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Supramolecular water dimer, (H,0),, is fundamentally important.
During the course of our work on polyoxometalates, we have been
able to identify the existence of hydrogen-bonded, near-linear water
dimers in the “sinuous” channels of an inorganic framework
material, Naz,(H20)sn[Al(OH)sM0gO1g]1-2nH,0, 1. The three-
dimensional network structure of 1 in the solid state is assembled
by the Anderson type of heteropolyanions as building blocks sharing
sodium cations. Vibrational spectroscopy, X-ray powder diffraction
technique, TG-DSC analyses, and single-crystal X-ray structure
analysis have characterized this host—guest system, 1. Crystal
data for 1: triclinic space group P1, a = 12.0618 (3) A, b =
13.1570 (4) A, ¢ = 14.1563 (4) A, o = 80.7850 (10)°, B =
75.2660 (10)°, y = 68.9210 (10)°, and Z = 3.

Small water clusters, [(}D),, n = 2—10], have been a

subject of both theoretical and experimental research, as they

previously identified by molecular beam electric resonance
and maser spectroscdfiyand also by infrared photodisso-
ciation spectrd! Recently, Saykally and co-workers have
described the determination of water pair potential (which
is an essential component for modeling the condensed phases
of water) from microwave, terahertz, and infrared vibration
rotation—tunneling (VRT) spectroscopy of the water dimer
(D20),.12 Thus, the simplest water clusterBi), has always
been characterized in the vapor pha&&}? and in a
crystalline organic molecular hostWe describe here the
crystallographic observation of water dimers in the channels
of an inorganic framework material N&H>O)s[AlI(OH)6-
Mo0eO1g]n2nH,0, 1, derived from the Anderson typeof
heteropolyanion cluster [AI(OEMosO1g]3".
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water or icel=3 Most of these clusters have been character-

ized spectroscopicaltyusing liquid water (or RO), and

clusters withn = 2, 4, 6, 8, and 10 have been observed

crystallographically in crystalline hydrates’ Of particular

interest is water dimer. Supramolecular water dimer has been

*To whom correspondence should be addressd. E-mail:
uohyd.ernet.in.

(1) (a) Liu, K.; Cruzan, J. D.; Saykally, R. $ciencel996 271, 929. (b)
Keutsch, F. N.; Saykally, R. Proc. Nat. Acad. Sci., U.S.2001
98, 10533.

(2) Ugalde, J. M.; Alkorta, |.; Elguero, Angew. Chem., Int. E200Q
39, 717.

(3) (@) Ludwig, R.Angew. Chem., Int. Ed2001 40, 1808. (b) van
Hensbergen, B.; Block, R.; Jansen J_Chem. Physl982 76, 3161.
(c) Clementi, E.; Habitz, PJ. Phys. Chem1983 87, 2815.

(4) (a) Liu, K.; Brown, M. G.; Saykally, R. 3. Phys. Chem. A997,
101, 8995. (b) Pribble, R. N.; Zweir, T. Sciencel994 265 75. (c)
Gruenloh, C. J.; Carney, J. R.; Arrington, C. A.; Zweir, T. S
Fredericks, S. Y.; Jordan, K. [3ciencel 997 276, 1768. (d) Cruzan,
J. D.; Braly, L. B.; Liu, K.; Brown, M. G.; Loeser, J. G.; Saykally, R.
J. Sciencel99§ 271, 59. (e) Liu, K.; Brown, M. G.; Cruzan, J. D.;
Saykally, R. JSciencel996 271, 62.

(5) (a) Grootenhuis, P. D. J.; Uiterwijk, J. W. H. M.; Reinhoudt, D. N.;
van Staveren, C. J.; Sudker, E. J. R.; Bos, M.; van Eerden, J.;
Klooster, W. T.; Kruise, L.; Harkema, S. Am. Chem. Sod986
108 780. (b) Manor, P. C.; Saenger, \l.Am. Chem. S0d.974 96,
3030. (c) Newkome, G. R.; Fronczek, F. R.; Kohli, D. Kcta
Crystallogr. 1981 B37, 2114. (d) Chand, D. K.; Bharadwaj, P. K.
Inorg. Chem.1998 37, 5050.

10.1021/ic025803x CCC: $22.00
Published on Web 12/04/2002

© 2002 American Chemical Society

Roussel, C.; Claramunt, R. M.; Lopez, C.; Sanz, D.; Elguero, J.
Tetrahedron: Asymmetrd99qQ 1, 65. (b) Custelcean, R.; Afloroaei,
C.; Vlassa, M.; Polverejan, MAngew. Chem., Int. EQ00Q 39, 3094.

(c) Doedens, R. J.; Yohannes, E.; Khan, MChem. Commur2002

6

2.

(8) (a) Blanton, W. B.; Gordon-Wylie, S. W.; Clark, G. R.; Jordan, K.
D.; Wood, J. T.; Geiser, U.; Collins, T. J. Am. Chem. S0d.999
121, 3551. (b) Atwood, J. L.; Barbour, L. J.; Ness, T. J.; Raston, C.
L.; Raston, P. LJ. Am. Chem. SoQ001, 123 7192.

skdsc@ (9) (a)Barbour, L. J.; Orr, G. W.; Atwood, J. Nature1998 393 671.

(b) Barbour, L. J.; Orr, G. W.; Atwood, J. IChem. Commur200Q
859.

(10) (a) Dyke, T. R.; Mack, K. M.; Muenter, J. 3. Chem. Physl1977,

66, 498. (b) Odutola, J. A.; Dyke, T. Rl. Chem. Phys198Q 72,
5062.

(11) (a) Vernon, M. F.; Krajnovich, D. J.; Kwok, H. S.; Lisy, J. M.; Shen,
Y.-R.; Lee, Y. T.J. Chem. Physl982 77, 47. (b) Page, R. H.; Frey,

J. G.; Shen, Y.-R.; Lee, Y. TChem. Phys. Lettl984 106, 373. (c)
Coker, D. F.; Miller, R. E.; Watts, R. Ql. Chem. Phys1985 82,
3354,

(12) Fellers, R. S.; Leforestier, C.; Braly, L. B.; Brown, M. G.; Saykally,
R. J.Sciencel999 284, 945.

(13) (a) Anderson, J. $ature1937 140, 850. (b) Pope, M. THeteropoly
and Isopoly OxometalateSpringer: Berlin, 1983.

(14) To a solution of AIG-6H,0 (1.5 g, 6.21 mmol) in 25 mL of water
which was acidified with 10 mL of acetic acid (100%) was added
Na;MoO4-2H,0 (3.5 g, 14.46 mmol), and this solid was dissolved by
stirring; the pH of the resulting clear solution was adjusted to 1.8 by
the dropwise addition of 35% hydrochloric acid. The reaction mixture
was kept at 2622 °C in an open 100 mL conical flask. After one
week, the precipitated white crystals were filtered, washed with water,
and dried at room temperature in air. Yield: 2.0 g (68% based on
Mo).

Inorganic Chemistry, Vol. 41, No. 26, 2002 6953



COMMUNICATION

Figure 1. lllustration of the “S”-shaped channels in the polymer framework
(polyhedral representation) df Guest water molecules in the channels
are omitted for clarity.

Compound1 was prepared by treating an acidified
aqueous solution of AlGwith NaoMoQO,. White crystals of
1, which grew over a period of 7 days, were characterized
by single-crystal X-ray structure analy$tglemental analy-
sis, vibrational spectroscop§.and thermogravimetry.

The crystal structure ofi shows a three-dimensional F_igure 2_. Sodium coordination of an Anders_on anion, [AI_(QH!))eolg]S‘O
framework having “sinuous’ channels (Figure 1), which is “a,miel eogen stoms on mobbenumnermal elipsods t 0%
constructed by the Anderson type of anions as building other by symmetry operations: #Ix + 2, —y + 1, —z #2x + 1,y, z #3
blocks sharing sodium cations (Figure 2). The Anderson %Y+ 1.z #4—x+ 1 —y+1,=z#5-x+1,-y - 1,—z+ 1, #6x -
heteropoly anion consists of seven edge-shared octahedrai’ Yz #xy =Lz #8 =X oy, 2k LA x4 2,y —Z #10x —

. : ,y—1,z+ 1.
six of which are Mo octahedra arranged hexagonally around
the central octahedron containing a heterometal ion (for
- . 046#8
example, A¥" in the present case) at the center (Figure 2). 04#10
X Na1#8 \ ()
In the crystal structure ofl, the Anderson anion \ \
H50A HA9B
o 04148 HaOAL -
(15) Crystal data of: AlH 2,03,M0eNag, M = 1205.77 g mot?, triclinic, - o 049 039
space groufPl, a= 12.0618 (3) Ab = 13.1570 (4) Ac = 14.1563 H508& O050#8 \
(4) A, o = 80.7850 (10), p = 75.2660 (109, y = 68.9210 (109, U kY \
=2021.43 (10) &, T=183 (2) K,Z=3,D, = 2.971 g cm?, u = O Na3
2.913 mnTl, F(000)= 1728, crystal size= 0.20 x 0.18 x 0.08 mn¥. O11#6 047

A total of 28895 reflections (1.66< 6 < 29.99) were collected of
which 11686 unique reflectionsRg: = 0.0187) were used. The
structure was solved using SHELXS-97 and refined using SHELXL- Figure 3. Representation of the supramolecular water dimer (guest)
97 to R1= 0.0215, wR2=0.0536, for 9885 reflections with> 20- consisting of O(49) and O(50) water molecules and its immediate environ-
(1). All non-hydrogen atoms were refined anisotropically. Hydrogen ment (host) as found i (50% thermal ellipsoids). Covalent chemical bonds
atoms were located from difference Fourier maps and refined zre shown as solid lines-) and H-bonds as dashed lines (--). O(4) is a
isotropically. However, the hydrogen atoms on O(46), O(47), and pyiqging oxygen atom between two molybdenum atoms in an Anderson
0O(48) became unstable during refinement, and therefore, the corre- ohign (see Figure 2), and O(11) is a bridging oxygen atom of another
spﬁndln% G":; dlstacr;tt:es Were”con;tjran%eji?g‘taO.Zggé._'l'r(l)ssgr‘{%lnal Anderson anion (see the asymmetric unit, submitted as Supporting Informa-
(c;) E’ag Lalrz)si;)gznge (3)02_2“2 %g 32;(60'(107 ﬂ( )= é5_43’ . tion). O(39), O(41), O(46), and O(47) are sodium-coordinated water ligands
106.7’9' V= 673.80 ) '5’?) based o'n the unit ,ceII dime.nsic’Jr%/of the (part of the host), which show additional hydrogen-bonding interactions
known éimilar compound N§Cr(OH)sMogO1e]-8H0 (ref 17: a = with the guest water dimer. Atoms with additiqnal Iabels_ _#6, _#8, and #1:0
10.9080 (4) Ab = 10.9807 (4) Ac = 6.4679 (2) Ao = 107.594 are related to each other by symmetry operations specified in the caption
(2)°, p = 84.438 (2), y = 112.465 (3)), but the structure, obtained ~ Of Figure 2.
using a smaller cell, manifested disorder of sodium atoms and one . . . .
oxygen atoms. The sodium atoms are situated a bit apart from the [Al(OH)sM0sO14]°>~ coordinates sodium cations via M®
“ideal” positions, and tf|1at is er/] the larger cell, which describes the terminal oxygen atoms (Figure 2) Similar sodium coordina-
situation more precisely, was chosen. . - .' . .

(16) Selected data f& IR (Ké, pellet) G/cmY): 1620m{ (H,0)}, 947s/ tion for other Anderson anions is known in the literattite.
?}fgfinva(lmgi%)c}ﬁq?g5vg,5§§0§é 5;4%8%303\%2#‘17%4 292¥1V5|Rg$33 The guest water moleculé&which do not show any covalent

Vi . y y y y . . . . . . . .

for AlH2:MogNaOx (1205.77): Na, 5.72; H, 1.84. Found: Na, 5.69; Interactions, fill the "S™-shaped voids (Figure 1). The

H, 1.79. The number of Al and Na sites revealed by X-ray analysis is hydrogen-bonding situation involving guest and host-

consistent with the result of EDAX analysis, which gave an average ; ; in i

value of Mo/Al of <6.0 and Mo/Na of<3.0. coordinated water molecules is separately presented in Figure
(17) Perloff, A.Inorg. Chem.197Q 10, 2228. 3. O(49) and O(50) water molecules arrange themselves to

(18) There are a total of eight water molecules per formula unit (if2 form a near-linear hydrogen-bonded water dimer. This
water molecules in the asymmetric unit consisting of 1.5 molecules).

Among them, two water molecules (as guests) do not show any SUpramolecular water dimer (as guest) is associated with the
covalent interactions, but they are hydrogen-bonded to host channelshost by hydrogen-bonds in the channelldfFigure 3). The

(they are O(49), O(50), and O(51) waters in the asymmetric unit of : : : .
1.5 molecules). Whereas O(49) and O(50) water molecules arrange ggometncal paramgters pf the water dimer and_lts asso_clatlon
themselves to form a water dimer (Figure 3), the O(51) water molecule With host are provided in Table 1. The- @D distance in

is hydrogen-bonded to one of the sodium-coordinated waters. The restiha (H:0), dimer (present study) is 2.84 A. For comparison

of the six water molecules df are coordinated to sodium cations, . . . o !
wo of which (they are O(43), O(44) and O(45) waters in the the corresponding values in regular ice, in liquid water, and

?fsymmetrir(]: uglit) ;rﬁ coordinatec]f in Eae-typtle bi?en)tate( fa)shiC(m ) in the vapor phase are 2.74, 2.85, and 2.98 A, respectiely.
orming chain) and the remaining four (namely O(39), O(41), O(42), : . P

0(46), O(47) and O(48) waters in the asymmetric unit) are coordinated The Water dimer was described in the vapor phase for the
to sodium cations in the chain as monodentate ligands. first time by Dyke and co-worker$.The molecular beam
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Table 1. Geometrical Parameters of Hydrogen-Bonds (A, deg) for the  tion. Interestingly, both oxygen atoms of the water dimer

near-linear Water Dimer and Its Association with Host (Figure 3} in (Figure 3) have a “formal” coordination number of four (two
D—H---A d(D—H) d(H---A) d(D---A) T(DHA) hydrogen atoms of each oxygen of the dimer act as acceptors

O(49)-H(49A)O++(50)#8  0.87(4)  1.99(4) 2.843(3)  170(3) and the two lone pairs as donors) with (approximately)
8?3‘3);:832;"‘88);10 8-872(%) 12§25((§)> ggslg((zz)) 11(‘3‘3((;)) tetrahedral arrangements. It is thus possible to envision that
O(47)-H(47AY0(49)  1.08  1.87 2.817(3) 1572 the free water dimer (in the channel) is connected to the
O(50)—H(50A)-+-O(46) 0.91(4) 2.18(4) 2.938(3) 141(3) coordinated water molecules of the host framework through
O(41)~H(41B)y~0(30)  08L(3)  187(3) 26642 165G3)  jjentify the pair of water molecules in the channel as a
aRestrained; D= donor; A= acceptor. Atoms with additional labels Supramo'ecu|ar water dimer’ because this pair is not at all

#6, #8, and #10 are related by symmetry operations specified in the capnonmvolved in covalent interaction and is soIer hydrogen-

of Figure 2.
bonded to its periphery. At this point, it is worth mentioning
Scheme 1 that, even though we have described this pair of water
H molecules as a water dimer, contributions from the peripheral
/ hydrogen-bonding sites are inevitably significant for the

existence of this smallest water cluster. In fact, for the most
part, the H-bond contacts to the periphery are shorter than
the intradimer distance (Table 1). Thus, the formation of

H 2.976 angstroms
"

(a)tStrél_Ctural.dfaWing of the supramolecular (kD). in the channel appears to be facilitated
water dimer (In vapor phase) as by the peripheral hydrogen-bonding interactions. The im-
resonance studies (ref. 3 and 10). portance of the surrounding host of the water dimer is also
4B reflected by the fact that, once guest waters are released
Hson. 20 HA9A (thermally), the host becomes unstable with the loss of host-
m=-- 049 coordinated water molecules which are hydrogen-bonded to
H50B | 284 angstroms | the guest water moleculéd.
o In conclusion, we have synthesized and characterized an
(b) Water dimer in the . . .
solid state, present work. inorganic material, Nga(H20)sn[Al(OH) 6M0gO;g]n*2nH20, 1,

which has three-dimensional framework structure with well-
resonance experiments carried out by this group clearly defined “S”-shaped channels. These channels encapsulate
showed that the lowest energy arrangement has a plane okupramolecular water dimers as guests furnishing a novel
symmetry containing the hydrogen donor molecule to the example of a near-linear @), cluster in the solid state.
right and the symmetry axis of the molecule to the left . . . o
(Scheme 1a). Experiments using advanced techniques includ- SuPporting Information Available:  Text depicting TGA-DSC
ing VRT spectroscopy of (D.0), as well as extensive and XRD studies, a figure of the asymmetric unit as 1.5 molecules,
theoretical work®< have converaed on this translinear a figure of the sodium coordination of an Anderson anion, a figure
structure. The plane containin t%e hvdrogen donor aterOf illustration of the channels occupied by guest water molecules,
ucture. P . . Ining ydrog w and a complete X-ray crystallographic file in CIF format. This
molecule to the right bisects the water molecule to the left | iarial is available free of charge via the Internet at
through the oxygen atom of the hydrogen acceptor molecu!e http://pubs.acs.org.
(Scheme 1a). On the other hand, the water dimer, found in
the channel ofl (Figure 3 and Scheme 1b), is near-linear,
but it is not isosymmetrical with the water dimer theoretically 19) TOA performed ort showed a sh gh 1055 (6.5%) 80 °C
; ; performed orl showed a sharp weight loss (8.5% °C,
predICted a”d/f)r the water dlm_e_r of the vapor phase (SCheme( and this corresponded to the loss of 5.7 water molecules per formula
1a)31% They differ by the position of one hydrogen atom unit. Then, the lower hydrate remained stable up to 380When
(H49B in Scheme 1b), which is out of plane bisecting the the sample ofl was heated fio2 h at 125°C, it removes quantitatively
.. six water molecules. This supports the formulation of the desolvated
present water dimer, which exists in the solid state, is the elemental analyses. Anal. Found (calcd): Na, 6.35 (6.28); H, 1.05
hydrogen-bonded to all of its possible sites (Figure 3), and (0.92). This result is consistent with the first weight loss in the TGA

. - . ; curve corresponding to two solvent and four coordinated water
the resulting steric constraints decide the present conforma-  molecules.
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