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Introduction yet weaker forces such as GHD, CH--+N, O-«l, or even

Synthesis and characterization of large assemblies of C'**H and G--C have been usefh*
inorganic and/or organic molecules are actively investigated ~Applications of polyoxovanadate compounds to optical,
because, with the combination of approaches of organic, €lectronic, and magnetic materials represent an area of
organometallic, and inorganic chemistry, it is possible to considerable general and topical intefest!>2® Simple
obtain materials that can perform many functién. The oxovanadates (V) present in aqueous solution include those
aim of crystal engineering is to establish reliable connections which are mononuclear NO,4~, HVO4*~, VO4*), dinuclear
between molecular and supramolecular structure on the basigH2V0:*~, HV,07*~, V,0;*"), tetranuclear (YO1*"), pen-
of intermolecular interactiors!213 The predictable self-  tanuclear (VO:15°"), and decanuclear d100,¢*", HV 1008,
organization of molecules into one-, two-, or three- Vi¢Ox¢") with different protonation numbef4.However,
dimensional frameworks is of the utmost importance in none of these vanadate oxoanions have been characterized
crystal engineering. For such rational design, hydrogen by X-ray crystallography* In the solid state, protons in the
bonding of conventional O+-N and NH--O motifs has polyoxometalate crystals are important in defining the crystal
been the most commonly used as supramolecular cementpacking through hydrogen bonéfsln the polyoxometalate
crystals, protons could prefer the most basic oxygen atoms,

* To whom correspondence should be addressed. E-mail: kitagawa@ ; AT - i
sbchem. kyoto-u.ac jp. which also serve as binding sites for cationic groups on the

T Institute for Molecular Science. polyoxometalate surfac®. Biimidazole derivatives also
;Eg’g L'\J"n‘?\tl'grps‘i’t')'/‘a” University. possess multiple hydrogen bonding sites, and several hy-
Il Osaka University. drogen bonding assemblies of the mononuclear complexes
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Table 1. Crystallographic Data fol

empirical formula GoH42032NgV 10

fw 1416.0

cryst syst monoclinic

space group P2:/n

a, 12.151(4)

b, A 13.127(8)

c, A 13.93(1)

p, deg 94.90(5)

VA3 2213(2)

z 1

D¢, g cni3 2.12

u(Cu Ka), cmt 179.14

cryst size, mrh 0.15x 0.1x 0.1

scan type w—20

260 max 120.r

no. of reflns measured total: 3653
unique: 3471Rn = 0.099)

no. observationd (> 2.005(1)) 1425

Ra (1 > 2.005(1)) 0.064

wR2 (for all data) 0.193

AR = Y ||Fol — [Fcll/3|Fol; WR2 = [SW(F? — F2)HywW(F?)?] V2
2IFel = IFdlf2IFdl [2w(Fs HTFY] Figure 1. ORTEP representation of PM1002g)(Habim)x(H20)s (1)

. . depicted at the 30% probability level, showing the atom labeling scheme.
to assemble polyoxovanadates, which have both basic oxygerydrogen atoms are omitted for clarity.

atoms and acidic proton atoms.
Our investigations have focused on the use of polyoxo- monochromated Cu & (1.54178 A) radiation at room temperature.
vanadate as a structural building block in the synthesis of a Cell constants and an orientation matrix for data collection, obtained
hydrogen bonded inorganiorganic three-dimensional struc-  from a least-squares refinement using the setting angles of 25
ture. Although several organidnorganic hybrid materials ~ carefully centered reflections in the range 20.2720 < 48.50,
are synthesized, inorganiorganic hydrogen bonded three- corresponded to a prlmlgve_monocllnlc cell. The d{:\t_a were corre_cted
dimensional assembly of decavanadate systems are stiIIfor Lor_entz and polanz_atlon effects. An_empirical abs_orpnon
sparse. In this paperywe report the Synthgsis and single correction based on azimuthal scan of several reflections was

i applied. The structure was solved by direct methods (Rigaku
crystal X-ray structural characterization of #405](H- TEXSAN crystallographic software package of Molecular Structure

bim)x(H20)a4 (1) (Hzbim = 2,2-bis(4,5-dimethylimidazole)).  corporation), refined with full-matrix least-squares technique

The three-dimensional network is built up from inorganic (SHELXL-93)26 and expanded using Fourier techniques. The

decavanadate cluster anions and organic biimidazolium hydrogen atoms were located in the Fourier difference maps. The
dications with hydrogen bond. non-hydrogen atoms were refined anisotropically.

Experimental Section Results and Discussion

All manipulations were carried out using standard Schlenk . CVYS,‘a' Struc':ture. The decavanadate anion fo.rms read"Y
technique. Solvents were purified by standard methods before use!N aC_IdIC solu.tlon and has been well Characterl_zed both in
VOSO,nH,0 and LiOH were purchased from Wako Chemical Co. Solution and in the solid staté.The yellow solution gave
2,2-Bis(4,5-dimethylimidazole) was purchased from Aldrich Chemi- N0 EPR spectrum at 77 K, indicating that the main species
cal Co. and used without further purification. IR spectra of KBr in solution are vanadium(V) ion&V NMR spectrum of the
disks were measured on a Hitachi I-5040-FT-IR spectrophotometer. reaction mixture ofl affords resonances at411,—511, and
X-band EPR spectra were recorded with a JEOL RE-3X spectrom- —524 ppm, attributable to the decavanadafé This spec-
eter.>V NMR spectra were measured with a JEOL GSX270 FT- trym indicates no coordination of;bim to vanadium ions
NMR spectrometer. . in the solution. Isolation of polyanions from the solution is

Preparation of [H2V1002](H4bim)(H20)a (1). VOSQsnH-0 generally achieved by addition of an appropriate counter-
(2.085 g, 6.657 mmol) was dissolved in 150 mL of water, and the cation, such as an alkali metal, ammonium, or tetraalkylam-
PH value was adjusted to 6 with lithium hydroxided.42 g, 17.53 monium catiorf® We have used a biimidazole derivative as
mmol). Hbim (0.950 g, 4.993 mmol) was dissolved in 350 mL of S ) . . .

a dication source which could cocrystallize with the poly-

ethanol, and the solution was added slowly to the former solution. ™ . _ )
The mixed solution was stirred for 24 h, and gray precipitate was anions to form a hydrogen bonding network in the solid state.

filtrated off. The resultant yellow solution was obtained and then ~ 1he Yellow solution containing the decavanadate unit
sealed in a tube to form yellowish brown crystals within 1 month Yielded crystallinel. The X-ray crystal structure dfreveals
(vield 40%). IR (KBr disk, crm): 976(s), 1645(m), 1441(m). Anal.  the presence of water molecules, biimidazolium dications
Calcd for VigO3,Co0N4Ha2: C, 17.01; H, 2.71; N, 7.94. Found: C, (Hsbim?*), and a decavanadate anion ffHOg]?"). Figure

17.45; H, 3.25; N, 7.94 1 shows the structure and labeling scheme of the water
X-ray Crystallography and Structure Solution. A yellowish
brown crystal having approximate dimensions of 0<16.1 x 0.1 (26) Sheldrick, M.SHELXL-93, Program for X-ray Crystal Structure

: RefinementGaottingen University: Gtingen, Germany, 1993.
mn? was mounteq .on a glass flber.. The. crystal parameters and(27) Howarth, O. W.; Jarrold, Ml. Chem. Soc., Dalton Tran978 503.
experimental conditions are summarized in Table 1. All measure- (28) Roman, P.; Aranzabe, A.. Luque, A.; Gutierrez-Zorrilla, J. M.;

ments were made on a Rigaku AFC7R diffractometer with graphite Rartinez-Ripoll, M.J. Chem. Soc., Dalton Tran995 2225.
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Figure 2. Drawing of hydrogen bonding structure df Hydrogen bonds
between the polyoxovanadate anions,dirh)?* dications, and water
molecules are indicated by dashed lines.

Table 2. Selected Bond Distances (A) af

atom atom distance atom atom distance
V(1) 0(1) 1.677(8) V(3) o(6) 1.582(9)
V(1) 0(2) 2.103(8) V(3) o(7) 1.916(9)
V(1) 0(2) 2.121(8) V(3) 0(9) 1.785(9)
V(1) 0(3) 1.965(9) V(4) 0(2) 2.329(8)
V(1) 0O(4) 1.900(9) V(4) o 1.988(9)
V(1) o(5) 1.701(9) V(4) 0(9) 1.904(9)
V(2) 0(1) 2.042(9) V(4) 0(10) 1.589(9)
V(2) 0(2) 2.318(8) V(4) 0(11) 1.868(9)
V(2) o(7) 1.983(9) V(4) 0(14) 1.853(9)
V(2) 0(8) 1.59(1) V(5) 0(2) 2.270(9)
V(2) 0(13) 1.84(1) V(5) (0]())] 2.031(9)
V(2) 0(14) 1.823(9) V(5) 0% 1.943(8)
V(3) 0(2) 2.254(9) V(5) 0(11) 1.809(9)
V(3) 04) 2.039(8) V(5) 0(12) 1.580(9)
V(3) 0(@3) 1.950(9) V(5) 0(13) 1.882(9)

molecules, decavanadate anion, and biimidazolium dication,

while Figure 2 shows the hydrogen-bonding network con-

NOTE

Table 3. Interatomic Distances (A) and Angles (deg) Involving
Hydrogen Bonded Atoms in Crystal

A—H H+B A—H-B A-B

A H B  distance/A distance/A angle? distance/A
N(1) H(@) 0@3) 124 1.44 169.8  2.67(1)
N(2) H@E) O0(16)  1.28 1.50 1735  2.77(1)
N@3) H@4) o0(16)  1.26 1.65 156.3  2.85(1)
N(4) H(G) O(14) 1.24 1.41 172.4  2.65(1)
O(7) H() O(15)  0.95 1.84 160.1  2.76(2)
0(16) H(18) O(3) 0.92 2.12 1216  2.71(1)

Scheme 1

O = [HaV100z8)* I:I'} = [H tmbim]2*
A =

water molecule

% hydrogen donor site in the sheet

atoms (O(7) and O()) to give a total charge of-4. The
protonation sites are consistent with the location of the
Fourier difference maps and consideration based on the
standard bond valence summatiéhs® The sums Xs =
>(d/1.791)5%, d = V—O distance in A) of VO bond
valences for the bridging oxygen atoms are in the range 1.6
2.0 except 1.3 for O(7) and Of7Bond valence summations
for 1 indicate that O(7) and O(y are protonation sites.
Furthermore, the protonation sites agree well with those of
structurally characterized decavanadate anion previously
synthesized?

All three components are hydrogen-bonded to afford a
layered structure. The interatomic distances and angles

structed by these three components. Selected bond distance€92rding hydrogen bonding are listed in Table 3. Eagh H

are listed in Table 2.

The decavanadate anion has a crystallographic inversion

center on the midpoint of the O(2) and OQ(z&and has
approximatelyD,, symmetry. The [HV1002¢]*~ anion con-
sists of an octahedrally packed aggregation of 106VO

octahedra sharing edges. The bond angles and distance

observed for the YO.¢°~ unit indicate that the geometry is

quite similar to that found in previously reported structures
of decavanadate saf$?°3°The decavanadate anion core
includes two hydrogen atoms at doubly bridged oxygen

(29) Capparelli, M. V.; Goodgame, D. M. L.; Hayman, P. B.; Skapski, A.
C.J. Chem. Soc., Chem. Commud86 776.

(30) Day, V. W.; Klemperer, W. G.; Maltbie, D. J. Am. Chem. Soc.
1987 109 2991.

bim?* dication forms a hydrogen bond with a doubly bridging
oxygen atom of a decavanadate anion as a hydrogen acceptor
to provide a one-dimensional structure. Moreover, the
residual hydrogen donor sites ofthiim?* dications are bound

to the crystal water (O(16)) molecules to afford a two-
gimensional layer structure (Scheme 1). Hydrogen bond
inked systems have been previously synthesized, including
[V 60sF(OH){ (OCH,)sCCHg} ]~ (2),3* [V 10014(OH){ (O-
CH,)3sCCHOH} 4)2™ (3),%% and [HsV1002¢]% (4).2° The hy-
drogen atoms of the bridging OH groups in compou?dg

(31) Brese, N. E.; O'Keefe, MActa Crystallogr.1991, B47, 192.

(32) Brown, I. D.; Wu, K. K.Acta Crystallogr.1976 B32 1957.

(33) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.

(34) Khan, M. I; Chen, Q.; Hoepe, H.; Parkin, S.; O’Connor, C. J.; Zubieta,
J.Inorg. Chem.1993 32, 2929.
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are used in hydrogen bonding to link polyoxovanadate anions
directly; 2 and3 afford 1-D chain structures with this linkage,
while in 4 a dimeric structure forms. On the other hand, as
far as organic molecules are considered as cement, literature
including well-characterized crystal structures is still sparse;
(N H4)6(g|y—g|y)2V10028'4H20 (5) and (depdS)[V 10022
(OH),]-10H,O (6) are examples'3® However, 5 has no
infinite structure?® and6 exhibits 1-D structuré® From this

point of view, 1 is the first hydrogen-bonded decavanadate-
based compound having higher dimensional infinite structure
with organic molecules as cement. The organigbfhh)>*

unit has four proton donor sites so flexible that the direction
is tunable by a rotation along the C{5E(6) axis, resulting

in a staggered conformation with the N{Z}(5)—C(6)—N(4)
dihedral angle, 48in 1. This appears to be a reason that
the stable linkage of (#im)?" units with the decavanadates
and the water molecules Informs and the two-dimensional
structure is constructed.

The water molecules ifhact as not only a proton acceptor
but also as a proton donor, classified into two types. First, Figure 3. Linkage structure ofl with the two-dimensional hydrogen
the type 1 water molecules (O(16)) form hydrogen bonds ponding layers. Methyl groups are omitted for clarity. Spheres of the
with both [HV1¢02¢]*~ anions and kbim?* dications to give hydrogen atoms have been arbitrarily reduced.
the two-dimensional layer. Second, the type 2 molecules

(O(15)) link the layers. The water molecules of type 1 form Seheme 2 hydrogen donor site out of the sheet
hydrogen bonds with triply bridging oxygen atoms of the —_ .
[H2V1¢02¢]*~ anion. The basicity of the bridging oxygen _ 3 ;37
atoms has been examined bYp and>V NMR chemical A

shifts as well as by ab initio MO calculations, and the 1 \}) 9

increasing order in the basicity is obtained as follows: triply f \ ,fir;:rcalated H,0
> doubly > terminal oxygen atom¥:738 The X-ray 4;3_;)7
crystallographic structure d8?* shows that the hydrogen | |

bonding occurs between the organic molecule and the triply {[H2V10028)(H4tmbim)o(Hz0)2}, layer

bridging oxygen atoms, in good agreement with both

experimental and theoretical predictions regarding the basic-Works, literature on hydrogen-bonded decavanadate systems

ity of oxygen sites on the vanadate decamer. Thus, the triply having inorganie-organic component-based 3-dimensional

bridging oxygen atoms prefer proton acceptors to the doubly compounds is still sparse. On this badiss also the first

and terminal oxygen atoms. This trend is not the exception €xample. This structure is depicted schematically in Scheme

in 1 2. The interlayer water molecules link tigH >V 1002¢](H 4-
Linkage of Layers. The motif of 1, [HoV1dO2¢]%", has bim),(H,0).}, layers to extend the three-dimensional struc-

hydrogen atoms at O(7) and OY&ites, which have no  ture. This structural feature is considered to be a sort of

interaction with the nearest neighborH0,¢*~ because layered system, in which various molecules having hydrogen

of their direction to the neighboring layer. These sites are acceptor sites could be intercalated.

considered to be hydrogen donor ones for acceptor molecules Acknowledgment. This research was supported by a
in the interlayer space. ThereforgfH2V 1902|(H4bim),- Grant-in-Aid for scientific research on Priority Area “As-

(H20)z}n layers could be able to interact with molecules by gempled Metal Complexes” from the Ministry of Education,
hydrogen bonding. Inspection of the crystal structurdlof  gcience and Culture Japan.
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layers. Figure 3 shows the hydrogen bonding interaction ~Supporting Information Available: Four X-ray crystal-
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