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The hydrothermal reactions of a vanadium source, an appropriate diphosphonate ligand, and water in the presence
of HF provide a series of compounds with neutral V-P—O networks as the recurring structural motif. When the
{ OsP(CH,),POs}*~ diphosphonate tether length n is 2—5, metal—oxide hybrids of type 1, [V202(H,0){ OsP(CH,),-
PO3}]-xH,0, are isolated. The type 1 oxides exhibit the prototypical three-dimensional (3-D) “pillared” layer architecture.
When n is increased to 6-8, the two-dimensional (2-D) “pillared” slab structure of the type 2 oxides [V,0,(H20)4-
{ O3P(CH,)sPO3}] is encountered. Further lengthening of the spacer to n = 9 provides another 3-D structure, type
3, constructed from the condensation of pillared slabs to give V-P—0 double layers as the network substructure.
When organic cations are introduced to provide charge balance for anionic V=P—0 networks, oxides of types 4-7
are observed. For spacer length n = 3, a range of organodiammonium cations are accommodated by the same
3-D “pillared” layer oxovanadium diphosphonate framework in the type 4 materials [HsN(CH,),NH;3][V404(OH),
{O3sP(CH)3PO3} ) xH,0 [N =2, x =6 (4a); n =3, x =3 (4b); n=4, x =2 (4¢c); n =5, x =1 (4d); n = 6,
x=05 (46); n= 7, x=0 (4f)] and [HgNR]y[V404(OH)2 {03P(CH)3PO3} 2]'XH20 [R = —CHz(NHg)CH2CH3, y=
1, x=10(4g); R = —CH;, n = 2, x = 3 (4h); R = —CH,CHs3, y = 2, x = 1 (4i); R = =CH,CH,CHs, y = 2, x
= 0 (4j); cation = [HoN(CH,CHs)], y = 2, x = 0 (4k)]. These oxides exhibit two distinct interlamellar domains,
one occupied by the cations and the second by water of crystallization. Furthermore, as the length of the cation
increases, the organodiammonium component spills over into the hydrophilic domain to displace the water of
crystallization. When the diphosphonate tether length is increased to n = 5, structure type 5, [HsN(CH,),NH3]-
[V404(OH)2(H20)X{ OsP(CH,)sPO3} 5]-H20, is obtained. This oxide possesses a 2-D “pillared” network or slab structure,
similar in gross profile to that of type 2 oxides and with the cations occupying the interlamellar domain. In contrast,
shortening the diphosphonate tether length to n = 2 results in the 3-D oxovanadium organophosphonate structure
of the type 7 oxide [H3N(CH_)sNH;][V30s{ OsP(CH,).POs} 5. The ethylenediphosphonate ligand does not pillar V-P-0O
networks in this instance but rather chelates to a vanadium center in the construction of complex polyhedral
connectivity of 7. Substitution of piperazinium cations for the simple alkyl chains of types 4, 5, and 7 provides the
2-D pillared layer structure of the type 6 oxides, [HoN(CH2CH)NH,][V202{ OsP(CH),POsH} 5] [n = 2 (6a); n = 4
(6b); n= 6 (6¢)]. The structural diversity of the system is reflected in the magnetic properties and thermal behavior
of the oxides, which are also discussed.

The significant contemporary interest in the rational design catalytic applications, most specifically the remarkable
of new oxide materials reflects their vast compositional range, selective air oxidation of butane to maleic anhydride by
structural diversity, extensive physical properties, and im-
portant application$:* The oxovanadium phosphate system (1) McCarroll, W. H. InEncyclopedia of Inorganic Compoundsing,
(V—P—0 or VOPO) has been extensively developed for Eéféf Ed.; John Wiley & Sons: New York, 1994; Vol. 6, pp 2903
(2) Cheetham, A. KSciencel994 264, 794.
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Oxovanadium Organodiphosphonate System

vanadyl pyrophosphate and vanadyl phosphite-urther- Chart 1
more, the \-P—O system exhibits considerable structural
and compositional varietyreflecting the variable oxidation
states and coordination polyhedra accessible to the vanadium
center, the ability of vanadium polyhedra to aggregate into
oligomers or chain or networf/,O,} "™~ substructures, the
accessible range of vanadium and phosphorus polyhedral
connectivities, and the possibility of protonation of oxygen
sites and coordination of aqua ligands.

The structural diversity of the ¥P—O system may be
further elaborated by organic modification of the phosphate = organic tether () =cation \r) = secondary metal-
component to provide an organophosphonate building block hgand complex
{OsPR}. Metal organophosphonates represent an important
subclass of the metabxides, both in terms of applications
to areas as diverse as catalysis, proton conductivity, ion

exchange, intercalation chemistry, and photochemistry and . .
X ge. | ! N P ISTY dimensional (2-D) network of ¥P—O layers separated by

ical h i hbri oy
as prototypical organic/inorganic hybrid materitt$! More hydrophobic organic domains is the most common type

specifically, vanadyl organophosphonates possess structurally S . .
well-defined internal void spacdd!® which allow the (Chart 1). Investigations of the oxovanadium organodiphos-

materials to intercalate substrates, to act as potential storagtg Egrr:q?;?r fiTtl:?es; nr?:ttgrrilzills ni:ggbeesfxdc;zz:nthle Cs;:;g}g)r(al
devices, and to find use as hybrid composite materials in y y gy

electrooptical applicatior. The advantages of the oxo- because the structural determinants may include the presence

vanadium organophosphonates in applications to the syntheticor absence of cations, the cation identity, and the tether length

design of porousmaterdinclu e theml bty 1207 1) LI o e Spvospenee <2 et
of the metat-oxide V—P—0O substructure, readily modified P Y '

. . . " the fill volume, pH, temperature, and presence of mineralizers
organic substituents, the interplay of hydrophilic and hydro- 8,22 P P

: . ) ; .2~ = such as HR® 23 To assess the structural consequences of
phobic domains, and in certain cases the actual or incipient

coordinative unsaturation of the vanadium sites some of these factors, we have reinvestigated the oxovana-
' dium organodiphosphonate system, focusing on the influ-
ences of the absence or incorporation of organonitrogen

While the oxovanadium organophosphonates exhibit a
range of structure$,ncluding molecular clusters, chains,
layers, and three-dimensional (3-D) frameworks, the two-

(5) Centi, G.; Trifiro, F.; Ebner, J. R.; Franchetti, V. @hem. Re. 1988

88, 55. cations and variations in the tether lengths of the diphos-
(6) Gleaves, J. T.; Centi, GCatal. Today1993 16, 69. phonate ligands. Although the notoriously poor crystallinity
(7) Sananes, M. T.; Hutchings, G. J.; Volta, J.&C.Catal 1998 154 of such materials renders their structural characterization
(8) Hutchings, G. JJ. Mater. Chem2004 14, 3385. difficult, we have succeeded in developing the structural
(9) Finn, R. C.; Zubieta, J.; Haushalter, R.Rrog. Inorg. Chem2003 chemistry of two classes of materials, the first consisting of

51, 451.
(10) The chemistry of the metal organophosphonates has witnessedChar‘-;’(':"ﬂeu”aI V¥P-0O structures (types:L—3) and the

remarkable growth in the past decade. A number of useful reviews second based on anionicA\P—O substructures and incor-
are available: (a) Vioux, A.; LeBideau, J.; Mutin, P. H.; Leclercq, D. ; ; ;
Top. Curr. Chem2004 232, 145. (b) Clearfield, ACurr. Opin. Solid porating org_anomtmgen cations (typfés?). The structures
State Mater. Sci2003 6, 495. (c) Clearfield, AProg. Inorg. Chem. and properties of [YO,(HOX{ OsP(CH,) PG5} ]-xH.0 [n =
1998 47, 371. (d) Alberti, G. InComprehensie Supramolecular 2,x=1@0a;n=3,x=2(1b);n=4,x=3(1c;n=5
Chemistry Atwood, J. L., Davis, J. E. D., Vogel, F., Eds.; Pergamon '~ ' ’ : ; y '
Press: New York, 1996; Vol. 9, p 152. (e) Clearfield, A. In X=3 (1d)], [VZOZ(HZO)4{ OBP(CHZ)GPOR»}] (2), [\/ZOZ(HZO)'
(EZonD”lpr\(;henlsa'eFSL:EpJamglecular Chgmistrz.\lt\lwooc\i(, JkL19DQ%Vi$/S’I Jé {HOP(CH,)sPOsH} 2] (3), [H3N(CHz)nNH3][V 404(OH),-
. D., Vogel, F., Eds.; Pergamon Press: New York, ;Vol. 9, p . _ _ = —
107, (f) Clearfield, A.Chem. Mater1998 10, 2801. (g) Vermeulen, O3 (CH)sPOs}2]-XxH,0 [n = 2,x =6 (48); n = 3,x =3
L. A. Prog. Inorg. Chem1997, 44, 143. (4b);n=4,x=2(40;n=5x=1@d);n=6,x=0.5
(11) Representative examples of recent work on metal organophosphonate = = -
include the following: (a) Kong, D.; Clearfield, AChem. Commun. 9. n=7x 0_(4f)]' and [HSNR]V[V‘lO‘l(O_H)Z{ OEP(CH)B_
2005 1005. (b) Rao, K. P.; Balraj, V.; Minimol, M. P.; Vidyasagar, P Os}2]*XH20 [R = —CHz(NH3)CH,CHs, y = 1, x = 0 (49);
K. Inorg. Chem 2004 43, 4160 and references cited therein. c) R = —CH;, n=2,x=3 (4h); R=—CH),CHs, y=2,x=
Gomez-Alcantara, M. M.; Cabya, A.; Martinez-Lara, M.; Arande, M. . _ _ _ 0. PR
A. G.; Suau, R.; Bhuvanesh, N.; Clearfield, faorg. Chem.2004 1 (4i); R = —CH,CH,CHs, y = 2, x = 0 (4]); cation=
43, 5283. (d) Kong, D.; Li, Y.; Ouyang, X.; Prosvirin, A. V.; Zhao,

H.; Ross, J. H.; Dunbar, K. R.; Clearfield, 8hem. Mater2004 16, (17) Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubiet#ngew.
3020. Chem., Int. Ed. Engl1995 34, 223.

(12) Johnson, J. W.; Jacobson, A. J.; Butler, W. M.; Rosenthal, S. E.; Brody, (18) Soghomonian, V.; Diaz, R.; Haushalter, R. C.; O’Connor, C. J,;
J. F.; Lewandowski, J. TI. Am. Chem. So0d.989 111, 381. Zubieta, JInorg. Chem.1995 34, 4460.

(13) Huan, G.; Jacobson, A. J.; Johnson, J. W.; Corcoran, EChém. (19) Soghomonian, V.; Haushalter, R. C.; ZubietaCem. Mater1995
Mater. 199Q 2, 91. 7, 1648.

(14) Zhu, J.; Bu, X.; Feng, P.; Stucky, G. D.Am. Chem. So200Q 122, (20) Bonavia, G.; Haushalter, R. C.; O’Connor, C. J.; Zubietdndtg.
11563. Chem.1996 35, 5603.

(15) Barton, T. J.; Bull, C. M.; Klemperer, W. G.; Loy, D. A.; McEnaney, (21) Bonavia, G. H.; Haushalter, R. C.; Lu, S.; O’'Connor, C. J.; Zubieta,
B.; Misino, M.; Monson, P. A.; Pey, G.; Scherer, G. W.; Vartuli, J. J.J. Solid State Cheni.997, 132 144.
C.; Yaghi, O. M.Chem. Mater1999 11, 2633. (22) Riou, D.; Serre, C.; Provost, J.; Ferey,J5Solid State Chen200Q

(16) Cheetham, A. K.; Ferey, G.; Loiseau,Angew. Chem., Int. EA.999 155 238.
38, 3268. (23) Riou, D.; Baltazar, P.; Ferey, Golid State Sci200Q 2, 127.
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IR (KBr pellet, cnt1): 3553(b), 3201(b), 2939(w), 2867(w), 1634-
(m), 1458(m), 1404(m), 1314(m), 1169(s), 1076(s), 1020(m), 944-
(s), 790(m).

Synthesis of [\bO2(H20)4{ O3P(CH,)sPO3}] (2). A solution of
NH4VO; (0.107 g, 0.915 mmol), 1,6-hexylenediphosphonic acid
(0.231 g, 0.939 mmol), O (5.00 g, 278 mmol), and HF (0.300
mL, 8.70 mmol) with the mole ratio 0.97:1.00:296:9.27 was stirred
briefly before heating to 180C for 96 h with initial and final pH

All chemicals were used as obtained without further purification. values of 1.5 and 1.5, respectively. Blue rodafere isolated in
Vanadium(V) oxide, vanadyl sulfate hydrate, ammonium meta- 5% yield and were suitable for X-ray diffraction. IR (KBr pellet,
vanadate, 1,2-diaminopropane, 1,3-diaminopropane, 1,4-diaminobu-cm1): 3445(m), 2939(w), 2849(w), 1553(m), 1539(w), 1503(w),
tane, 1,5-diaminopentane, 1,6-diaminohexane, 1,7-diaminoheptane1454(w), 1183(w), 1106(m), 1083(m), 1029(s), 1007(m), 984(m),

(HzN(CHzCHg)z), y= 2, x=0 (4k)], [H 3N(CH2)2NH3][V 404-
(OH)(H20X OsP(CH)sP O3t 2] *H20  (3), [H2N(CHCHy)o-
NH2][V 20{ OsP(CH,),POsH} 2] [n = 2 (6@), n = 4 (6b), n
=6 (60)], and [HN(CHg)sNH3][V 305{ OsP(CH):PGs} 2] (7)
are described.

Experimental Section

piperazine, ethylenediamine, methylamine, ethylamine, propyl-
amine, diethylamine, and hydrofluoric acid (481%) were pur-

chased from Aldrich. The diphosphonate ligands 1,2-ethylene-
diphosphonic acid, 1,3-propylenediphosphonic acid, 1,4-butylene-
diphosphonic acid, 1,5-pentylenediphosphonic acid, 1,6-hexylene-
diphosphonic acid, and 1,9-nonylenediphosphonic acid were pre-

pared according to the literature methd3> All syntheses were
carried out in 23-mL poly(tetrafluoroethylene)-lined stainless steel

921(w), 700(m).

Synthesis of [V HO3P(CH,)9POzH}] (3). A solution of NH,-
VO3 (0.088 g, 0.752 mmol), 1,9-nonylenediphosphonic acid (0.221
g, 0.767 mmol), HO (10.00 g, 556 mmol), and HF (0.200 mL,
5.80 mmol) with the mole ratio 0.98:1.00:725:7.60 was stirred
briefly before heating to 180C for 96 h with initial and final pH
values of 1.5 and 2.0, respectively. Blue crystal8 wfere isolated
in 25% yield and were suitable for X-ray diffraction. IR (KBr pellet,

containers under autogenous pressure. The reactants were stirredm=1): 3445(s), 2930(m), 2849(m), 1467(m), 1395(w), 1129(s),
briefly, and the initial pH was measured before heating. Water was 1047(s), 980(m), 908(m), 795(m), 722(w).

distilled above 3.0 M in-house using a Barnstead model 525
Biopure Distilled Water Center. The initial and final pHs of the
reactions were measured using Hydrion pH sticks.

Synthesis of \,O,(H,0){ O3P(CH,),PO3}]-H,0 (1a). A solu-
tion of V05 (0.169 g, 0.929 mmaol), 1,2-ethylenediphosphonic acid
(0.178 g, 0.937 mmol), kO (10.00 g, 556 mmol), and HF (0.200
mL, 5.80 mmol) with the mole ratio 0.99:1.00:593.4:6.19 was stirred
briefly before heating to 20€C for 72 h with initial and final pH
values of 1.0 and 1.5, respectively. Dark-blue rodslafwere
isolated in 90% yield and were suitable for X-ray diffraction. IR
(KBr pellet, cnr?l). 3508(w), 3291(b), 1639(m), 1418(m), 1198-
(s), 1065(s), 1019(m), 939(s), 786(m).

Synthesis of [MO(H,0){ O3P(CH,)3PO3}]-2H,0 (1b). A solu-
tion of VOSQ, (0.225 g, 1.380 mmol), 1,3-propylenediphosphonic
acid (0.194 g, 0.937 mmol), # (10.00 g, 556 mmol), and HF
(0.350 mL, 10.14 mmol) with the mole ratio 1.45:1.00:584.6:10.66
was stirred briefly before heating to 18C for 48 h with initial
and final pH values of 1.5 and 1.5, respectively. Blue crystals of
1b were isolated in 90% yield and were suitable for X-ray
diffraction. IR (KBr pellet, cm?): 3515(w), 3227(b), 1630(m),
1410(m), 1178(s), 1065(s), 1025(m), 939(s), 786(m).

Synthesis of [\,O,(H,0){ O3P(CH,)4PO3}]-3H,0 (1c). A solu-
tion of NH,VO3 (0.107 g, 0.915 mmol), 1,4-butylenediphosphonic
acid (0.210 g, 0.963 mmol), 4 (10.00 g, 556 mmol), and HF
(0.300 mL, 8.70 mmol) with the mole ratio 0.95:1.00:577:9.0 was
stirred briefly before heating to 20T for 96 h with initial and
final pH values of 1.5 and 2.0, respectively. Blue platet@ivere
isolated in 85% yield and were suitable for X-ray diffraction. IR
(KBr pellet, cnr1): 3553(b), 3219(b), 2930(w), 2858(w), 1634-
(m), 1454(m), 1404(m), 1332(m), 1296(w), 1169(s), 1070(s), 1020-
(m), 939(s), 786(m).

Synthesis of \,O,(H20){ O3P(CH_)sPO3}]-3H,0 (1d). A solu-
tion of NH,VO3 (0.107 g, 0.915 mmol), 1,5-pentylenediphosphonic
acid (0.220 g, 0.948 mmol), # (10.00 g, 556 mmol), and HF
(0.300 mL, 8.70 mmol) with the mole ratio 0.97:1.00:587:9.18 was
stirred briefly before heating to 200 for 96 h with initial and
final pH values of 1.5 and 1.5, respectively. Blue crystalslof
were isolated in 85% yield and were suitable for X-ray diffraction.

(24) Amnold. D. I.; Ouyang, X.; Clearfield, AChem. Mater2002 14, 2020.
(25) Horne, J. C.; Blanchard, C. J. Am. Chem. Sod.996 118 12788.
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Synthesis of [NH(CH2)2NH3][V 404(OH)2(H20){ OsP(CH.)s-
POz} ,]-4H,0 (4a). A mixture of V,0s5 (0.169 g, 0.929 mmol), 1,3-
propylenediphosphonic acid (0.191 g, 0.936 mmo}pQH10.00 g,
556 mmol), ethylenediamine (0.085 mL, 1.27 mmol), and HF (0.250
mL, 7.25 mmol) in the mole ratio 1.00:1.00:599:1.18:7.80 was
stirred briefly before heating to 20T for 72 h. Initial and final
pH values of 2.5 and 2.5, respectively, were recorded. Blue crystals
of 4asuitable for X-ray diffraction were isolated in 90% yield. IR
(KBr pellet, cnr?): 3499(s), 3120(m), 2948(w), 1634(m), 1553-
(W), 1413(w), 1354(w), 1201(m), 1156(m), 1020(s), 980(m), 908-
(m), 772(m), 722(w).

Synthesis of [NH(CH2)3sNH3][V 404(0OH){ O3P(CH,)3:PO3} 2]
3H,0O (4b). A mixture of V,0s (0.169 g, 0.929 mmol), 1,3-
propylenediphosphonic acid (0.191 g, 0.936 mmopPH10.00 g,
556 mmol), 1,3-diaminopropane (0.092 mL, 1.10 mmol), and HF
(0.250 mL, 7.25 mmol) in the mole ratio 1.00:1.00:599:1.18:7.80
was stirred briefly before heating to 20C for 72 h. Initial and
final pH values of 2.5 and 2.5, respectively, were recorded. Blue
crystals of4b suitable for X-ray diffraction were isolated in 90%
yield. IR (KBr pellet, cntl): 3499(s), 3120(m), 2948(w), 1634-
(m), 1553(w), 1413(w), 1354(w), 1201(m), 1156(m), 1020(s), 980-
(m), 908(m), 772(m), 722(w).

Synthesis of [lsN(CH2)sNH3][V 404(OH){ O3P(CH,)3:PO3} 5]
2.5H,0 (4c). A solution of V,0s (0.170 g, 0.935 mmol), 1,3-
propylenediphosphonic acid (0.191 g, 0.936 mmopOH10.00 g,
556 mmol), 1,4-diaminobutane (0.100 g, 1.13 mmol), and HF (0.150
mL, 4.35 mmol) in the mole ratio 1.00:1.00:594:0.96:4.60 was
stirred briefly before heating to 20 for 72 h (initial and final
pH values were 2.5 and 3.0, respectively). Blue crystalglof
suitable for X-ray diffraction were isolated in 90% vyield. IR (KBr
pellet, cnT1): 3508(s), 3101(m), 2957(w), 1630(m), 1503(m), 1458-
(W), 1413(w), 1354(w), 1196(m), 1147(m), 1020(s), 980(m), 772-
(m), 718(w).

SyntheSiS of [HQ,N(CH 2)5NH3][V 404(OH)2{ OgP(CHg)gPOg} 2] .

H,O (4d). A solution of V,Os (0.170 g, 0.935 mmol), 1,3-
propylenediphosphonic acid (0.191 g, 0.936 mmopOH10.00 g,

556 mmol), 1,5-diaminopentane (0.105 mL, 0.897 mmol), and HF
(0.150 mL, 4.35 mmol) in the mole ratio 1.00:1.00:594:0.96:4.60
was stirred briefly before heating to 20C€ for 72 h (the initial
and final pH values were 2.5 and 3.0, respectively). Blue crystals
of 4d suitable for X-ray diffraction were isolated in 90% vyield. IR
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(KBr pellet, cnr1): 3508(s), 3101(m), 2957(w), 1630(m), 1503-
(m), 1458(w), 1413(w), 1354(w), 1196(m), 1147(m), 1020(s), 980-
(m), 772(m), 718(w).

Synthesis of [lN(CH2)sNH3][V 404(0OH) 2} O3P(CH,)3P O3} o]+
0.5H,0 (4e). A solution of V,0Os (0.170 g, 0.935 mmol), 1,3-
propylenediphosphonic acid (0.190 g, 0.931 mmopOH10.00 g,
556 mmol), 1,6-diaminohexane (0.115 g, 0.986 mmol), and HF
(0.200 mL, 5.80 mmol) in the mole ratio 1.00:1.00:597:1.18:6.20
was heated at 200C for 72 h (initial and final pH values were 2.0
and 2.5, respectively). Blue plates4#were isolated in 90% yield.

IR (KBr pellet, cnT?): 3535(s), 3083(w), 1634(m), 1530(m), 1463-
(w), 1413(w), 1350(w), 1255(w), 1201(m), 1142(m), 1020(s), 980-
(m), 772(m), 718(m).

Synthesis of [lsN(CH2)7/NH;3][V 404(0OH){ O3P(CH,)3P O3} 5]

(4f). A solution of \,0s (0.170 g, 0.935 mmol), 1,3-propylene-
diphosphonic acid (0.191 g, 0.936 mmol),® (10.00 g, 556
mmol), 1.7-diaminoheptane (0.115 g, 0.884 mmol), and HF (0.150
mL, 4.35 mmol) in the mole ratio 1.00:1.00:594:0.96:4.60 was
stirred briefly before heating to 200 for 72 h (initial and final

pH values were 2.5 and 3.0, respectively). Blue crystalgtof
suitable for X-ray diffraction were isolated in 90% vyield. IR (KBr
pellet, cnTl): 3508(s), 3101(m), 2957(w), 1630(m), 1503(m), 1458-
(w), 1413(w), 1354(w), 1196(m), 1147(m), 1020(s), 980(m), 772-
(m), 718(w).

Synthesis of [CHCH2(NH3)CHNH3][V 404(OH){ O3P(CH,)s-
PO3};] (4g). A solution of V,0s (0.170 g, 0.935 mmol), 1,3-
propylenediphosphonic acid (0.190 g, 0.931 mmopQOH10.00 g,
556 mmol), 1,2-diaminopropane (0.092 mL, 1.10 mmol), and HF
(0.200 mL, 5.80 mmol) in the mole ratio 1.00:1.00:597:1.18:6.20
was heated at 208C for 72 h (initial and final pH values of 2.0
and 2.5, respectively). Blue plates4gwere isolated in 45% vyield.

IR (KBr pellet, cnT?): 3535(s), 3083(w), 1634(m), 1530(m), 1463-
(w), 1413(w), 1350(w), 1255(w), 1201(m), 1142(m), 1020(s), 980-
(m), 772(m), 718(m).

Synthesis of [NHCH ][V 404(OH) { O3P(CH,)3P O3} 5]-3H,0
(4h). A mixture of V,Os (0.169 g, 0.929 mmol), 1,3-propylene-
diphosphonic acid (0.191 g, 0.936 mmol),® (10.00 g, 556
mmol), methylamine (40%; 0.310 mL, 3.99 mmol), and HF (0.100
mL, 2.90 mmol) in the mole ratio 1.00:1.00:599:4.26:3.10 was
stirred briefly before heating to 20 for 48 h. Initial and final

pH values of 3.5 and 3.5, respectively, were recorded. Blue plates P 3:0)- IR (KBr pellet, ¢

of 4h suitable for X-ray diffraction were isolated in 90% yield. IR
(KBr pellet, cnl): 3499(s), 3120(m), 2948(w), 1634(m), 1553-
(w), 1413(w), 1354(w), 1201(m), 1156(m), 1020(s), 980(m), 908-
(m), 772(m), 722(w).

SyntheSiS of [N"bCHgCHg]z[V404(OH)2{O3P(CH2)3PO3}2]‘
H.,O (4i). A solution of V,0s (0.170 g, 0.935 mmol), 1,3-
propylenediphosphonic acid (0.191 g, 0.936 mmophOH10.00 g,
556 mmol), ethylamine (70%) (0.250 mL, 3.88 mmol), and HF
(0.050 mL, 1.45 mmol) in the mole ratio 1:00:1.00:594:4.14:1.55
was stirred briefly before heating to 20Q for 48 h (initial and
final pH values were 3.0 and 4.5, respectively). Blue platediof
suitable for X-ray diffraction were isolated in 90% yield. IR (KBr
pellet, cntl): 3508(s), 3101(m), 2957(w), 1630(m), 1503(m), 1458-
(w), 1413(w), 1354(w), 1196(m), 1147(m), 1020(s), 980(m), 772-
(m), 718(w).

SyntheSiS of [N HCH 2CH20H3]2[\/404(OH)2{ O3P(CH2)3P03}2]

(4j). A solution of V,0s (0.170 g, 0.935 mmol), 1,3-propylene-
diphosphonic acid (0.190 g, 0.931 mmol),® (10.00 g, 556
mmol), propylamine (0.220 mL, 3.72 mmol), and HF (0.050 mL,

1.45 mmol) in the mole ratio 1.00:1.00:597:3.97:1.55 was heated

at 200°C for 48 h (initial and final pH values of 3.0 and 4.0,
respectively). Blue rods ofj were isolated in 85% yield. IR (KBr

pellet, cnt1): 3535(s), 3083(w), 1634(m), 1530(m), 1463(w), 1413-
(w), 1350(w), 1255(w), 1201(m), 1142(m), 1020(s), 980(m), 772-
(m), 718(m).

Synthesis of [N Fh(CH 2CH3)2] 2[\/404(OH)2{ OgP(CHz):gPOs}z]‘
4H,0 (4k). A mixture of V,0s (0.169 g, 0.929 mmol), 1,3-
propylenediphosphonic acid (0.191 g, 0.936 mmophOH10.00 g,
556 mmol), diethylamine (0.270 mL, 2.46 mmol), and HF (0.075
mL, 2.18 mmol) in the mole ratio 1.00:1.00:599:2.63:2.33 was
stirred briefly before heating to 20 for 48 h. Initial and final
pH values of 4.0 and 4.5, respectively, were recorded. Blue rods
of 4k suitable for X-ray diffraction were isolated in 70% yield. IR
(KBr pellet, cnr?): 3499(s), 3120(m), 2948(w), 1634(m), 1553-
(w), 1413(w), 1354(w), 1201(m), 1156(m), 1020(s), 980(m), 908-
(m), 772(m), 722(w).

Synthesis of [FN(CH2)oNH3][V 404(OH){ O3P(CH2)sP O3} 2] -
0.75H,0 (5). A solution of NH,VO3 (0.219 g, 1.872 mmol), 1,5-
pentylenediphosphonic acid (0.218 g, 0.939 mmo}OHi10.00 g,
556 mmol), ethylenediamine (0.090 mL, 1.34 mmol), and HF (0.200
mL, 5.80 mmol) in the mole ratio 2.00:1.00:593:1.43:6.20 was
heated at 180C for 72 h (initial and final pH values of 3.0 and
3.5, respectively). Blue plates &f suitable for X-ray diffraction
were isolated in 75% yield. IR (KBr pellet, crf): 3454(s), 3218-
(w), 3038(m), 2930(m), 1621(m), 1508(m), 1454(w), 1408(w),
1300(w), 1038(s), 980(m), 799(m), 709(w).

SyntheSiS of [N I‘b(CH 2CH2)2NH2][V 202{ HO3P(CH2)2P03} 2]
(6a). A solution of V,Os (0.169 g, 0.929 mmol), 1,2-ethylene-
diphosphonic acid (0.180 g, 0.947 mmol),® (10.00 g, 556
mmol), piperazine (0.122 g, 1.42 mmol), and HF (0.250 mL, 7.25
mmol) in the mole ratio 0.98:1.00:587:1.50:7.66 was heated to 200
°C for 72 h to provide blue plates &&a in 85% yield (initial pH,
2.0; final pH, 2.5). IR (KBr pellet, cmb): 3047(m), 2921(w), 2822-
(w), 2560(w), 2488(w), 1621(m), 1454(m), 1413(w), 1323(w),
1196(m), 1142(m), 1043(s), 939(m), 871(w), 772(m), 709(m).

SyntheSiS of [N"b(CH 2CH2)2NH2][\/ 202{HO3P(CH2)4PO3}2]
(6b). The reaction of YOs (0.133 g, 0.731 mmol), 1,4-butylene-
diphosphonic acid (0.083 g, 0.381 mmol),® (10.00 g, 556
mmol), piperazine (0.101 g, 1.17 mmol), and HF (0.250 mL, 5.80
mmol) in the mole ratio 1.92:1.00:1459:3.08:15.2 at $8Cfor 96
h produced blue plates @b in 65% yield (initial pH, 3.0; final
m%): 3056(m), 2948(w), 2731(w), 2560-
(w), 2488(w), 2361(w), 1616(m), 1458(m), 1408(w), 1323(w),
1192(w), 1143(w), 1043(s), 1007(m), 957(m), 935(m), 777(m), 709-
(m).

Synthesis of [NH(CH>CH5),NH][V 20,{ HO3P(CH,)sPOs3}]
(6¢). A solution of V,0s (0.134 g, 0.737 mmol), 1,6-hexylene-
diphosphonic acid (0.096 g, 0.390 mmol),® (10.00 g, 556
mmol), piperazine (0.101 g, 1.17 mmol), and HF (0.200 mL, 5.80
mmol) in the mole ratio 1.89:1.00:1426:3.00:14.87 was stirred
briefly before heating to 180C for 72 h. The initial and final pH
values were 2.5 and 2.5, respectively. Blue rod§o$uitable for
X-ray diffraction were isolated in 75% yield. IR (KBr pellet, c):

3047(m), 2939(w), 2849(w), 2560(w), 2479(w), 1612(w), 1458-
(m), 1408(w), 1327(w), 1183(w), 1151(m), 1043(s), 1011(m),
944(m), 804(w), 777(m), 754(m), 713(m).

Synthesis of [HN(CH2)sNH3][(V s03){ OsP(CH2)-POs} 7] (7).

A mixture of V,0s (0.170 g, 0.935 mmol), 1,2-ethylenediphos-
phonic acid (0.175 g, 0.921 mmol) .8 (5.00 g, 278 mmol), 1,5-
diaminopentane (0.125 mL, 0.539 mmol), and HF (0.350 mL, 10.14
mmol) in the mole ratio 1.00:1.00:302:0.59:11.0 was heated to 180
°C for 48 h. Initial and final pH values of 1.5 and 2.0, respectively,
were recorded. Green crystals Dfsuitable for X-ray diffraction
were isolated in 90% yield. IR (KBr pellet, crf): 3138(m), 3065-
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(m), 2930(w), 2849(w), 1601(m), 1509(m), 1467(w), 1408(w), a TTK 450 heating stage using CwKadiation. The powder was
1295(m), 1177(m), 1086(s), 1048(s), 1000(m), 993(s), 813(w), 738- placed in the sample holder, which acted as the heating system.
(m). The step size was 0.02n 260, and the heating rate from room
X-ray Crystallography. Crystallographic data for the com- temperature to 278C was 0.5°C/s and that for the temperature
pounds were collected with a Bruker P4 diffractometer equipped range from 300 to 428C was 0.2°C/s. The delay time between
with a SMART CCD syste? and using Mo Kt radiation ¢ = reaching the set temperature and measuring the diffraction pattern
0.710 73 A). The data were collected at 90 K and corrected for was 5 min. All temperature spectra were collected under vacuum.
Lorentz and polarization effects.Absorption corrections were
made usingADABSSE The structure solutions and refinements were Results and Discusson.

carried out using thEHELXT 2 crystallographic software package. .
The structures were solved using direct methods, and non-hydrogen Syntheses and IR SpectroscopyThe metat-oxide hy-

atoms were located from the initial solution. After locating all of Prids of this study were prepared by conventional hydro-

the non-hydrogen atoms in each structure, the model was refinedthermal rnethod%‘}““). which are now routinely applied to
againstF 2, initially using isotropic and then anisotropic thermal the isolation of organieinorganic composite materigisThe

displacement parameters, until the final valueAdfmax was less materials of the oxovanadium organodiphosphonate family
than 0.001. Hydrogen atoms were introduced in calculated positions (types 1—3) were prepared from a vanadate salt, the
and refined isotropically. Neutral atom-scattering coefficients and appropriate diphosphonate, andHin the presence of a
anomalous dispersion corrections were taken fronirtteznational small amount of HF, acting as a mineralizer. In the absence
Tables vol. C. ) ) of HF, only microcrystalline materials could be isolated. HF
For compound, the V1 and V2 sites are disordered about o -oq;maply modifies the solubility of the reactants and
positions along the O4V1—05-V2-06 vector. The vanadium 4, and promotes crystal growth. The compounds of
sites occupy positions above and below the O4 plane of the . . .
the oxovanadium organodiphosphonate-organoammonium

diphosphonate oxygen donors so as to produce thedsingrt V—O . L -
bond length alternationsO4—=V1a—05=\V2b—06} and {O4— cation class (typed—7) were similarly synthesized from the

V1b=05-V2b=06} . This behavior is quite common in vanadium ~ appropriate vanadium source, a diphosphonate, an organo-

oxide phase®? The V1 site of compoundlg is also disordered
along the V1-0O2 vector. The [HNCH,CH(NH;3)CH;z]?* cation of
4gis disordered about the center of symmetry at 0.25, 0.25, 0.

nitrogen compound, and water at 18200°C for 72—96 h,
in the presence of HF.
Crystals suitable for single-crystal X-ray studies were

4h was determined to be a nonmerohedral twin from the initial optained for oxides of typesd—3 for diphosphonates

diffraction pattern. The progra@ell_Now?°was used to determine

{OsP(CH,),PO3} 4 with n = 2—6 and 9. Microcrystalline

that 4h was composed of two crystal domains, with the second
domain rotated by 180with respect to the first crystal domain. A
twin law was created and imported into tBAINT-Plussoftware
packagé! where the data were corrected for Lorentz and polariza- ', . ] . .
tion effects and absorption usinigNVINABS*? The structure was with ent_ra'ned organoammonlum cations (types) suitable
then solved by direct methods. crystalline materials were obtained for= 2—6. Forn > 7,
Crystallographic details have been summarized in Table 1. Only mixtures were observed under the conditions of
Selected bond lengths and angles for the structures are summarize8ynthesis.
in Table 2. The IR spectra of all materials exhibit a band in the 945
Magnetism. The magnetic data were recorded on polycrystalline 983-cnt? region assigned to(V=0). A series of three or
samples ofl in the 2-300 K temperature range using a Quantum  four bands in the 10001200-cnT? region is characteristic
Design MPMS-5S SQUID spectrometer. Calibrating and operating of tpe (RPQ) group® The O-H stretching bands of the
procedures have been reported elsewRerghe temperature- oo of crystallization are observed at ca. 3200°&rithe
dependent magnetic data were obtained at a magnetic fi¢ld-of . .
1000 O, band is absent in the IR spectradf3, 4f, 4g, 6a—c, and?,
Thermogravimetric Analysis (TGA). TGA studies were per- which do npt contain any water moleculles. The brogd bands
formed using 16-25-mg samples in a TA Instruments TGA Q 500 obseryed in ?‘” cases at 286@950 cm* are most likely
under a 50 mL/min flow of synthetic air. The temperature was @associated with strongly hydrogen-bonded hydroxyl groups
ramped from 25 to 650°C at a rate of 5°C/min for the or coordinated water moleculés.
decomposition. X-ray Structures. The common structural motif of
inorganic layers, VP—O in these cases, buttressed by the

materials were obtained for= 7, 8, 10, and 12, and those
with n =7 and 8 were isomorphous wighwhile those with
n =10 and 12 were isomorphous wish For the materials

Thermodiffraction. Thermodiffraction data were collected on
a Bruker AXS D8 Advance automated diffractometer equipped with

(33) O’Connor, C. JProg. Inorg. Chem1979 29, 203.

(34) Whittingham, M. SCurr. Opin. Solid State Mater. Scd996 1, 227.

(35) Gopalakrishnan, £hem. Mater1995 7, 1265.

(36) Fing, S.; Xu, RAcc. Chem. Re001, 34 239.

(37) Rabenau, AAngew. Chem., Int. Ed. Engl985 24, 1026.

(38) Weller, M.; Dann, S. ECurr. Opin. Solid State Mater. Sc1998 3,
137.

(39) Laudise, P. AChem. Eng. New&987 Sept 28, 36-43.
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Oxovanadium Organodiphosphonate System

Table 1. Crystal Data for the Structures of f@(H20)}{ OsP(CH)POs}]*xH0 [n=2,x=1(1a; n=3,x=2 (lb); n=4,x=3 (1c;n=5,x=
3 (1d)], [V 202(H20){ OsP(CHy)6PO3}] (2), [V 202(H20{ HOsP(CHy)oPOsH} 2] (3), (cat.)[VaOs(OH)o{ OsP(CH,)sPOst 2] -xH20 [cat. =
{H3N(CH2)2NH3}2+, X=4 (461); cat.= {H3N(CH2)3NH3} 2+, X=3 (4b); cat.= {H3N(CH2)4NH3} 2+, X=2 (4C); cat.= {H3N(CH2)5NH3} 2+, x=1
(4d); cat.= {HaN(CH)eNH3z}2t, x = 0.5 @e); cat. = {H3N(CHy);NH3} 2", x = 0 (4f); cat. = { CH3CH2(NH3)CH;NH3)}2t, x = 0 (4g); cat. =

2X{ NH3CHgz} *, x = 3.0 @h); cat. = 2x{ NH3CH,CHgz} *, x = H,O (4i); cat.= 2x{ NH3CH,CH,CHz} *, x = 0 (4j); cat. = 2x{ NH2(CHCHz)2} *, x =
4H,0 (4K)] [H3aN(CHa)2NH3][V 404(OH)o{ H20) O3P(CHy)sPOs} 2] -H20 (5), [H2N(CH2CHy)oNH3][V 20 OsP(CHy)nPOsH} 2] [n = 2 (6a), n = 4 (6b), n
= 6 (60)], and [HsN(CH)sNH3][V 303{ OsP(CHy).PCs} 2] (7)

Inorganic Chemistry,

la 1b lc 1d 2 3
empirical formula @sH2025P05V o5 Co.74H302.78P0.5V o5 C1H403PosVo s C1.29H4.503PosVos C3H1006PV C4.58H1003.5P Vo s
fw 88.98 96.99 105.00 108.50 224.02 176.57
cryst syst orthorhombic orthorhombic orthorhombic orthorhombic monoclinic tetragonal
space group Cmecm Immm Cmem Immm 2ffc 14/m
a, 7.4670(5) 7.427(1) 7.4362(5) 7.4330(4) 14.094(1) 8.9297(3)
b, A 13.8824(9) 9.348(2) 19.149(1) 9.3673(5) 5.2746(4)
c A 9.3289(6) 16.793(3) 9.3446(6) 21.836(1) 10.1660(8) 34.847(2)
p, deg 94.606(2)
Vv, A3 967.0(1) 1165.8(3) 1330.6(2) 1520.4(1) 753.3(1) 2778.6
z 16 16 16 16 4 16
Dealo 2.445 2.430 2.096 1.896 1.975 1.688
gcnrs
w, mm-t 2.305 2.210 1.703 1.494 1.511 0.968
T,K 90 90 90 90 90 90
A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
R1 0.0233 0.0578 0.0435 0.0408 0.0601 0.0290
wR2 0.0715 0.1217 0.0789 0.0948 0.1149 0.0744
4a 4b 4c 4d de Af
empirical formula GH17.NO11.7P5V 2 C48H16NO10 PV 2 CsH16 NO10.24V2 Cs.5H1600. NP2V, CgH169NOg 25V 2 Ce.5H17/NOgP,V
fw 431.51 416.00 418.51 412.01 414.52 417.03
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space group C2/c C2lc C2lc C2lc C2/lc C2/lc
a, 14.579(1) 15.5527(7) 15.200(1) 15.712(1) 15.640(1) 15.822(2)
b, A 10.2424(8) 10.0841(5) 10.2122(7) 10.030(2) 10.2112(7) 10.0614(9)
c A 18.782(1) 18.7813(8) 18.590(1) 18.656(2) 18.6795(14) 18.610(2)
f, deg 98.837(1) 104.423(1) 103.530(1) 103.328(2) 105.484(1) 104.292(2)
vV, A3 2771.3(4) 2852.7 2805.7(3) 2861.0(5) 2875.0(4) 2870.9(5)
z 8 8 8 8 8
[BISS 2.068 1.937 1.982 1.913 1.915 1.930
gecn?
w, mm-t 1.639 1.582 1.608 1.572 1.564 1.565
T,K 90 90 90 90 90 90
A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
R1 0.0456 0.0331 0.0597 0.0445 0.0669 0.0627
wR2 0.1115 0.0826 0.1382 0.1014 0.1498 0.1184
49 4h 4 4j 4k 5
empirical formula GsH1270NOgP2V C4H16NO1o5P2V 2 CsH1sNOg 5P,V 2 CsH17NOgP,V 2 C7H1950NOgP2V C12H32.7N2018 79P4V 4
388.73 410.00 405.00 411.03 425.56 832.79
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic orthorhombic
space group C2/c C2lc C2lc C2lc C2lc Cmc2
a, 15.235(1) 15.003(3) 15.0877(9) 15.4228(9) 15.2768(8) 30.947(2)
b, A 10.1817(6) 10.126(2) 10.2027(6) 10.2047(6) 10.2216(6) 10.6168(8)
c, A 18.697(1) 18.604(4) 18.6376(11) 18.7078(11) 18.6279(10) 18.604(1)
B, deg 103.524(1) 101.00(3) 102.5210(10) 103.8350(10) 103.2520(10)
vV, A3 2819.7(3) 2774.3(10) 2800.7(3) 2858.9(3) 2831.4(3) 6112.5(8)
z 8 8 8 8 8
Deaios 1.831 1.963 1.921 1.910 1.997 1.810
gcnr3
w, mmrt 1.586 1.625 1.604 1.570 1.589 1.472
T,K 90 90 90 90 90 90
A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
R1 0.0604 0.0803 0.0442 0.0367 0.0529 0.0705
wR2 0.1210 0.1654 0.1114 0.0964 0.1461 0.1331
6a 6b 6C 7
empirical formula G-HJ_1N07P2V CsH1isNOPV CgH1aNOPV CoH24N2015P4V 3
fw 298.02 326.07 354.12 677.00
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2,/c P2i/c P2:/c P2i/c
a, 12.2895(15) 14.605(1) 16.941(3) 16.325(2)
b, A 13.466(2) 13.4811(9) 13.470(2) 13.336(1)
c A 6.0846(7) 6.0678(4) 6.055(1) 10.1019(9)
f, deg 103.401(2) 98.730(1) 95.026(4) 89.994(2)
vV, A3 979.5(2) 1180.8(1) 1376.5(4) 2199.3(3)
z 4 4 4 4
Deale, g CNT3 2.021 1.834 1.709 2.045
u, mmt 1.356 0.7274 0.6953 1.616
T,K 90 90 90 90
2 A 0.71073 0.71073 0.71073 0.71073
R1 0.0525 0.0735 0.0771 0.0340
wR2 0.1510 0.1619 0.1378 0.0830
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Table 2. Selected Bond Lengths (A) and Valence Séfd the Vanadium lons for the Oxides of This Study

1a 5 3 4a 5 6a 7
V—0(ox0) 1.595(2) 1.590(3) 1.579(3) 1.592(2) 1.620(3) 1.596(6) 1.575(7) 1.592(3) 1.585(2) 1.588(2) 1.585(2)
V-0 1.948(1)x 2 1.971(2) 2.031(2x 4 1.951(2) 1.976(2) 1.954(5) 1.936(5) 1.945(3) 1.952(2) 1.958(2) 1.952(2)
(phosphonate)
2.057(1)x 2 1.998(2) 1.966(2) 1.980(2) 1.972(5) 1.958(5) 1.950(3) 1.957(2) 1.959(2) 1.957(2)
2.058(2) 1.996(2) 1.995(2) 1.982(6) 1.977(5) 1.968(3) 1.990(2) 1.966(2) 1.987(2)
1.990(5) 1.978(5) 2.022(3) 1.991(2) 1.967(2) 1.990(2)
V-0 1.942(2) 1.978(2)
(hydroxide)
V-0 2.369(2) 2.025(2) - 2.421(3)
(aqua)
2.348(3)
Sst2 3.91 3.98 3.83 4.14 4.08 4.06 4.13 4.09 4.12 4.17 4.13
P-0O 1.512(1)x 2 1.513(2) 1.514(2) 1.524(2) 1.526(2) 1.495(5) 1.519(6) 1.521(3) 1.515(3) 1.515(2) 1.518(2) 1.518(2) 1.515(2)

1.563(2) 1.536(2) 1.522(2) 1.525(2) 1.530(2) 1.521(5) 1.526(5) 1.533(3) 1.523(3) 1.526(2) 1.524(2) 1.525(2) 1.527(2)
1.552(2) 1.583(1) 1.536(2) 1.530(2) 1.522(5) 1.526(5) 1.539(3) 1.570(3) 1.534(2) 1.533(2) 1.534(2) 1.536(2)

organic spacers of the diphosphonate ligand, is adopted byextends into an intralamellar cavity produced by a 6-poly-
the oxides of typesl—6 of this study. The series of hedral connect ofV3P;Og} 12-membered ring. The terminal
compoundsla—d exhibit a 3-D structure based on the oxo group is directed into the intralamellar domain.
identical 2-D{V,0,(H,0)(0sP—)2} networks linked through Each{ POs;} terminus of the diphosphonate ligands engages
the —(CH,),— chains of the ligand, as shown in Figure 1&b. in corner-sharing with three vanadium octahedra of a layer.
The V—P—0O layer substructure is constructed from face- The organic tethet-(CH,)s— makes an angle of 77.5vith
sharing pairs of vanadium(lV) octahedra and phosphorusthe V—P—0 layers, producing an alignment of linked layers
tetrahedra. The vanadium octahedra of the binuclear siteswhich is one polyhedral unit out of registry. Thus, viewed
are defined by four oxygen donors from four phosphonate along theb crystallographic axis, a vanadium octahedron of
phosphorus groups, a terminal oxo group, and an aqua ligandone layer sits above a phosphorus tetrahedron of an adjacent
bridging the vanadium(IV) site¥. Each phosphorus tetra- layer.

hedron links three vanadium binuclear units of a layer with  Further expansion of the tether lengthrte= 9 results in
two oxygen donors terminally bound to two vanadium sites the overall 3-D structure 08, shown in Figure 1le,f. The

of adjacent binuclear units and the third bridging vanadium relationship of3 to 2 is quite clear because once again here
octahedra of a single binuclear unit. The organic chains of are slabs defined by twovP—O networks tethered by the
the diphosphonate ligands extend outward from either face diphosphonate chains. However, in this instance, th&vO

of a V—P—O0 layer and serve to link adjacent layers in a networks of adjacent slabs are linked through bridging aqua
characteristic “pillared” layer architecture. The expansion of ligands to produce the overall 3-D connectivity and an
the tether length froniato 1d is reflected not only in the  unusual \-P—0O double layer, two polyhedra in thickness.
interlamellar separationlé, 4.36 A; 1b, 5.71 A; 1c, 6.92 Viewed along thec axis, there are two repeat distances
A; 1d, 8.23 A) but also in the void volume accessible to between \-P—O single layers: 13.49 A through the nonyl
solvent molecules. Thus, the number oftHmolecules of tethers and 17.68 A through the aqua bridges. The network
crystallization increases from 1 to 3 adncreases from 2 substructure o8 is distinct from those ofl and2 because

to 5 and the solvent accessible volume per unit cell volume each vanadium(IV) octahedron coordinates to four oxygen

increases from ca. 15% to 23.5%. donors from four phosphonate ligands in @ieplane with
Curiously, whem = 6, a new structure type is observed, the terminal oxo group and the aqua ligand in the axial
as depicted in Figure 1 c,d. CompouBdexhibits overall positions.

2-D connectivity, manifested as isolated slabs of 13.47-A  Each{PQs} terminus of the diphosphonate ligands engages
thickness stacked along theaxial direction. In this instance, in corner-sharing to two vanadium octahedra, leaving one
the diphosphonate tethers project from a single face of thependant{P—OH} group at each phosphorus site. The
V—P-0 layer and consequently link to a single adjacent protonation of the O2 site is apparent from the® bond
oxide layer. The distance between—¥—0O planes of distance of 1.583(1) A, compared to an average distance of

adjacent slabs is 3.28 A. 1.518(2) A for the other PO bonds, and from the observa-
The network substructure @fis also distinct from that of ~ tion of the proton in the final Fourier maps. _
la—d and is constructed from isolat¢®¥Og} octahedra and The introduction of organonitrogen cations results in

phosphorus tetrahedra. The vanadium(lV) geometry is de-dramatic structural perturbations. While compoudds-k

fined by three oxygen donors from three phosphonate ligandsexhibit the prototypical “pillared” layer architecture (Figure
and an aqua ligand in the oxide plane with a terminal oxo 2a,0, other structural details are quite distinct from those
group and an aqua ligand in the axial positions. The axial of the serieda—d. The V—P—O networks consist of corner-
aqua ligands project into the interlamellar void to generate sharing pairs of vanadium square pyramids and octahedra
a highly hydrophilic domain, while the basal aqua group and phosphorus tetrahedra. The square-pyramidal geometry
is defined by three oxygen donors from three diphosphonate
(44) Brown, I. D.; Alternatt, DActa Crystallogr., Sect. @985 41, 244. ligands and a bridging hydroxy group in the-?—0 plane
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Figure 1. Polyhedral representations of the structures of materials of typ@&s viewed both parallel to the ¥P—O plane and normal to the-WP—O
plane: (a and b}d; (c and d)2; (e and f)3.

and an axial oxo group, while the six-coordinate site exhibits ture of 5 is nearly identical with that of the serieka—d
the same in-plane coordination but with axial oxo and aqua with the exception that the aqua ligand is absent from every
groups. The oxo groups of the vanadium centers of a other vanadium binuclear unit. Consequently, there are two
binuclear unit adopt the anti orientation with respect to the distinct binuclear vanadium sites: one consisting of a corner-
V—P—0 plane and project from either face of the plane into sharing octahedron and square pyramid and the second
the domains of the organic tethers. constructed from a pair of corner-sharing square pyramids.

Each phosphorus tetrahedron exhibits corner-sharing toThere are two differen{PO;} sites associated with the
three vanadium polyhedra: the octahedral site of a binucleary _p_g |ayers. One phosphorus tetrahedron bridges two
unit and both vanadium sites of an adjacent binuclear unit. 34acent binuclear vanadium subunits by corner-sharing to
The polyhedral connectivity generates eight polyhedral {he octahedral site of one and to both square-pyramidal sites
connects 0 V4P:Og} rings, as well as three connects and ot the second. The other phosphorus tetrahedron corner-
five connects{VsPOs} and{VsP.0s} rings, respectively.  gpareq o square-pyramidal sites from three neighboring

The dlstancg between adjace_n%V.—O layers of4d is binuclear subunits. The polyhedral connectivity pattern
3.15 A. The interlamellar region is populated by the . .

Iproduces eight connect ring¥ 4P,Og}, as well as smaller

propylene tethers of thg dlphosphonate, the“c_atlon, fmd wate three connect§V,PO5}, four connects VP04, and five
molecules of crystallization. Thus, the “pillared” layer
tconnects{ V3P,0s}.

structure with propylenediphosphonate tethers is persisten ) )
and accommodates a variety of charge-compensating orga- Because the tether groups of the diphosphonate ligands
nonitrogen cations of considerably different steric require- Project from a single face of the ¥P—O network, a 2-D
ments: HN(CH,).NH; for n = 2—7 (4a—f), 1,2-diammo- slab structure with the pentyl tethers sandwiched between
nium propane4g), and the mononegative anions methyl-, two V—P—O layers is observed. The cations are located in
ethyl-, propyl-, and diethylammoniun#ii—k). the interlamellar domain with orfeNH3} * terminus directed
Curiously, for tether lengtim = 5, the 2-D5, shown in into the large{ V4P4Og} ring of the V—P—O network. The
Figure 2c,d, is isolated, for which an analogous structure stacking of slabs along treeaxis produces alternating repeats
has been reported for a mixed-valence phaseJNHO--
(OH)(H,O)} OsP(CHy)3PO3}]H,0.%5 The V—P—0 layer struc- (45) Riou, D.; Ferey, GJ. Mater. Chem1998 8, 2733.
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Figure 2. Polyhedral representations of the structures of materials of #pésviewed both parallel and normal to the-¥?—O planes: (a and bjb; (c
and d)5; (e and f)6c.

of 14.17 A between the two layers defining the slab surfaces
and 2.05 A between slabs. ‘
The use of a piperazinium cation results in yet another
series of 2-D compound$§a—c. As shown in Figure 2e,f, - @ -
the structures are reminiscent of that previously described- % 2
for 2 but with significant differences in detail. The structure g s
of 6¢ consists of slabs constructed of ¥Y—O chains linked _& i ‘ﬁl -
through the diphosphonate tethers. The vanadium geometry. * ; :
is defined by four phosphonate oxygen donors in the basal M
plane and an apical oxo group, which projects into the
interlamellar region rather than into the intralamellar domain Figure 3. Two views of the 3-D structure of.
as observed fo?2 and3. The V—P—0O substructure oba—c
is an unusual chain of vanadium(lV) square pyramids and diphosphonate to adopt a chelating role through oxygen
phosphorus tetrahedra. While one phosphorus terminus of adonors at each phosphorus terminus in forming 7-membered
diphosphonate ligand bridges three vanadium sites, the[V(O—P—C—C—P—-0-)]rings. One vanadium(lV) square
second phosphorus terminus bonds to a single vanadium angbyramid is coordinated in this fashion to two diphosphonate

exhibits pendant O and P-OH groups, with P-O ligands, which use their remaining oxygen donors to bond
distances of 1.503(3) and 1.575(3) A, respectively. The resultto four neighboring vanadium(lV) sites in the conventional
is a distinctly undulating 2-D substructure witiO(OsP— fashion. Alternatively, the structure may be described as

)(HOsP—-)}"~ chains running parallel to the axis. The [VO{O3P(CH,),PO3} 1%~ layers parallel to thebc plane
piperazinium cations occupy the interlamellar region and linked through{VOs} square pyramids. The terminal oxo
exhibit hydrogen bonding to the pendart® groups with groups of the vanadium sites of these virtual layers project

N—L—O distances of 2.744(3) A. into the large cavities occupied by the cations, while the oxo
A unique 3-D framework structure is observed fras groups of the chelated vanadium sites project between cations
shown in Figure 3. The structure consists of a 3-BR~0 into a smaller channel running parallel to theaxis. The

substructure generating channels of dimensions 104 A  periphery of the large cavity is defined by a 30-membered
8.0 A occupied by the cations. The unusual connectivity is {V¢Ps012C4} ring, while the smaller channel is bound by an
dictated, in part, by the ability of the short-chain ethylene- 8-polyhedral connect, that is,{&/4P4Og} ring.
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The compounds of this study are representative examplesobvious of these is the vanadium oxidation state, which may
of the growing family of oxovanadium diphosphonate be 3+, 4+, and/or 5. Reduction to the 4 oxidation state
materials, listed in Table %53 Although the “pillared” layer and even the -8 oxidation state from vanadium(V) starting
motif is a recurrent theme of the structural chemistry of these materials is not uncommon in the presence of nitrogenous
metal-oxide hybrids, there are several subgroups that do ligands and/or HF. Consequently, variability of coordination
not conform to this prototype. The first are phases incorpo- polyhedra is introduced: distorted octahedral, square pyra-
rating methylenediphosphonate building blocks. As previ- midal, trigonal bipyramidal, and tetrahedral for vanadium-
ously notec?* the short spacer length of this ligand favors (V); distorted octahedral and square pyramidal for vanadium-
chelation to a metal with the formation M —O—P—C— (IV); and regular octahedral for vanadium(lll). It is curious
P—O—} 6-membered rings, which precludes pillaring of that reduced sites, vanadium(lV) and vanadium(lll), are the
adjacent M-P—0O layers. Consequently, spatial expansion rule, with the exception of the materials incorporating the
of the structure occurs through a variety of bridging modes, { Cuy(bisterpy}*t secondary metal coordination cation
resulting in a complex structural chemistry represented by (SMCC), where vanadium(V) sites are almost exclusively
1-, 2-, and 3-D structures. The constituent-R—0O sub- entrained. Because the redox potential of bisterpy is not
structures span the range of isolaedO(O;PCHPO;),} significantly different from those of terpy, bpy, and other
subunits to chains, networks, and frameworks. It is note- organonitrogen components and because HF is also intro-
worthy that ethylenediphosphonate represents the transitionatluced in the syntheses of the materials contai{iGg-
spacer length between extension via pillaring and chelation (bisterpy}#*, the rationale for this observation remains
of metal sites, again resulting a range of structural types. elusive.

The second persistent exception to pillaring occurs when  The details of the ¥P—O network structures reflect not
{ Cwy(bisterpy}** is used as the charge-balancing component. only the vanadium polyhedral type or types present but also
Because this secondary metal coordination complex alsothe extent of condensation of vanadium polyhedra through
functions as a dipodal linker betweer-¥—O subunits, the  V—0O-V bonding. Thus, the broad family of materials
tendency to form ¥P—O layers appears to be disrupted. features isolated vanadium sites, binuclear and trinuclear
Consequently, rather than forming the common motif of clusters, and vanadate chains. The polyhedra may also fuse
Chart 1, spatial expansion is achieved by linking smaller through corner-, edge-, or face-sharing interactions.
V—P—0 subunits through both the diphosphonate and the  Another common characteristic of the vanadium coordina-
{ Cux(bisterpy}** subunits, as shown in Chart 2. tion is the incorporation of O or hydroxide ligands. While

While “pillared” layer structures are most commonly this feature adds significantly to the potential structural
observed for the oxovanadium diphosphonate materials, itdiversity, it is unpredictable and uncontrollable under our
is apparent that there are considerable variations in the detailgeaction conditions.
of these structures. In terms of the spatial expansion of the  Similarly, the polyhedral connectivities adopted by the
structure, two subclasses are observed, 3-D structures anqpPQy} termini of the diphosphonate ligand are variable. Thus,
2-D slabs, depending on whether the organic tethers projectthe{ POy} unit may share three vertexes with vanadium sites,
from both faces of the ¥P—0O network substructure or from  two with a pendan{P—OH} group, or one with pendant
a single face, respectively. This characteristic feature of the { pP=0} and{P—OH} units or, on rare occasions, it may be
structural chemistry is evident in the contrasting structures present as a pendafit-PO;H;} group. This represents a
of compounds of type$ and2 of this study. Itis noteworthy  significant structural determinant because® or P-OH
that the slablike motifs of ¥P—O faces sandwiching  pond distances also span a range of +.2%2 A% Fur-
organic tethers may fuse through-0—V interactions to thermore, the V-O—P angle is “soft”, spanning a range of
generate 3-D materials with-vP—O double layers tethered  30° and allowing considerable flexibility in the polymeri-

by the organic spacers, as demonstrated by strugture zation of polyhedra in generating the overall architecture.
Within the two subclasses of “pillared” layer materials, The charge of the ¥P—O network also dictates the
the detailed polyhedral connectivities within the-#—0O structure. As shown in Figures 1 and 2, the structures of the

networks span a range of possibilities reflecting the variety neutral V—P—O networks are quite distinct from those of
of structural determinants that may come into play. The most the anionic series. In general, the neutrat®-0O networks
are more dense than those of the anionic series, which exhibit

(46) Huan, G.; Johnson, J. W.; Jacobson, Al Bolid State Chenl990  vacancies in the form of large polyhedral connect rings or
(47) Riou, D.; Serre, C.; Ferey, G. Solid State Chen199§ 141, 89. even disruption of the layer into chains (type This feature

(48) Ninclaus, C.; Serre, C.; Riou, D.; Ferey,G.R. Acad. Sci., Ser. lic:  of the anionic V-P—O networks appears to be related to

Chim. 1998 1, 551. g .
(49) Riou, D.; Roubeau, O.; Ferey, Glicroporous Mesoporous Mater. the need to accommodate the positively charged terminus

199§ 23, 23. of the organoammonium cations, either within the layer or
(50) Finn, R. C.; Zubieta, Dalton Trans.200Q 1821. ; _
(51) Finn, R. C.. Lam, R. Greedan, J. E.; Zubietandrg. Chem2001, just above a face of the ¥P—O network. The observed
40, 3745, structures may consequently reflect the requirements of
(52) Finn, R. C.; Zubieta, Jnorg. Chem. Commur200Q 3, 520. charge-density matchiri§>’

(53) Quellette, W.; Koo, B.-K.; Burkholder, E.; Golub, V.; O’Connor, C.
J.; Zubieta, JDalton Trans.2004 1527.

(54) Burkholder, E.; Golub, V.; O'Connor, C. J.; Zubietalnbrg. Chem. (55) Huminichi, D. M. C.; Hawthorne, F. Rev. Mineral. Geochen2002
2004 43, 7014. 48, 123.
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Table 3. Selected Structural Characteristics and Component Building Blocks of Oxovanadium Diphosphonate Compounds

overall vanadium building other
compound dimens description blocks characteristics ref
I. Neutral V—P—0O Substructure
[V 202(H20){ OsPCHP O35} 5] 2-D  V—P-0 network isolated vanadium(IV) coordinated 46
octahedra H20
[V(HO3PCH,CHyPGs)(H20)] 3-D V—P-0 framework isolated vanadium(lll) coordinated 20
octahedra H20
[V 202(H20X OsP(CHy)nPOs} ]+ 3-D  pillared V—P—0 network binuclear units of edge-sharing coordinated this work,
xH20 (1la—d) vanadium(lV) octahedra H20 22
[V 202(H20)4{ OsP(CH)6POs}] (2) 2-D  pillared V—P—0 networks isolated vanadium(I1V) coordinated this work
sandwiching the octahedra H20
organic tethers
[V 202(H20{ HOsP(CH)9POs} 2] (3)  3-D  pillared V—P—0O double layers  binuclear units of corner-sharing coordinated this work
vanadium(lV) octahedra H20
[V 20,(OHY{ OsPCH,CH,PO3}]-H,O  3-D  pillared V\-P—0O networks binuclear units of face-sharing  coordinated 47
vanadium(lV)/vanadium(V) OH~
octahedra
1. Anionic V—P—0 Substructures
(NH4)2[VO{O3sPCH,PGs} ] 1-D V—P-Ochain chains of corner-sharing Ve-O=V:--0O 48
vanadium(lV) octahedra chains
Cs[VO{OsPCHPG;}] 1-D V—-P-Ochain chains of corner-sharing V:--O=V---O 20
vanadium(lV) octahedra chains
(H2pip)[VO{ OsPCHPOs}] 1-D  {VO(OsP-)} subunits isolated vanadium(IV) 17
square pyramids
Cs[V30,(H20){ OsPCHP O35} 5] 2-D  V—P-0Odouble layer trinuclear units of corner-sharing O=V—0---V:--:0O-V=0 20
vanadium(IV)/vanadium(lll) units; coordinated
octahedra HO
(NH4)4[V 606(H20)o{ OsPCH,POs}4]  3-D  pillared V—P—0O networks isolated vanadium(lV) octahedra coordinated 49
and vanadium(V) H20
square pyramids
(H2en)[VO{ OsPCH,CH2P O3} ] 2-D  V—P-0 chains isolated vanadium(1V) 17
square pyramids
Cs[V20,(OHY{ OsPCH,CH,PGs} ] 2-D  pillared V—=P—0 networks binuclear units of corner-sharing coordinated 21
sandwiching the vanadium(lV) square pyramids  OH~
organic tethers
(H30)2[V 30(OH), 3-D  pillared V—P—0O networks chains of corner-sharing coordinated 17
{OsPCH,CH,PO3}]-H0 vanadium(lll) octahedra and OH~
isolated vanadium(IV)
square pyramids
(H30)[V3{ OsPCH,CHPOs} 3-D  pillared V—P—0 networks isolated vanadium(lll) 19
{HO3PCH,CH,POsH} 3]+ xH,0 octahedra
(NHa4)[V 205(H20) 3-D  pillared V-P—0O networks binuclear units of corner-sharing coordinated 45
{O3P(CH)3P0s}]-2H,0 vanadium(lV) octahedra and H20
vanadium(V) square pyramids
(NH4)[V 202(OH)(H20) 3-D  pillared V—P—0 networks binuclear units of corner-sharing coordinated 45
{O3P(CH)3P0s}]-2H,0 vanadium(lV) octahedra and H,0 and
square pyramids OH~
(Hzpip)[V202{ OsP(CH)sPOsH} 2] 2-D  stain-stepped network isolated vanadium(lV) octahedra 18
[VO(H20)X OsPGHoNH(CoHa)2 3-D pillared V—P—0O networks isolated vanadium(lV) octahedra  coordinated 18
NHCH,PO3}] H.0
(cat.)[V4Os(OH), 3-D  pillared V—P—0 networks binuclear units of corner-sharing coordinated this work
{O3P(CH)3P 05} 2] :xH20 vanadium(lV) octahedra and OH~
(4a—0Q) square pyramids
(H2en)[V404(OH)2(H20), 3-D  pillared V—P—0 networks binuclear units of corner-sharing coordinated 17
{O3P(CHs)3P 05} 2] -4H,0 vanadium(lV) octahedra and H,0 and HO
square pyramids
[H3N(CH2)2NH3][V 404(OH)(H20)  2-D  pillared V—P—0 networks binuclear units of corner-sharing coordinated this work
{O3P(CH)sPOs} 2] -H20 (5) sandwiching the vanadium(lV) square pyramids; H,0 and OH
organic tethers binuclear units of corner-sharing
vanadium(lV) octahedra and
square pyramids
[H2N(CH2CHy)2NHZ][V 202 2-D  Folded layers of tethered isolated vanadium(IV) square this work
{OsP(CH)nPCsH} 2] [VO{OsP(CH)nPCOsH} In pyramids
(6a—c) chains
[H3sN(CH2)sNH3][V 303 3-D  V—P-0 framework isolated vanadium(IV) square this work
{O3P(CH)2POs} 5] (7) pyramids
I1l. Anionic V —P—0O— Substructures with SMCC as a Charge-Balancing Component
[{Cu(2,2-bpy)(H0)} 2-D [VO{OsPCHPO;}]n?" network isolated vanadium(I1V) no V—0—Cu bonding 50
VO{O3PCH,PG;}] square pyramids
[{Cu(2,2-bpy) 3-D  pillared V—P—0O networks isolated vanadium(I1V) V—0-Cu bonding 50
{VO{O3P(CH,)nPGs}] square pyramids
[{ Cu(phen)VO(H20) 2-D  [VO(H20) OsPCHPO3} ]y~ isolated vanadium(IV) no V—0—Cu bonding, 51
{OsPCH,PG3}] chains linked through square pyramids coordinated HO
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Table 3. (Continued)

overall vanadium building other
compound dimens description blocks characteristics ref
1. Anionic V —P—0O— Substructures with SMCC as a Charge-Balancing Component (Continued)
[{ Cu(bpy-dicarb),V 303(0OH)»(H20) 2-D [V303(0OH)(H20) trinuclear units of a central coordinated HO and 52
{OsPCH,PGs} 5] {OsPCHP O3} o)™~ vanadium(lV) octahedronand  OH~V—-0O-Cu
network two peripheral vanadium(1V) bonding
square pyramids
[{ Cu(phen)2V,0s 2-D [V20s{ OsPCH,CHP O3} ] 1"~ binuclear units of corner-sharing V—0O—Cu 51
{OsPCH,CH,PO3}] chains linked through vanadium(V) tetrahedra bonding
copper(lll) sites
[{ Cu(phen,V:0s(H20) 2-D [V30s(H20){ OsP(CH,)sPOs} ]~ trinuclear units of a central coordinated 51
{O3P(CH,)3P0Os}] networks decorated vanadium(lV) octahedron and  H30;
with copper(ll) units two peripheral vanadium(V) V—0—Cu
square pyramids bonding
[{ Cu(phen),V30s(H,0) 3-D [V30s(H20){ O3PCHP O3} | n*~ isolated vanadium(IV) octahedra coordinated HO; 51
{OsPCHPGs}] framework with embedded and vanadium(V) tetrahedra V—0—Cu
{Cu'(phen}2* units bonding
[{ Cux(bisterpy)\b04 1-D [V204{ OsPCHPOsH} )4~ cluster isolated vanadium(V) no V—-0—-Cu 53
{OsPCHPGsH} 5] linked through{ Cuy(bisterpy}+* trigonal bipyramids bonding
units
[{ Cux(bisterpy} V204 2-D [V204{ O3PCHCH,POsH} 2] n*~ isolated vanadium(V) no V—0-Cu 53
{OsPCH,CH,POsH} 5] chains square pyramids bonding
[{ Cuy(bisterpy}V4Os 2-D [V204{ O3P(CH,)3P O3} 2] *"~ isolated vanadium(V) V—0—-Cu 53
{O3P(CH,)3PGs} 2] -4H0 chains square pyramids bonding
[{ Cwy(bisterpy)(HO)} VO, 1-D [V204{ O3P(CH,)3P O3} ]2~ isolated vanadium(V) no V—-0—-Cu 53
{O3P(CH,)3POs} clusters tetrahedra bonding
{HOsP(CH,)sPOsH2}
[{ Cuy(bisterpy}V204(OH), 2-D [V204{ O3P(CH,)4P O3} 14~ isolated vanadium(V) no V—-0—-Cu 53
{O3P(CH,)4POs}]-4H.0 clusters tetrahedra bonding
[{ Cux(bisterpy} V404 3-D [VO{O3P(CH)sPOsH} "~ isolated vanadium(IV) V—0—Cu 53
{O3P(CH,)sPOsH} 4] 7H,0O framework square pyramids bonding
[{ Cux(bisterpy} V204 1-D [V204{ O3P(CH)sP OsH} 2]+~ isolated vanadium(V) V—-0O—-Cu 53
{O3P(CH,)6POsH} 2]-2H,0 cluster trigonal bipyramids bonding
Chart 2 spill over into the adjacent hydrophilic cavity, the amount
s O = V-P-O subunit of water of crystallizat_ion entrained within the latter cavity
e e decreases. In the seriess#{CH.)NH3][V 404(OH){ OsP-
\{ }\ (CHp)sPOs} o] -xH,0, it is noted that, fon = 2, x = 6, while
./f‘\. Q - organic tether at the other extreme, far =7, x = 0.
- Finally, the structures reflect the spacer lengths of the
& \E/ N\ diphosphonate ligands. This is most readily apparent in
] 3 ?; D secondary metal-ligand comparing structure$—3. Thus, structure typd, [V.0,-
-~ . = g . .. H
a (i' i fé\ ?:';;“'””““’P‘“ (rigid (H2O)}{ OsP(CH,) PO} ]-xH,0 (1a—d), persists fon = 2—5.
0 At n = 6, structure type is adopted and retained for=

The identity of the cation also serves as a structural 7Hanc|i g ngleHatn - 96 struc(:jtugg t)|/p|63 f[Vzr(]J 2(\:,4;(_)())
determinant, as is clearly demonstrated in the grossly{ _03_(f'_b)9 O I};Z], IS observed. ||_r|n||\|arcy|i| or,\;tHe o
different structures observed for phases with simple inorganic 2M1ONIC FAMEWOTKS, structure tyde[HaN(CHy)sNH3][V 4O

cations such as NH, Csf, and HO", those with SMCC (OH)A{ OsP(CH;)POs}2], is observed forn = 3, while
cations, and those incorporating organoammonium cations, StrUCUre?, [HaN(CHz)sNH3|[V s05{ OsP(CH)WPOst 2], results

Even when our attention is restricted to the latter series of for n = 2'_ . _

this study, the contrast between structures incorporating _Magnens_m. The struc_tural d|verS|_ty of the con_1pounds of
single-chain{ HsN(CHs).NHs} 2+ cations (typed) and pip- this sf[udy is reflected in the p_hygcal pr.opertles, guch as
erazinium cations (type) is stark. However, it is also  POrosity and long-range magnetic interactions. Metdide
noteworthy that, for the series with propylenediphosphonate hybrids afford the opportunity to study magnet_lcally con-
(type 4), the architecture is insensitive to the organodiam- densed (exchange—coupled_) systéﬁisnw-dlmenglonal ar-
monium cation chain length, at least upte= 7. This reflects rangements of the magr?etlc_lc_)ns may be attained through
the large intralamellar void space, which can readily accom- € Use 9°f nonmagnetic dividers such as the organic
modate the organic cation in one of the two distinct domains. SUPUNItS: _ . ,

It is also noteworthy that, as the chain length of the |ne dependence of magnetic susceptibjtignd effective

organodiammonium cation increases and this unit begins toMagnetic momenteq on the temperature fdrd is shown in
Figure 4. The magnetic susceptibility is best described by

(56) Monnier, A.; Schuth, F.; Huo, Q.; Kumar, D.; Margolese, D.; Maxwell,
R. S.; Stucky, G. D.; Krishnamurty, M.; Petroff, P.; Firouz, A.; Janicke, (58) Drillon, M.; Panissod, PJ. Magn. Mater.1998 188 93.
M.; Chmelka, B. F.Sciencel993 216, 1299. (59) Rarig, R. S.; Lam, R.; Zawalij, P. Y.; Ngala, J. K.; LaDuca, R. L.;
(57) Maggard, P. A.; Boyle, P. Dnorg. Chem.2003 42, 4250. Greedan, J. E.; Zubieta, lhorg. Chem2002 41, 2124.
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Figure 4. Dependence of the magnetic susceptibijitfO) and of the
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the data are the fits to the Heisenberg dimer model.
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effective momentz (O) of 4d on the temperature. The lines drawn through
the data are the fits to the CurigVeiss law.
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0 50 100

the Heisenberg dimer model with= 1 (eq 1). The best fit
NaGus” 2exp@lkgT)  Nagiug®
x=@0-p) p +xm
keT 1+ 3 exp(AlksT) 2K, T a
1

to the data gavg = 2.02,J/ks = —45.6 K, 11 = —0.000 14
emu Oe! mol™?, andp = 0.0001. The effective magnetic
moment (eq 2) at 300 K i8.#(300 K) = 2.38ug, which is
consistent with two Hvanadium(IV) ions, each witls =
1/,. The analogous compounds and 1c exhibit similar

@)

magnetic behavior witly = 1.97,Jkg = —47.3 K, 11 =
0.0001 emu O¢* mol™, p = 0.010, andke#(300 K) = 2.29
ug for laandg = 2.00,J/kg = —49.1 K, ¥y = —0.000 02
emu Oe! mol™%, p = 0.001, ancke(300 K) = 2.30ug for
1c

In contrast, the anionic ¥P—O network materials of types
4, 5, and7 exhibit Curie-Weiss behavior (eq 3) at higher
temperatures, as illustrated in Figure 54ak For compound

Uerr = /80T

C
X2X0+XTI=ﬁ+XTI (3

4d, the best fit gaveC = 1.70 emu K Oe! mol™!, ©® =
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Figure 6. Dependence of the magnetic susceptibijitfO) and of the
effective magnetic momente (O) of 6¢ on the temperature. The lines
drawn through the data are the fits to the Heisenberg antiferromagnetic
linear chain model.

—8.9 K, andyr; = —0.0012 emu O€ mol™*. The effective
magnetic moment at 300 K wa&#(300 K) = 3.67 us,

corresponding to four vanadium(lV) ions, each with /5,

for g = 2.12. For compounda, the best fit providedC =

1.72 emu K Oe! mol™, @ = —8.8 K, andyr; = —0.000 03
emu Oe! mol™%, with uex(300 K) = 3.72ug, while for 4b,

values ofC = 1.77 emu K Oge! mol™%, ® = —9.1 K, and
xm = —0.000 05 emu O mol™2, with ue£(300 K) = 3.74
ug for g = 2.16, are derived.

For compoundb, the best fit gaveC = 1.57 emu K Oge!
mol™1, ® = —3.8 K, andyr = —0.001 03 emu O€ mol .

The effective magnetic moment#(300 K) is 3.57ug for g
= 2.06, corresponding to four vanadium(IV) sites, each with
S = Y,. In the case of7, the susceptibility behavior was
consistent withC = 1.11 emu K Oe! mol™, @ = —4.7 K|
and y = —0.00047 emu O¢ mol™. The effective
magnetic momenge(300 K) of 2.96 ug for g = 1.98
corresponds to three vanadium(lV) sites.

As shown in Figure 6, the magnetic susceptibility6af
exhibits a maximum at 30 K, indicative of the presence of
antiferromagnetic interactions. The best description of the
experimental results has been obtained with the Heisenberg
linear antiferromagnetic chain mod& € Y,; eq 4), taking
into account the presence of monomeric paramagnetic
impurities of concentrate@. The best fit gaveg = 1.92,

_ 2N\ ts”
0.25+ 0.1499% + 0.300947
1+ 1.9863 + 0.688547 + 6.063°

+ plA| =
(4)

Jkg = —25.7 K, y7 = —0.0003 emu O& mol%, andp =
0.0015. The effective magnetic moment(300 K) is 2.19
us. For the analogou8a, the values arg = 1.96,J/ks =
—28.0 K, y1 = —0.000 44 emu O€ mol~%, p=0.01, and
Ue(300 K) = 2.23 ug.

Thermal Analyses The TGA profiles of the oxides of
typel are characterized by the loss of water of crystallization
and coordinated water in the 5@40°C range, with loss of
the tether hydrocarbons above 430 with concomitant

(1-p)
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Figure 8. Thermodiffraction pattern fotd in the 36-425°C temperature
range. Compoundsa and 1b provide similar diffraction patterns.
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Figure 10. Thermodiffraction pattern fofain the 30-425°C temperature
range.

30

decomposition to an amorphous phase. As shown in Figuretemperature range 2525 °C shows that the initial profile

7, for 1d, there is an initial weight loss from just above room
temperature to 19€C of 16%, corresponding to the loss of
four water molecules (16.5%, theoretical weight loss). A

remains unchanged to at least £@) whereupon only minor
changes are observed (Figure 10). Consequently, the initial
cation degradation step does not affect the product crystal-

second weight loss of ca. 8% corresponds to the loss oflinity. This observation was confirmed by ramping of a
hydrocarbon and oxidation of the phosphorus sites (theory: sample of4a to 310 °C at 5 min~, whereupon the

8.7%). The thermodiffraction pattern for compouhd in
the temperature range 2850°C is shown in Figure 8. The

temperature was maintained at 3%0 for 3 h. No further
weight loss was observed afteh (Figure 11a). The powder

profile indicates that a dehydrated phase isostructural with diffraction pattern of this materiada was nearly identical

the parent compound persists to ca. P&) whereupon a

with that of the parent compourth-6H,0, suggesting that

second crystalline material is obtained. The structure of the the framework of the parent is maintained. The TGA plot
dehydrated phasdd') does not collapse until temperatures of 4a, shown in Figure 11b, exhibits a single weight loss
above 450°C. The thermodiffraction profile ofld is from 350 to 600°C of 16.5%, corresponding to the loss of
consistent with retention of the structure of the parent oxide the remaining cation fragment and the organic residues of

upon loss of water of crystallization, followed by structural

the diphosphonate ligand.

rearrangement concomitant to the loss of the coordinated The oxide 5:0.75H0 exhibits an unexceptional TGA

water molecule.
The compounds of typd exhibit more complex TGA

profile. The water of crystallization is lost between room
temperature and 80C (obsd, 2%; calcd, 1.6%). This is

profiles, characterized by partial decomposition of the organic followed by a weight loss of 16% in the 32%90°C range,
cation, as well as dehydration. The representative TGA of corresponding to the loss of the organoammonium cation

4a-6H,0 exhibits a weight loss of ca. 12% between room
temperature and 10, consistent with the loss of six water
molecules of crystallization (theory: 12.5%). This initial
weight loss is followed by the loss of the organodiammonium
cation in two steps between 250 and 300 The compounds
of type4, which contain water of crystallization, exhibit TGA
profiles similar to that of4a, while 4f, which is devoid of
water of crystallization, does not exhibit the initial weight
loss (Figure 9). The thermodiffraction pattern #a in the

and of the organic tether and oxidation of the phosphorus
sites.

The Compounds of typé, [HzN(CHzCHz)zNHz][VzOz-
{OsP(CH,)POsH} 7], are stable to ca. 390C, whereupon
the organoammonium cation and the organic residues of the
diphosphonate ligand are lost. In the cas@gfthe organic
components are lost in two steps. The first weight decrease
of ca. 12% is attributed to the loss of thEl,N(CH,CH,).-
NH_} 2" cation (calcd: 12.4%), while the second step of ca.
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@ 100 exhibits only minor changes in peak intensities. These
observations are confirmed by the IR spectroscoycaind

6c¢. Compound6c exhibits a sharp band at 3050 ch

951 attributed tov(N—H) and a strong absorption associated with
N—H scissoring at ca. 1640 crh Both peaks are absent
from the spectrum dc, indicating that this thermal process
is associated with the loss of the organoamine residues (see
the Supporting Information). Elemental analyses Gaf
confirm the absence of nitrogen in the product and are
consistent with a product formulation f&(OH)Y OsP(CH,)e-
PQs;H},]; the crystals ofec’ are black, suggesting a mixed-
valence vanadium(lV)/vanadium(V) material.

Weight (%)
8

35 3 135 185 25 25 3

Temperature (°C) Compound7 is similarly stable to 45C°C, whereupon
decomposition to an amorphous phase occurs between 450
" and 500°C.
Conclusions.Hydrothermal methods have been exploited
1001 in the preparation of two classes of metakide frameworks,

the first exhibiting neutral P—O networks (typed—3)
and the second based on anionic-R—0O networks or
frameworks with entrained organoammonium cations (types
4-7). The structures of these oxovanadium organodiphos-
phonate phases reveal the persistence of the pillared layer
structural motif, which is a recurrent theme of metal
o organodiphosphonates in general. However, despite the
commonality of the gross architecture of these materials, the
details of the polyhedral connectivities within the-¥?—0O
° % Temper:‘:m ¢C) oo e networl_<s are quite distinct for typéls—?. _The_ structural
Figure 11. (a) TGA of 4a from room temperature to 310 showing determinants _'”C'_U_'de the Vanadlym O_XIdatlon SFate’ the
that there is no further weight loss frofi when the temperature is held ~ POlyhedral variability of the vanadium sites, the oligomer-
at 310°C for 3 h. (b) TGA of4a showing the loss of the remaining organic  jzation of vanadium polyhedra through—\O—V interactions,
components. the promiscuous condensation of vanadium and phosphorus
polyhedra manifested in the soft\AP—O angles and variable
P—O(H) distances, coordination of aqua and hydroxy groups,
and the influence of the organic components. It has been
noted that incorporation of even small amounts of organic
components can profoundly influence the microstructure of
inorganic oxides® The structural consequences of the
Frond introduction of organic components for compounts?

- 400°C reflect both the tether length of the diphosphonate ligand
and the presence and identity of the organoammonium cation.
The influence of the tether length is apparent in the

200°C structures of compounds of typ&s 3. While typel exhibits
oose the conventional 3-D pillared layer architecture, lengthening
o & of the diphosphonate cha{tOsP(CH,),POs}* to n = 6—8

50°C

g

Weight (%)
8

«2

=23
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(=]

300°C

o
o
(=]
L

»
o
o
-

n
o
[=]

Lin (Counts)
w
8

-
o
=]

o et p S A S SR s et 30°C results in a 2-D pillared slab prototype (ty(2. Further
10 20 30 lengthening of the chain to = 9 provides a 3-D structure
2-0- Scale (type 3) based on the condensation of?—O faces of the
Figure 12. Thermodiffraction profile for6c in the 30-450 °C range. slablike structure observed for tyﬁeoxides.

. The structural systematics of the anioniec-F—0O net-
10% corresponds to the loss of the organic component of works were influenced by both the identity of the counterion
the diphosphonate ligand and oxidation of the phosphorusand the spacer length. For chain length= 3, the 3-D
residues (calcd: 11.3%). The thermodiffraction profile for pillared layer architecture is persistent for a series of
6c, shown in Figure 12, illustrates that the structure of the organodiammonium cations (typjb However, chain con-
product of the first thermal proce6s’ is essentially identical  traction ton = 2 results in a V-P—0 3-D framework (type
with that of the original phase, confirming that the layer 7) as a result of the short spacer and the concomitant

structure is retained upon loss of the organoamine compo-chelation mode adopted by the diphosphonate ligand. Curi-
nent. The thermodiffraction pattern 6€ after heating at

450°C for 1 h and subsequent cooling to room temperature (60) Stupp, S. I.; Braun, P. \Sciencel997, 277, 1242.
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ously, lengthening of the tether lengthric= 5 results in a length and/or organic cation. The frameworks of these
2-D pillared layer architecture (typ®), reminiscent of that ~ materials are relatively defect-free, and their porosities may
of type 2 oxides. When a piperazinium cation is present, a be activated thermally, by dehydration, and/or by cation
distinct 2-D structure, constructed from oxovanadium orga- dissociation. The sorptive properties of the dehydrated
nophosphonate chains, is obtained (t@e materials of typed' and4' are under investigation.

In view of the structural diversity of this compositionally
simple series of oxides, the structural systematics of the Acknowledgment. This work was supported by grants
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