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Abstract: Covalently pillared layered metal phosphonate compounds were prepared by the reaction of divalent metal
salts with alkylenebis(phosphonic acids). Cu(ll) yields compoundg(GsPCGH4POs)(H20);] (1) and Cuy[(Oz-
PGHsPGs)(H20)2]-H20 (2) when copper sulfate was reacted with ethylenebis(phosphonic acid) and propylenebis-
(phosphonic acid), respectively. The corresponding bis(phosphonates) obtained for the reaction with zinc chloride
are Zn[(0sPGH4PO3)(H20)2] (3) and Zn[(0sPGHsPOs)] (4). The structures of these four compounds were
determinedab initio from their X-ray powder diffraction data and refined by Rietveld methods. Crystal data for
compoundl: space grougP2i/c, a = 8.0756(1) A,b = 7.5872(1) A,c = 7.4100(1) A, = 116.319(1y, Z = 2.

Crystal data for compoun@: space grougPn2, a = 4.3276(2) A,b = 17.3181(8) Ac = 6.7624(3) A,z = 2.

Crystal data for compour@l space grouf2,/n, a = 5.6861(8) Ab = 15.230(2) Ac = 4.7923(6) A8 = 91.936(2).

Crystal data for compoundt space groufPna2;, a = 8.4886(6) Ab = 5.2720(4) Ac = 18.865(1) AZ=4. The
metal-oxygen bridging interactions form two-dimensional layers in all four compounds. The layers are connected
to each other by the alkylene groups leading to three-dimensional structures. In the copper compounds the metal
atoms are five coordinate where four of the binding sites are from the phosphonate oxygens and one from the water
oxygen. The coordination geometry of the copper atoms in compoliradsd 2 may be described as distorted
square-pyramidal, but the distortion is severe in the case of comp@urithe zinc atoms in zinc ethylenebis-
(phosphonate) have distorted octahedral geometry. The phosphonate oxygens provide five binding sites for the
metal through chelation and bridging while the water oxygen occupies the sixth coordination site. The metal atoms
in compound4, on the other hand, are tetrahedrally coordinated by the phosphonate oxygens. Unlike compounds
1-3, this compound does not contain any water molecules. The interlamellar separation is 7.2 and 7.6 A for copper
ethylenebis(phosphonate) and zinc ethylenebis(phosphonate), respectively. The difference in the layer separation,
however, is significant in the propylenebis(phosphonates). For copper and zinc compounds the values are 8.65 and
9.4 A, respectively. The layer-connecting alkyl chains create open spaces whose sizes are determined by the length
of the chain. Thus, a new class of pillared materials with definable cavity sizes may be prepared.

Introduction sites for coordination intercalaticn.Recently, we have dem-
L q | phosph | . . h onstrated this type of reaction for the coordination intercalation
ayered metal phosphonates are polymeric species thatyt himary amines in zinc phenylphosphonéteThe host

contain alternating hydrophilic and hydrophobic regiénin com ; .
. pound, Zn(GPGHs)(H20), on dehydration, reacts with
these compounds the oxygen bridged metal atoms form themolar amounts of alkylamines to form compounds of the type

central two-dimensional layers which are separated on either . : P
. X " Zn(0sPCsHs)(RNHy) with change in the Zn coordination and
side by the organic moities of the phosphonate group. One of layer structure. Johnson et’ahave shown similar reactions

the areas of research interest on these compounds is their USEr the intercalation of various primary alcohols into the vacant

as hosts for intercalation reactions. In the case of tetravalent L . ; .
S - . coordination site of the vanadium atom in VQRR}H,0-CeHs-
metal phosphonates all the metal coordination sites are occupie H,OH that was created by the removal of benzyl alcohol.

by the phosphonate oxygens and therefore molecules can b% ther int " t of th ds is the inclusi
absorbed only into the interlayer spdceOn the other hand, nother interesting aspect ot these compounds 1S the INclusion
of functional groups to the organic portiénBy introducing
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specific groups one can prepare materials for studies in areagphosphonate) compounds. Recently we reported the X-ray
such as catalysis, ion exchange, and sorgtion. powder structures of Ghiand Zri® arylenebis(phosphonates).

By utilizing diphosphonic acids, in the place of monophos- The pheneylenebis(phosphonates) of both Cu and Zn were found
phonic acids, an interesting series of new compounds with three-to be isostructural with their respective monophosphonate
dimensional structures was obtairéd! In these compounds  analogues. On the other hand, the compounds of biphenylene-
the adjacent metalOsPC layers are covalently linked by the  bis(phosphonates), prepared at nearly the same conditions, were
organic groups of the phosphonate. Structurally these metalshown to have structures different from those of monophos-
bisphosphonate compounds may be described as pillaredphonates. Related studies as applied to vanadium compounds
compounds that contain pores of definite shape and size in thehave been carried out by Soghomonian éf aln many of these
interlayer space. A variety of phosphonic acids, both in terms studies templates were utilized to produce a variety of porous
of the length and nature of the organic group, could be utilized and unusual compound®:® In this paper we report the
in preparing compounds that open up a new area for extensivesynthesis and X-ray powder structures of alkylenebis(phospho-

research activities. The organic pillars in most of these
compounds are closely packed and therefore it is difficult to

nates) of copper and zinc.

absorb any guest molecules into the interlayer space. HoweverExperimental Section

by introducing spacers such as phosphites or phosphates between
the bisphosphonates in the cross-linked structures, it is possible(AI

to create pores in these compounds. Several research ¥rdéips

Materials and Methods. All reagents were of analytical grade
drich) and were used without further purification. Thermogravi-
metric analysis was carried out with a TA 4000 unit, at a heating rate

have prepareq such porous C(_)mpounds by using proper spacesf 10 °C/min under a nitrogen atmosphere. The IR spectrum was
groups and bisphosphonic acids. These compounds are strucrecorded on a Perkin-Elmer 1720-X FTIR unit by the KBr disk method.

turally microporous, and the fact that the pillars can readily be

Synthesis of Cy[(O3PC;H4PO3)(H20),] (1). A 0.475 g (2.5 mmol)

functionalized, as described above, makes them interestingamount of 1, 2-ethylenebis(phosphonic acid) was mixed with 1.25 g

compounds to design materials for specific functi®ns.

of CuSQ-5H,0 (5 mmol) in 50 mL of deionized distilled water and

One of our interests in this research area is to understand thehe mixture was heated at 8C for 4 days. The blue precipitate was

properties of the compounds on the basis of their structures.

However, due to the very weak interlayer forces, many of the

layered metal phosphonates generally yield only polycrystalline
samples. Hence the use of X-ray powder diffraction techniques

has played a key role in deriving the structural information for

filtered, washed with distilled water, and air dried (yietdL.0 g). Anal.
Calcd for Cu[(OsPGH4POs)(H0),): C, 6.88; H, 2.30; HO, 10.31.
Found: C, 6.67; H, 2.23; # (TGA, 152-290°C), 12.10.

Synthesis of Cy[(OsPC3HePO3)(H20)2]-H20 (2). A 1.25 g amount
of CuSQ-5H,0 (5 mmol) and 0.51 g (2.5 mmol) of 1,3-propylenebis-
(phosphonic acid) were dissolved in 20 mL of deionized distilled water.

this class of compounds that can be obtained only in the The reaction was carried out at 8C. Since no precipitate was

polycrystalline form?13-16 Earlier structural studies have
shown that the monophosphonates of tetravalent metalions,
Cu ions? and other divalent metal iofhdike Mn, Ni, and Zn

observed after 24 h, an additional 1.25 g of CuS8,0 was added
to the reaction mixture. The precipitation then started and the reaction
was allowed to go to completion over a 6-day period. The blue solid

form classes of layered compounds that are different in structureWas filtered, washed, and air dried (yietd0.4 g). Anal. Calcd for

from one another. Thus it is necessary to derive structural Cuyl
models for the bis(phosphonates), at least, for the representativ

member for each of these classes to establish structuratlaprepalred by the reaction of 0.475 g (2.5 mmol) of 1,2-ethylenebis-

relationships among the mono- and bisphosphonates. While th
structural information is available for a good number of metal

(OsPGHePO3)(H20)]-H,0: C, 9.45; H, 3.15; kD, 14.17.

Found: C, 9.22; H, 2.79; 40 (TGA, 85-219°C), 13.64.

Synthesis of Zn[(O3PC;H4POs)(H20),] (3). The compound was

(phosphonic acid) with 0.68 g (5 mmol) of Zn@h 50 mL of deionized
distilled water. The reaction mixture was kept at 80, and the

monophosphonates, such data are rare for the metal biS-compound started to precipitate after about 1 day. The product was
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G.; Peng, G.-Z.; Clearfield, Al. Catal 1994 101, 19. (d) Colon, J. L,;
Thakur, D. S.; Yang, C.-Y.; Clearfield, Al. Catal 199Q 124, 148. (e)
Deniaud, D.; Schollorn, B.; Mansuy, D.; Rouxel, J.; Battioni, P.; Bujoli, B.
Chem. Mater1995 7, 995.

(10) Dines, M. B.; Di Giacomo, P. D.; Callahan, K. P.; Griffith, P. C.;
Lane, R. H.; Cooksey, R. E. I6hemically Modified Surface in Catalysis
and Electrocatalysis ACA Symp. Ser. No. 192; American Chemical
Society: Washington, DC, 1982; p 223.
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Characterization and Neel Applications of Molecular Sie Materials
Bedard, R. L., et al., Eds.; Materials Research Society: Pittsburgh, PA,
1991. (b) Alberti, G.; Marmottini, F.; Murcia-Mascaros, S.; Vivani, R.
Angew. Chem., Int. Ed. Engl994 33, 1594. (c) Alberti, G.; Costantino,
U.; Marmottini, F.; Vivani, R.; Zappelli, PAngew. Chem., Int. Ed. Engl
1993 32, 1557.

(13) Byrd, H.; Reis, K. P.; Poojary, M. D.; Clearfield, A.; Thompson,
M. E. Chem. Mater1996 8, 2239.

(14) (a) Poojary, D. M.; Grohol, D.; Clearfield, Angew. Chem., Inter.
Ed. Engl 1995 34, 1508. (b) Poojary, D. M.; Cabeza, A.; Aranda, M. A.
G.; Bruque, S.; Clearfield, Anorg. Chem1996,35, 1468. (c) Poojary, D.
M.; Zhang, B.; Clearfield, AAngew. Chem., Int. Ed. Endl994 33, 2324.
(d) Poojary. D. M.; Vermeulen, L. A.; Vicenzi, E.; Clearfield, A.; Thompson,
M. E. Chem. Mater1994 6, 1845.

(15) Poojary, D. M.; Zhang, B.; Bellinghausen, P.; Clearfield)marg.
Chem 1996 35, 4942.

(16) Poojary, D. M.; Zhang, B.; Bellinghausen, P.; Clearfield)rfarg.
Chem 1996 35, 5254.

filtered off after standing for 1 month and washed with water. The
white powder (0.2 g) was dried at room temperature. Anal. Calcd for
Zny[(OsPGH4PG;)(H20)7]: C, 8.03; H, 3.35; HO, 10.21. Found: C,
6.77; H, 2.23; HO(TGA, 131-279°C), 9.54.

Synthesis of Zn[(O3sPC3HePO3)] (4). A 0.63 g amount of ZnGl
(4.6 mmol) was mixed with 0.51 g of 1,3-propylenebis(phosphonic acid)
in 20 mL of deionized distilled water. The mixture was transferred to
a plastic bottle, which was then placed in a drying oven at@ONo
precipitate was observed even after 1 week. Addition of an extra 1.23
g of ZnCk and urea (0.60 g, 10 mmol) to the reaction mixture resulted
in precipitation after several days. The product was filtered after 1
month and washed with distilled water. The white powder (0.95 g)
was then dried at room temperature. The X-ray diffraction pattern of
this compound (used for structural work and elemental analysis)
contained a broad amorphous peak at arouridrii3d. The compound
shows no weight loss up to 49C. The burning of the organic starts
at around 500C. Anal. Calcd for Zp[(OsPGHePGs)]: C, 10.88; H,
1.81. Found: C, 8.68; H, 1.07.

The same compound without the impurity phase was obtained by
increasing the pH with NaOH. The pH of the reaction mixture

(17) (a)Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubiefmdew.
Chem., Int. Ed. Engl1995 34, 148. (b) Soghomonian, V.; Diaz, R;
Haushalter, R. C.; O’Connor, C. J.; Zubietalnbrg. Chem1995 34, 4460.

(c) Soghomonian, V.; Haushalter, R. C.; ZubietaCem. Mater1995 7,
1648.

(18) (a) Khan, M. I.; Lee, Y-S.; O'Connor, C. J.; Haushalter, R. C.;
Zubieta, JJ. Am. Chem. Sod994 116, 4525. (b) Huan, G.; Jacobson, A.
J.; Day, V. W.Angew. Chem., Int. Ed. Engl991, 30, 422.
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Table 1. Crystallographic Data

Poojary et al.

C[(OsPGHPO)(H0)]  Ce[(OsPCGHPOs)(H0)]*H0  Znp[(OsPGHAPOs)(H20))]  ZnyOsPGHAP OS]
©) 2 (€) (4)
formula QHgOngCUz C3H1209P2CU2 CzHgOngan C3H606P22n2
fw 349.1 381.2 352.8 330.8
space group P2,/c (No. 14) Pnc2 (No. 30) P2;i(No. 14) Pna2; (No. 33)
a(d) 8.0756(1) 4.3276(2) 5.6861(8) 8.4886(6)
b (A) 7.5872(1) 17.3181(8) 15.230(2) 5.2720(4)
c(A) 7.4100(2) 6.7624(3) 4.7923(6) 18.865(1)
p (deg) 116.319(1) 91.936(2)
V (A3 406.96(1) 506.8(1) 414.8(2) 844.2(2)
z 2 2 2 4
Oealed (g/eny) 2.85 2.49 2.82 2.60
u (cmrl) 104.89 85.73 112.77 106.34
pattern range, 2 (deg) 16-85 12.5-105 15-100 16-100
no. of unique reflcns 288 323 423 467
no. of structural params 28 31 28 51
Rup 0.031 0.044 0.072 0.104
R, 0.020 0.03 0.055 0.075
Re 0.050 0.121 0.088 0.067

containing ZnC{ (5 mmol) and 1,3-propylenebis(phosphonic acid) (2.5
mmol) was raised to 2.5yb1 N NaOH. On stirring for 2 min the

The X-ray powder patterns for compoun2s4 were decomposed
by the Le Bail methotf with the program EXTRA® The profile

compound Zg(OsPGHePG;)] precipitated (yield= 0.02 g). The R-factors for the Le Bail extraction were 0.16, 0.087, and 0.156 for
precipitate was filtered off, and the filtrate was transferred to a plastic compound<2, 3, and4, respectively. The extracted intensities were
bottle and kept in an oven at 6C. The contents in the bottle turned  input to SIRPOW?E a direct methods program applied to powder data
into a gel in about an hour, and on continuing the reaction overnight for the solution of crystal structures. For copper propylenebis-
a crystalline powder sample precipitated (yietd0.25 g). TGA, IR, (phosphonate) the extraction procedure produced 117 independent
and X-ray powder diffraction data showed that this compound is observations. An E-map computed for a solution with the best figure
different from compoundt. X-ray powder structure analysis showed of merit (CFOM= 0.38) revealed the positions of all the atoms in the
that this compound is Zf(HO3PGHPG;)(H.0)]. (see Discussion structure except one carbon atom of the propylene chain (Rval
section). 19%). In the case of compourg] 161 independent reflections were
Compounds3 and 4 contain significant amounts of amorphous ~INPut to SIRPOW. A phase set with CFOM of 0.86 was used to
phases. This feature is clearly seen as large background in their X-raycalculate an E-map. The map contained the postions of all the atoms
powder diffraction patterns (see Figures 3 and 4 below). Because of iN the structure for which the fin@-factor was 20.7%. The structure
this amorphous background the elemental analysis data obtained forOf Zinc propylenebis(phosphonate) was also solved by SIRPOW. The
these two compounds show large deviations from their expected values.intensities of 196 independent reflections were used and an E-map was

X-ray Data Collection. The X-ray source was a rotating anode
operating at 50 kV and 180 mA with a copper target and graphite
monochromated radiation. X-ray powder data for the samples were
collected with a Rigaku computer automated diffractometer. The

samples for the data collection were prepared by using an aerosol

suspension chambérto reduce the influence of preferred orientation
effects. In this method the finely ground sample particles were
dispersed into an aerosol through the action of a fluidized bed of
spherical beads. The aerosol is then carried up through a column an
is collected by a filter paper mounted on a casette by the action of a
vacuum pump. The procedure yields random orientation of the particles
within the pores of the filter paper. Room temperature data were
collected with a step size of 0.0&nd a count time of 10 s per step for
compoundd and3, respectively. The fixed time count for compounds

2 and4 was 7 s per step. The data were collected up ty 887,

110, and 107 (in 26) for compounddl, 2, 3, and4, respectively. The
powder patterns were indexed by Ito meth&tsnd space groups were
derived from systematic absences.

Structure Solution and Refinement. The structure factor ampli-
tudes, for compound, were extracted from the profile with decom-
position method$! This procedure yielded 63 single indexed reflec-
tions over the range 18 26 < 65°. This data set was converted into
a single crystal type data sd¥n, ong) and input to a “direct method
programs”, MITHRIL?? in the TEXAN?® series of programs. An
E-map calculated for a solution with the best figure of merit (Resid
13.4) revealed the positions of Cu, P, and all the oxygen atoms of the

computed by using a phase set with a CFOM of 0.3. Out of 13
independent atoms in the asymmetric unit, nine atoms ([Rral15.8%)
were located from the E-map. The remaining atoms (2 oxygens and 2
carbon) in this structure and in compourdwere located from
difference Fourier maps calculated after initial Rietveld refinement (see
below).

The structural models as obtained above were used for Rietveld
refinement of the full pattern in GSAB. After the initial refinement

dof scale, background function, unit cell parameters, and profile

parameters, the atomic positions were refined with soft constraints only
for the phosphonate groups. Difference Fourier maps were then
calculated which allowed the positioning of the remaining atoms in
the structures of compoundsand4. The full structures were then
refined with the above mentioned soft constraints. In the final stages
of refinement the weights of these constraints were reduced and kept
at a value necessary to maintain a satisfactory geometry for the
alkylkene groups of the phosphonates. The preferred orientation factors
were refined to a value very close to 1.0, indicating the advantage of
the sample preparation method in eliminating the preferred orientaion
effects. All the atoms were refined isotropically. Neutral atomic
scattering factors, as stored in GSAS, were used for all atoms. No
corrections were made for anomalous dispersion, or absorption.

Crystallographic and experimental parameters are given in Table 1
and bond parameters in Tables2 The final Rietveld refinement
difference plots are shown in Figures-4.

(24) Le Bail, A.; Duroy, H.; Fourquet, J. IMater. Res. Bull1988 23,

phosphonate group. The carbon atoms and the water oxygen atom weré467.

located in subsequent difference Fourier maps.

(19) Davis, B. L.Powder Diffr.1986 1, 240.

(20) Visser, J. WJ. Appl. Crystallogr 1969 2, 89.

(21) Rudolf, P. R.; Clearfield, Alnorg. Chem 1989 28, 1706.

(22) Gilmore, G. JJ. Appl. Crystallogr 1984 17, 42.

(23) TEXSAN, Texray Structure Analysis Packagelecular Structure
Corp.: The Woodlands, TX, 1987 (revised).

(25) Altomare, A.; Burla, M. C.; Cascarano, G.; Giacovazzo, C.;
Guagliardi, A.; Moliterni, A. G. G.; Polidori, GJ. Appl. Crystallogr1995
28, 842.

(26) SIRPOW.92; Altomare, A., Cascarano, G., Giacovazzo, C., Gua-
gliardi, A., Burla, M., Polidori, G., Camalli, M.

(27) () GSAS: Generalized Structure Analysis Systesmson, A., von
Dreele, R. B.; LANSCE, Los Alamos National Laboratory, copyright 1985
88 by the Regents of the University of California. (b) Dollase, W.JA.
Appl. Crystallogr 1986 19, 267.
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Table 2. Bond Lengths (A) and Bond Angles (deg) for Table 5. Bond Lengths (A) and Bond Angles (deg) for
CUZ[(03PC2H4PQ)(H20)2 an[(O3PQH5P03)]

Cul-01 2.002(5) Cut02 1.949(4) Zn1-02 1.99(2) Zn+04 2.10(2)

Cul-O> 2.381(4) Cut03 1.950(4) Zn1-05 1.93(2) Znt+06 1.77(2)

Cul-04 2.021(4) P+0O1 1.573(4) Zn2—-01 2.04(2) Zn2-02 1.92(2)

P1-02 1.486(4) P103 1.549(3) Zn2—03 2.02(2) Zn2-04 1.87(2)

P1-C1 1.841(4) ctcCr 1.521(5) P1-01 1.54(1) P+02 1.57(1)
01-Cu1-02 164.4(2)  OCul-OZ  107.0(2) s ig?gg Pl 1288;
01-Cul-03 95.9(2) O+Cul-04 91.3(2) P> 06 153(1) P2C3 183(1)
02-Cul-02 88.1(2) 02-Cul-03 88.8(2) : :

el B Cc1-C2 1.51(1) C2C3 1.50(1)
02-Cul-04 86.5(2) 02-Cul-03 86.4(2)
02—Cul-04 83.3(2) 03-Cul-04 168.8(2) 02-7Zn1-04 106.0(7) 022Zn1-05 104.2(7)
01-P1-02 113.7(3) 0+P1-03 109.5(3) 02-Zn1-06 111.1(9) 042Zn1-05 113.1(7)
01-P1-C1 106.5(3) 02P1-03 112.5(3) 04-7Zn1-06 106.8(11) 052Zn1-06 115.3(9)
02-P1-C1 110.4(3) 03-P1-C1 103.7(2) 01-Zn2-02 103.3(9) 0+Zn2-03 111.2(8)
P1-C1-CY 110.4(4) 01-Zn2-04 111.6(8) 02Zn2—-03 115.3(7)
a Position of the O(2) atom corresponding to the longer+-Cuwbond. 8%—}%2{3024 iéégg% 81%23024 i%gg;
0O1-P1-C1 109.7(7) 02P1-03 107.8(7)
Table 3. Bond Lengths (&) and Bond Angles (deg) for 83:2%:8% iggg(;) O3—P1:C1 110.7(7)
CUl(0sPGHEPOs)(H.0)z]-Ho0 —P2- S(7) 04P2-06 109.0(7)
04-P2-C3 107.0(7) 05P2-06 113.1(7)

Cul-0O1 1.863(6) Cux02 2.171(8) O5-P2-C3 110.6(7) 0O6-P2-C3 108.4(7)

Cul-02 1.958(9) Cut03 1.927(9) P1-C1-C2 114.1(8) CtC2-C3 111.1(8)

Cul-04 2.671(13) P01 1.532(8) C2-C3-P2 112.7(8)

P1-02 1.615(7) P+03 1.483(9)

P1-C1 1.860(7) CctC2 1.471(5) . .

O01-Cul-02 90.6(5) OLCul-02 131.8(5) phonate). 'I_'he zinc propyleneb|s(phosphonate), on the other
01-Cul-03 92.8(5) O+Cul-04 144.8(5) hand, contains no water and accordingly shows no peaks due
02—-Cul-02 121.0(5) 02Cul-03 140.4(5) to water absorption. The IR spectra of these compounds also
02-Cul-04 74.0(4) 02-Cul-03 84.4(6) contain characteristic frequencies due to the phosphate and
Crouot Yy Cecuor SO organic groups
oLplcr  losae  ozpios 1091 Structure of Cug[(0sPCHAPOs)(H,0)J. The structure
02-P1-C1 104.2(6) 03P1-C1 112.6(6) consists of two dimensional layers efCu—OzP— groups in
P1-C1-C2 114.9(5) CtC2-Cr 114.8(7) thebc-plane. The Cu atoms are located almost in this plane at
x = £0.055. The Cu atoms are five coordinate, and their
Table 4. Bond Lengths (&) and Bond Angles (deg) for geometries can be described as distorted square pyramidal.
Zno[(O3sPGH4POs)(H20),] Phosphonate oxygens provide four binding sites to the metal

Zn1—01 1.973(6) Znt012 2.468(7) while the remaining site is filled with the water oxygen, O4.

Zn1l-02 2.145(7) Zn+03 2.026(6) One of the phosphonate oxygens, O2 is involved in bridging

Zn1-03 2.207(6) Znt+04 2.112(6) two Cu atoms, which results in four-membered rings (Culb

P1-0O1 1.509(5) P+02 1.503(4) 02—Culc-02c) as shown in Figure 5. The Cu- - -Cu distance

(Fﬁ:gi, 115453((%) PECl 1.882(5) in this ring is 3.126 (3) A. One of_the_ G_LOZ bond lengths is

long (2.381 (4) A) while the other is similar to the E® bond
8%:%‘:&:8? 11%}32((?) giézigé gg-;'(%) lengths involving oxygen atoms, O1, O3, and O4 (range
01-Zn1-04 90:6(3) 0%-7n1-02 84..7(3) 1.949(4)—2.2021(4) A). Thg 02 ppsmon that makes a long
Ola-zZn'-0O? 89.8(3) 01-Zn1-03* 63.0(2) Cu—0 bond occupies the axial position of the metal polyhedron.
012—zZn-0* 87.3(3) 02-Zn1-03 95.3(3) Oxygen atoms O1 and O3 bridge the Cu atoms approximately
02-Zn1-03 83.7(3) 02-Zn1-04 168.3(3) along theb-axis direction, which in turn are linked by O2 atoms
03-7Zn1-03  152.8(3) 03-Zn1-04 93.1(3) along thec-axis direction. The layers thus formed are covalently
8?_}21”_15??4 1??)'.:23((% giﬁigf 18?:3&3 cross-linked by the-CzHs— groups along the-axis direction
02-P1-03 111.1(4) 02P1-C1 106.8(4) leading to a three-dimensional structure. The phosphate groups
03-P1-C1 108.1(4) P1C1-CT 107.4(4) of the bis(phosphonate) are related by a center of symmetry

located at the center of the ethyl chain. The coordinated water
oxygen (O4) is also involved in intramolecular hydrogen
bonding with the phosphonate oxygens, 01 (2.57(1) A) and O3
(2.75(1) A).

The IR spectrum of the Copper ethylenebis(phosphonate) is  Structure of Cuy[(O3PCsHePO3)(H20)2]-H20. In this
essentially identical to that of Copper phenylenebis(phospho- compound the metalOsP— layers are located in thac-plane
nate)!®> These compounds show a single strong peak at 3456 with the Cu atoms positioned gt= £+0.25. The coordination
cm~1 corresponding to the coordinated water. Similarly the zinc of the metal atoms along with their connections to form a two-
ethylenebis(phosphonate) has an IR spectrum similar to that ofdimensional layer is shown in Figure 6. The Cu atoms in this
zinc pheneylenebis(phosphonate).In the case of the Zn  plane are arranged at the corners of a rectangle and are separated
compounds the IR spectra show two peaks (3305 and 3041by 4.33 A along the-axis direction and 3.39 A along tleaxis
cmY) for the OH-stretching vibration. The IR spectrum of direction. The P atoms are shifted by about 1.7 A on either
copper propylenebis(phosphonate) contains two peaks due toside of the mean plane of the Cu atoms. In Figure 6, it may be
water, a sharp peak at 3514 chand a broad peak at 3254 seen that the P atom is located nearly at the center of the copper
cm~L. This result indicates a different type of water arrangement rectangles. Its oxygens, O1 and O2 (O1d and O2c) and their
in this compound as compared to copper etheylenebis(phos-symmetrically related positions are utilized in bridging the unit

a Positions corresponding to the longer-Z@ bond.

Results
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Figure 1. Observed-{) and calculated-{) profiles for the Rietveld refinement for GOs;PCGH4PQOs)(H20),]. The bottom curve is the difference
plot on the same intensity scale.
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Figure 2. Rietveld difference plot for Gi(OsPGsHsPOs)(H20)2]-H20.

cell translated Cu atoms along theaxis direction. Oxygen, bond lengths involving the phosphonate oxygens are in the range
02 at the same time, bridges these rows of Cu atoms to aof 1.86(1)-2.17(1) A. The Ct-O4 bond length, however, is
symmetry related row along the-axis. These bridges are significantly longer (2.67(1) A) than the other bonds. The
represented by-Cula-O2c-Cul- in Figure 6. These rows coordination polyhedron may be described as a highly distorted
(along thec-axis) are also linked by the oxygens O3 and O1, square pyramid where the bridging oxygen, O2 with a short
and together these interactions form six-membered rings suchCu—0 bond (1.96(1) A), occupies the axial position. The two
as—Cula-01b—P1b-03c-Cul-02c-. The structure may trans bond angles in the basal plane are 14G{&) 144 while

also be described as linear chains of Cu atoms along-thés the corresponding cis angles are in the range of93t. The
direction (Cu- - -Cu= 3.3891(4) A) that are directly bridged axial bond is also bent away from the normal to the basal plane
by O2 and indirectly bridged by O1 and O3 through phosphorus as shown by the corresponding bond angles that cover a wide
producing a layered connectivity. The Cu atoms are five range of values (82132).

coordinated, and as described above four of the binding sites Figure 7 shows the cross-linking of inorganic layers by the
(Olc, 02, O2c, O3c) are provided by the phosphonate oxygens.alkylene chain. The unit cell translated-gxis) propylene
The fifth site is occupied by the water oxygen, O4. The-Qu carbon atoms (C2) are separated by 6.76 A. The lattice water
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Figure 3. Rietveld difference plot for Zfi(OsPCGH4POs)(H20),].
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Figure 4. Rietveld difference plot for Zfi(OsPGHPOs)].

molecules (O5) are located in between the propylene groups in(phosphonate) groups bridge the layers creates unidimensional
such a way that the C2 and O5 atoms are exactly at the centersavities as shown in Figure 7.

of the mean planes of the inorganic layers. These atoms, Structure of Zn,[(0sPCH4PO3)(H20)4]. All the atoms in
however, are shifted from each othersyalong the projection  the structure occupy general positions. The center of th€ C
axis @-axis). All the contacts involving the lattice water with  bond of the ethylene group coincides with a center of symmetry.
the carbon atoms are above 3.3 A. Both the coordinated andThe ethylene groups cross-link the inorganic layers whose mean
lattice water molecules are involved in hydrogen bonding planes are located in thac-plane at y~ 0.25 and 0.75. All
interactions. Coordinated water oxygen, O4, donates a hydrogenthe phosphonate oxygens take part in metal binding, and among
to an adjacent phosphonate oxygen, O3 (04- - =03.52(2) them two oxygens are involved both in chelation and bridging.
AR), and also is involved in bonding with the lattice water (shown Oxygens O1 and O3 chelate the metal and at the same time
in Figure 7). The latter interactions, O4- - -O5- - -O4 (O4- - - bridge the unit cell translated Zn atoms alongdkeis direction

05 = 2.61(1) A), are significant as they also link the adjacent (Figure 8). Along the-axis, the metal atoms are linked by the
inorganic layers in addition to cross links by the organic third oxygen of the phosphonate, O2. Thus the phosphonate
moieties. The particular way in which the propylene bis- provides five binding sites (% O1, 2 x O3, and O2) to the
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Figure 7. Structure of Cy{(OsPGHePOs)(H20),] as viewed down the
a-axis showing the one-dimensional pores. The lattice water molecules
(not shown here) occupy the center of these pores and hydrogen bond
to the coordinated water molecules which are also projected into the
pores.

Figure 5. Atom labeling and phosphonate bridging interactions in
CUz[(O3PC2H4PO3)(H20)2] . Hzo.

Znl QOlC

O4a

O a

Figure 6. Layer arrangement in the structure of fLO;PGHPOs)-

(H20),]-H20. O4 represents the oxygen atom of the coordinated water. Figure 8. Metal phosphonate interactions in the structure of @%-

PGH4PG;)(H20),]. Note both chelation and bridging type of interac-

metal atom while the remaining sixth coordination site is tons of two of the phosphonate oxygens, O1 and O3.
occupied by the oxygen atom (O4) of the water molecule. The
coordination geometry is a distorted octahedron. The-@n phosphonate groups of the bisphosphonate in this case are not
bond lengths within the chelate ring are longer (21 = symmetry related. Both the Zn atoms in the structure are
2.47(1) A, Zn+03 = 2.21(1) A) than the bond lengths tetrahedrally coordinated. Three of the Zn1 coordination sites
corresponding to the same oxygens involved in the bridging are occupied by three oxygens (O4a, O5a, and O6) from three
interaction (Zn+01=1.97(1) A, Zn+03=2.03(1) A). The different P2-phosphonates while the fourth site is filled by an
Zn1—-02 and Zr-04 bond lengths are 2.15(1) and 2.11(1) A, oxygen, 02, from a P1-phosphonate. Similarly Zn2 is coordi-
respectively. Most of the bond angles for the octahedron deviate nated by three oxygens (Ola, O2a, and O3) from three P1-type
by about 10 from their ideal value, but those involving the phosphonate groups and one oxygen (04) from a P2-phospho-
chelation mode of binding show higher deviation. The angle nate. As can be seen in Figure 9, oxygens O2 and O4 are also
in the chelation ring, 0tZn1—-03, is 63.0(2). The phospho- involved in bridging adjacent Zn atoms that are separated by
nate groups display regular bond parameters. The organicabout 3.3 A along thé-axis direction. This leads to a zigzag
groups are well-separated along bothdhandc-axis directions, chain of Zn atoms along theaxis, such as-O2a—Zn2—04—
being spaced at intervals of about 5.7 and 4.8 A, respectively. Znla—02— in Figure 9. These chains are connected by-Znl

Structure of Zn,[(O3PC3HgPO3)]. The asymmetric unit, in 06—P2 and Zn201—-P1 bridges along the-axis direction
this case, consists of two Zn atoms and a 1,3-propylenebis-forming a two-dimensional layer in thab-plane. The mean
(phosphonate) group where all the atoms occupy generalplanes of the Zn atoms in the layer are located wt0.19 and
positions. Therefore, unlike the previous three compounds, the0.69. The Zn atoms alternate by abduA on either side of
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PGHsPGs)(H20),], belongs to the space gro@2/c with a =
18.8892(4) Ap = 7.6222(2) Ac=7.4641(2) A = 90.402,

andZ = 4. The in-layer dimension®(@ndc) are very close to

the values found for the copper ethylenebis(bisphosphonate),
but the interlayer separations in these compounds are different
due to the size of the cross-linking group. It may be noted that
the layer separation in the phenyl compound corresponts to

of thea-axis dimension. The zinc phenylenebis(phosphoriéte),
Zny[(O3PCsHsPOs)(H20),], also contains very similar metal
O3PC layers as described for the zinc ethylenebis(phosphonate).
The phenylene compound, however, crystallizes in a different
space group symmetrPonm a = 19.2988(6) Ab = 4.8229-

(2) A, c=5.6544(2) A,z = 2) and thec- andb-dimensions in

this case correspond @ and c-dimensions, respectively, in
the present ethylene compound. The arrangements of the layer
structures in the above-mentioned Cu and Zn compounds are
also similar to those in the corresponding monophosphonate
compounds:* The difference in these two sets of compounds
is in their molecular formula and in their interlayer separations.
In the case of monophosphonafesie compounds have the
general formula M(GPR)(HO)(M = Cu, Zn, Mn, Cd; R=
Figure 9. Layer structure of ZJ§(OsPGHsPOs)]. The Zn atoms are methyl, ethyl, phenyl). As can be seen, the metal to organic
coordinated only by the phosphonate oxygens. group (R) ratio in the case of monophosphonates is 1 while it
is 1/, for the bis(phosphonates), although the metal to P ratio is
the same in all these compounds. The organic groups are
connected to the layers in a similar manner both in the mono-
and bis(phosphonates), but in the latter case they are also linked
to the adjacent layers. On the other hand, the organic groups
in the case of monophosphonates project away into the interlayer
space from either side of the layers that create an organic bilayer.
The groups in these bilayers are held together only by van der
Waals forces. Thus the structures of the monophosphonates
are separable two-dimensional layers while those of the bis-
(phosphonates) are ideally three-dimensional layers.

This type of structural relationship among different phos-
phonate compounds, however, does not hold for the compounds
formed by the reaction of Cu and Zn salts with 4- 4
biphenylenebis(phosphonic acid) prepared under similar condi-
tions. The compounds formed in this system are Cu-
[HO3P(GsH4)2POsH] % and Zn[HQP(CGsH4),POsH] 6 for Cu and
Zn, respectively. In both cases an oxygen of each phosphonate
group is protonated. The Cu atoms in this structure are arranged
in the form of linear chains that are bridged by phosphonate
groups. The hydroxyl groups form very weak axial bonds with
the copper of the adjacent chains. In addition, these adjacent
Figure 10. Polyhedral representation of the structure off@DsPCsHe- chains are linked through hydrogen bonds involving the
POy)] down the b-axis. The adjacent alkyl groups as seen in this hydroxyl groups. The structure of the Zn compound consists
projection are shifted/, along theb-axis. The zinc tetrahedra are  of double chains with alternating Zn and P atoms connected to
stippled and the phosphonate groups are striped. each other by phosphonate bridges. These double chains are

cross-linked by the biphenylene groups which leads to a new
the mean plane. Similarly, the P atoms are located above andtype of two-dimensional sheet. The hydrogen bonds involving
below the metal mean planes, but their location is about 1.9 A the hydroxyl groups then connect the sheets forming a loosely
from the mean layer plane. A polyhedral representation of the held three-dimensional structure.

structure depicting the cross-linking of the layers is shown in |t appears that the chain-like structures formed for thé5Cu
Figure 10. The central carbon atoms of the propylene groups ang zi#¢ biphenylenebis(phosphonates) are due to the proto-
form rows (along th@-axis) in between the adjacent inorganic  pation of the phosphonate groups that makes it difficult for them
layers. The central carbon atoms in adjacent rows are shifted;q bridge the metal ions to form two-dimensional layers. To
by %/ along the projection axisb(axis) to each other, placing  nderstand this, we have prepared the compounds at slightly
them abou5 A apart. higher pH (4-5) either by using less acid metal salts like
acetates or by the addition of base to the reaction mixture. In
this condition, both Cu and Zn lead to new phases with
The structures of the ethylenebis(phosphonates) of the Cubiphenylenebis(phosphonic acid) that are different from those
and Zn compounds described here are similar, in their layer mentioned above. However, because of the poor quality powder
arrangement, to those found for their phenylenebis(phosphonateYata the pattern of the Cu compound could not be indexed so
analogues. The copper phenylenebis(phosphotafal[(Oz- far, but it appears that the compound contains two-dimensional

Discussion
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layers similar to that obtained for the protonated phosphonate an opening along tha-axis direction. The TGA curve for the
compounds. In the case of Zn, the powder pattern could be compound shows that the weight loss due to the release of water
indexed and the structure was solved and refined with use of molecules takes place in a single step starting &iB&nd the

the Rietveld method. The compound J®3;PCHgPOs)- process is complete at around 22D. On the basis of these
(H20),] crystallizes in the space grolgnr2 with a = 27.904- TGA data, the compound was dehydrated in several steps
(1) A, b = 4.8273(3) A, andc = 5.6450(2) A. The final  starting at 8C°C. The XRD patterns of the heated sample, in
agreement factors for the Rietveld refinemern (ange 16- the beginning (86:120°C), show peaks corresponding to both
70°) areRyp = 0.135,R, = 0.107, andR- = 0.024 for 191 the hydrated and the dehydrated phases. On increasing the
independent reflections. The layer dimensidmsndc here, temperature (above 12WC) and the duration of dehydration,
are very close to those found for the zinc phenylenebis- the peaks due to the hydrated phase decrease in intensity while
(phosphonate) compoun#. Accordingly the structures of these  those corresponding to the dehydrated phase increase. Complete
two compounds are similar except for the fact that the layers removal of water could be achieved at a temperature of about
are expanded in the biphenylene compound alongathgis 200°C. The heated sample does not pick up water readily on
direction due to the additional phenylene group. Also the exposure to the atmosphere. However, on adding water the
biphenylene compound was refined in a noncentric space groupphase reverts to the starting hydrated phase as shown by its
to remove the constraints of the mirror symmetry on the atoms. powder diffraction pattern. This result shows that the compound

Details will be presented later. retains its structural integrity on removing the water molecules.
The copper and zinc propy|enebi3(phosphonate) StructuresThe interlayer separation is about 9.4 A for the dehydrated
are new although they contain two-dimensional me@JPC phase, and that is about 0.7 A longer than that in the hydrated

layers similar to those found for other metal phosphonate pPhase. Incidentally, the d-spacing observed for this dehydrated
compounds. The phosphonate groups are deprotonated, and aphase is about the same as that seen for the zinc propylenebis-
their oxygens take part in metal binding. As described in the (phosphonate). This increase in interlayer separation may be
Results section, the metgbhosphonate bridging interactions due to the rearrangement of inorganic layers following the
in these compounds are different from their respective ethyl- coordination change of Cu. In fact, an even larger (about 1 A)
enebis(phosphonate) analogues. This feature is also reflectedncrease in the layer separation on dehydration was observed
in the coordination geometries of the metal atoms. In the casefor the un-cross-linked copper monophosphonate compgafds.
of copper propylenebis(phosphonate), the coordination geometryStudies are underway to measure the pore size in this dehydrated
is highly distorted and the Gtwater interaction is very weak. ~ compound and to examine the sorption characteristics of this
In addition, this compound contains a lattice water molecule compound. It would be interesting to see whether bis-
that is located in between adjacent alkylene groups. To the (Phosphonic acids) with longer alkyl chains containing an odd
best of our knowledge, this represents the first example of a hnumber of carbon atoms, 5, 7, or more, could form structures
metat-phosphonate compound containing lattice water mol- Similar to the copper propylenebis(phosphonate). In these cases,
ecules in the hydrophobic region of the compound. The zinc the increased interlayer spacings would allow large molecules
propylenebis(phosphonate) is especially different from the zinc to diffuse and possibly coordinate the metal ions.
ethylenebis(phosphonate) and other zinc phosphonates. The The type of product obtained from the reaction of Zn salts
propylene compound does not contain any water moleculesWith propylenebis(phosphonic acid) depends on the reaction
either in the metal coordination sphere or in the lattice. Yet, conditions, particularly the pH. In a highly acidic condition
the compound contains two-dimensional layers formed by the (PH ~1.5), Zr#* ions replace only one proton from each of the
bridging of oxygen atoms. The metal atoms are tetrahedrally Phosphonate groups of the propylenebis(phosphonate) to yield
coordinated as opposed to octahedral coordination in thethe compound Zn(HEPGHePO;H). The crystals of this
ethylenebis(phosphonate) compound and other zinc monophoscompound are monoclinic, with space grdef/n, a = 18.167-
phonate compounds. The other zinc phosphonate compound43) A, b = 5.0829(8) A,c = 8.658(1) A, and8 = 93.630(2).
where the Zn atoms are tetrahedrally coordinated are Zzn- Structure solution by using the powder diffraction data shows
[HO3P(CsH.).POsH], 16 the primary amine intercalates of zinc  that this compound contains double chains similar to that
phenylphosphonateand Zn(QPCGH4NH,).28 All these com-  observed earlier for Zn(H§PCi2H10PO;H).1® As mentioned in
pounds have a very similar layer structure; however, in 2n(O the Experimental Section, the reaction of a Zn salt with
PCH4NH,) the inorganic layers are cross-linked by the Propylenebis(phosphonate) at pH 2.5 resulted in a crystalline
phosphonate oxygens on one side and by the nitrogen on theProduct that was found to be g(HO3PGHePOs)(H20)]2. This
other side. compound crystallizes in the monoclinic space gr@2y, with

The two zinc compounds and the copper ethylenebis- & = 20.5803(5) Ab = 5.0461(1) A.c = 18.0070(3) Ap =

(phosphonate) described here are three-dimensional pillared®7-255(1). Its structure was solved by using the powder
solids but they do not possess any significant open spaces adiffraction data, and the details concerning the above two
the organic groups are positioned at van der Waals contactStructures will be presented in a subgequent publlcatlon. The
distances. In the copper propylenebis(phosphonate), on the otheptructure of Ze[(HOsPCsHsPOy)(H-0)]2 is layered but consists
hand, the organic groups are spaced further apart (6.8 A) as &f @ new and highly open metaD;PC framework linked by

result of the presence of these lattice water molecules in betweerf9anic groups to form a 3-dimensional structure.  In the case
them. Also, the coordinated water oxygen binds weakly to the ©f ZN(HOsPCi2HsPO;H) both phosphonate groups are singly

Cu atoms and this oxygen is strongly involved in hydrogen Protonated while in Zg(HOsPGHsPO;)(H-0)]. one of the
bonding with the lattice water. If these two water molecules PNOSPhonate protons is exchanged for Zn atoms. The remaining
were removed from the structure without disturbing the overall Proton is exposed to a fairly large opening in the interlayer space
framework, a cavity of diameter about A would be created and it is possible to exchange it for other ions. The structure
in the interlayer space of the compound. Reference to Figure also contains a second cavity in the interlayer space to which

7 shows that this open space is uniform in the crystal and it has coordinated water oxygens are expo_sed. This is a large elliptical
open space through which the coordinated water molecules may

(28) Drumel, S.; Janvier, P.; Deniaud, D.; Bujoli, B.Chem. Soc., Chem. (29) Le Biden, J.; Bujoli, B.; Jouanneaux, A.; Payen, C.; Palvadeau, P.;
Commun 1995 1051. Rouxel, J.Inorg. Chem 1993 32, 4617.
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be removed on heating. This dehydration provides spaces intoA 673 and the National Science Foundation (Grant No. DMR-
which small and medium sized molecules may be incorporated. 9107715) for which grateful acknowledgment is made.

While the body of this region is hydrophobic, the Zn atoms

have open coordination sites that may serve as catalytic centers. Supporting Information Available: Tables providing a

The same is true for the copper propylenebis(phosphonate) butcomplete listing of atomic parameters and isotropic thermal
only one type of cavity is present. Furthermore, it may be displacement parameters for compourdst (4 pages). See
possible to prepare open spaces of controlled sizes by varyingdny current masthead page for ordering and Internet access
the size of the alkyl chains in the bis(phosphonate). Addition- Instructions.

ally, the chains may be functionalized with oxo, amino, or JA9714043

carboxyl groups so as to change the character of these fores.
We are pursuing these options.

(30) (a) Ortiz-Avila, C. Y.; Clearfield, Alnorg. Chem 1985 24, 1773.
(b) Clearfield, A.; Ortiz-Avila, C. Y. InNSupramolecular Architectur@ein,
. . . T., Ed.; ACS Symp. Ser. No. 499; American Chemical Society: Washington,
Aclkr‘OW|9dgmem- Financial support f(_)r this study was  pc, 1992 (c) Ortiz-Avila, C. Y.; Bhardwaj, C.; Clearfield, Anorg. Chem
provided by the Robert A. Welch Foundation under Grant No. 1994 33, 2499.



