available free of charge via

hydrated compounds]l —VIIl , show features typical of "€ Internet at htp://pubs.acs.org.

MOg octahedra with water molecules directly bonded to the 1C049453L
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