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A systematic investigation of the factors governing the reaction product composition, hydrogen bonding, and symmetry
was conducted in the MoOs/3-aminoquinuclidine/H,O system. Composition space analysis was performed through
36 individual reactions under mild hydrothermal conditions using racemic 3-aminoquinuclidine. Single crystals of
three new compounds, [C7H15N2][M03010]‘H20, [C7H15N2]2[M03025]‘H20, and [C7H15N2]2[M03025]'4H20, Were grown.
The relative phase stabilities for these products are dependent upon the reactant mole fractions in the initial reaction
gel. This phase stability information was used to direct the synthesis of two new noncentrosymmetric compounds,
using either (S)—(-)-3-aminoquinuclidine dihydrochloride or (R)-(+)-3-aminoquinuclidine dihydrochloride. [(R)-C7H16N2].-
[MogOg] and [(S)-C7H1sN2]o[MogO2s] both crystallize in the noncentrosymmetric space group P2; (No. 4), which
has the polar crystal class 2 (C,). The second-harmonic generation activities were measured on sieved powders.
The structure-directing properties of the molybdate components in each compound were determined using bond
valence sums. The structures of all five compounds were determined using single-crystal X-ray diffraction.

Introduction reaction product composition. Composition space analysis

well-established method for the preparation of inorganic concentrations over a series of analogous experiments. All
structures templated by organic catidn&Despite the vast ~ Other reaction variables, such as temperature and reaction
amount of effort expended upon such studies, true control overtime, are held constant, enabling direct observation of the
the product composition and structure often remains elusive. effects that result from these composition differences. Bond
Composition space analy¥s!3 is known to be a viable ~ valence suni$ can be used to educe the structure-directing

technique for the elucidation of the factors governing the Properties of inorganic architectures, through quantification
of the relative nucleophilicities of each potential hydrogen-

* To whom correspondence should be addressed. E-mail: anorquis@ bond acceptor. The ubiquitous hydrogen-bonding networks
ha‘f"f_lrg’vrgég:g- College in such compounds are largely dependent upon the structure-
* Johns Hopkins University. directing properties of the anions. Product symmetry is of
§ University of Houston. _ special interest to researchers owing to several symmetry-
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Table 1. Crystallographic Data for Compounds-5

Veltman et al.

compd [GH16N2][M0 3010]* [C7H16N2]2[M0gO2¢]* [C7H16N2]2[M0gO2¢]* [(R)-C7H16N2]2- [(S)-C7H16N2]2-
H20 (1) H20 (2) 4H,0 (3) [M0gO2¢] (4) [M0gO2¢] (5)

formula GH16M03N2011 C14H34M0gN4O27 C14H40M0gN4O30 C14H32M08N4O2¢ C14H32M08N4O26

fw 591.90 1457.95 1512.00 1439.94 1439.94

space group P2;/m (No. 10) Pbcn(No. 60) P2:/n (No. 14) P2, (No. 4) P2; (No. 4)

alA 8.890(2) 12.7611(8) 7.9547(3) 7.2672(3) 7.2685(3)

b/A 7.6605(8) 16.2554(12) 11.0404(5) 11.6360(5) 11.6423(5)

c/A 10.6695(13) 15.6322(11) 20.6373(7) 19.6965(8) 19.6887(9)

pldeg 103.541(15) 90 94.684(3) 99.852(4) 99.948(4)

VIA3 706.4(2) 3242.7(4) 1806.38(12) 1641.00(12) 1641.05(13)

z 2 4 2 2 2

Pealedd CNT3 2.782 2.986 2.780 2.914 2914

MA 0.71073 0.71073 0.71073 0.71073 0.71073

TIK 110(2) 110(2) 110(2) 110(2) 110(2)

wlmm~t 2.683 3.101 2.794 3.060 3.060

total reflns 5412 54098 32095 26377 25828

independent refins 1913 4896 7288 8344 8087

obsd reflns 12961[> 30] 3153 > 30] 51811 > 34] 6144 > 30] 5977 [l > 30]

param 148 243 254 471 471

Flack param —0.07(4) —0.08(5)

R12 0.0326 0.0210 0.0208 0.0211 0.0225

wWR2® 0.0743 0.0426 0.0440 0.0382 0.0438

aR1= SIIFe| — FU|Fol. PWR2 = [SW(F? — FAZ[TW(Fe2)2] 2

and second-order nonlinear-optical activity [second-harmonic 1.0015 g (5.5564< 102 mol) of deionized water. Colorless blocks
were recovered. Elem microanal. Obsd fi(calcd): C, 11.81

generation (SHG)]. Several stratedied® are currently
employed to direct noncentrosymmetry in new crystalline (11.52); H, 2.16 (2.33); N, 3.91 (3.84). IR data (cth v(N—H)
compounds, including the use of chiral organic amiiés.

A systematic investigation of the Ma3-aminoquinucli-

dine/HO system was conducted to probe the factors dictating
product composition, the structure-directing properties of the ; ya5q

3136, 1621(C—H) 1491,(M=0) 967.

[C7H16N2][M0gO2¢]-4H,O (3) was synthesized through the
reaction of 0.4603 g (3.198 102 mol) of MoOs, 0.4041 g (2.032
x 1073 mol) of agn, 0.2099 g (2.142 102 mol) of H,SO,, and

g (5.754< 10-2 mol) of deionized water. Light-green blocks

inorganic component (and related hydrogen-bonding net-\yere recovered. Elem microanal. Obsd ®i(caled): C, 11.14
works), and the product symmetry. The synthesis, structure,(11.11); H, 2.48 (2.64); N, 3.71 (3.70). IR data (cth »(N—H)

and characterization of five novel organically templated 3105, 1618y(C—H) 1473,»(M=0) 957.
molybdates, two of which are noncentrosymmetric, are

reported.

Experimental Section
Materials. MoO3 (99.5%, Aldrich), BSO,

(98%, Aldrich),

3-aminoquinuclidine dihydrochloride (aqn; 98%, Aldrictg)-(—)-
3-aminoquinuclidine dihydrochlorideS@agn; 98%, Aldrich), and

[(R)-C7H16N2)2[M0gO2¢] (4) was synthesized through the reaction
of 0.3897 g (2.70x 1072 mol) of M0oO;, 0.03520 g (1.7% 1073
mol) of R-agn, 0.1428 g (1.45% 103 mol) of H,SO,, and 1.0107
g (5.615x 1072 mol) of deionized water. Colorless blocks were
recovered. Elem microanal. Obsd #(calcd): C, 11.66 (11.66);
H, 2.10 (2.22); N, 3.92 (3.88). IR data (cf: »(N—H) 3120, 1607,
v(C—H) 1487,v(M=0) 975.

(R)-(+)-3-aminoquinuclidine dihydrochlorid&{aqn; 98%, Aldrich) [(9-C7H16N2]2[M0gO2q] (5) was synthesized through the reaction
were used as received. Deionized water was used in these synthesesf 0.4102 g (2.85x 1072 mol) of MoQs, 0.2411 g (1.212¢ 1073
Synthesis.All reactions were conducted in 23-mL poly(fluoro-  mol) of Sagn, 0.1603 g (1.63& 102 mol) of H,SO;, and 1.0050
ethylenepropylene)-lined pressure vessels. Reactions were heated (5.583x 1072 mol) of deionized water. Colorless blocks were
to 180°C over 30 min and allowed to soak for 24 h. The reactions recovered. Elem microanal. Obsd f@(calcd): C, 11.63 (11.66);
were then cooled to room temperature at a rate dfC6h. H, 2.14 (2.22); N, 3.91 (3.88). IR data (chx »(N—H) 3121, 1607,
Autoclaves were opened in air, and products were recovered throughv(C—H) 1460,v»(M=0) 972.
filtration. Reaction yields ranged between 30 and 60%, based upon Powder X-ray diffraction patterns of each bulk sample match
molybdenum. No additional reaction products other than those the pattern generated from the respective single-crystal X-ray
described below, crystalline or amorphous, were observed. structure data.
[C/H16N2][M0 30414 -H20 (1) was synthesized through the reaction Single-Crystal X-ray Diffraction. Data were collected using
of 0.1415 g (9.83x 10~ mol) of MoQs, 0.8138 g (4.092« 1073 an Oxford Diffraction Xcalibur3 CCD diffractometer with Enhance
mol) of agn, 0.1993 g (2.034 102 mol) of H,SO;,, and 1.9998 Mo Ka radiation ¢ = 0.710 73 A). A single crystal was mounted
g (1.111x 101 mol) of deionized water. Colorless needles were on a glass fiber usiniy{-paratone oil and cooled in situ to 110(2)
recovered. Elem microanal. Obsd fbfcalcd): C, 14.39 (14.19); K for data collection. Frames were collected, indexed, and processed
H, 2.66 (2.70); N, 4.79 (4.73). IR data (c# »(N—H) 3113, 1589, and the files scaled usingrysAlis RED? The heavy-atom positions
v(C—H) 1466,v(M=0) 921. were determined using SIR92All other non-hydrogen sites were
[C7H16N2]2[M0gO2g] -H,0 (2) was synthesized through the reac- located from Fourier difference maps. All non-hydrogen sites were
tion of 0.5868 g (4.07% 1073 mol) of MoO;, 0.2164 g (1.088« refined using anisotropic thermal parameters using full-matrix least-
10-3 mol) of agn, 0.2164 g (2.20& 103 mol) of H,SO;,, and squares procedures 6@ with | > 3o(1). Hydrogen atoms were
placed in geometrically idealized positions. All calculations were
performed using Crystaf8.Relevant crystallographic data are listed
in Table 1.

(17) Halasyamani, P. $£hem. Mater2004 16, 3586.
(18) Kwon, Y. U.; Lee, K. S.; Kim, Y. Hlnorg. Chem.1996 35, 1161.
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Powder X-ray Diffraction. Powder diffraction patterns were
recorded on a GBC-Difftech MMA powder diffractometer. Samples
were mounted on aluminum plates. Calculated powder patterns were
generated from single-crystal data ustW§OMS,version 6.CP8

Infrared Spectroscopy. Infrared measurements were obtained
using a Perkin-Elmer Fourier transform infrared Spectrum 1000
spectrophotometer. Samples were diluted with spectroscopic-grade
KBr and pressed into a pellet. A scan was run over the range of
400-4000 cnrl.

Nonlinear-Optical Measurements.Powder SHG measurements
were conducted using a modified Kurtz-NLO system, with a 1064-
nm light source’-28 Polycrystalline4 and5 were ground and sieved
into distinct particle size rangess20, 20-45, 45-63, 63-75, 75~
90, and 96-120 um. Crystallinea quartz was ground and sieved
into identical particle size ranges in order to compare the SHG
properties of4 and 5 with known materials. All powders were
placed in separate capillary tubes; no index-matching fluid was used
in any experiment. The SHG, i.e., 532-nm light, was collected in
reflection and detected using a photomultiplier tube. A 532-nm
narrow-band-pass interference filter was attached to the tube in order
to only detect the SHG light.

Results

The inorganic components present in compouies vary
in dimensionality and connectivity. Certain structural features
are, however, retained. Each second-order-Jalefier active
molybdenum(V1) is six-coordinate, in a distorted octahedral Figure 1. (a) Three-dimensional packing af Red octahedra represent
geometry. Me-Oerminabonds are generally shorter than ¥o MoOQs, while white, blue, and red circles represent carbon, nitrogen, and
Ouragng bonds; the observed ranges are 1GBTIUTS7(6)  OY9EnSoms. eehectuey, T bt cel s o, Baand-sik () and
and 1.746(4)2.460(2) A, respectively. A much wider spread
in Mo—Oyrigging bONds is observed because the bridging
oxides can be shared by two, three, four, or five neighboring
molybdenum centers.

1. Two distinct molybdenum environments are present in
this compound. The Mogxoordination octahedra containing
Mol share common edges with four adjacent Mata-
hedra, all of which contain Mo2 (see Figure 1). In contrast, rigyre 2. Disorder mechanism present in tiedqnH]2* and S-agnkj2*
the MoQ; coordination octahedra that contain Mo2 share two cations inl.
common edges with adjacent Mol octahedra and a singlegirection, while successive chains lie next to one another in
edge with a Mo2-containing Mofbctahedron, resulting in  theab plane. A single disordered [aqa]A" cation is present
the formation of extended chains that exhibit the formula iy the asymmetric unit, which is comprised of both a

[M0301q]s™". This chain connectivity has been previously [R-aqnH]?* and a B-agnH]?* cation. The disorder mech-
reportect® " These chains are aligned in the [0 1 0] anjsm is shown in Figure 2.

2. The f-octamolybdate anions, [M®,¢*~, observed in
19) Evans, O. R.; Lin, WAcc. Chem. Re®002 35, 511-522. — ; ;
%20; Moulton, B.; Zaworotko, M. JChem. Re. %OOJ, 101, 1629. 2 are We".'knowrﬁz 34 FOUI’. unlque molybdenum sites are
(21) Gutnick, J. R.; Muller, E. A.; Narducci Sarjeant, A.; Norquist, A. J. observed in the asymmetric unit, with the remainder of the

Inorg. Chem.2004 43, 6528. o [MogO,¢*~ anions being generated by a two-fold screw axis
(22) Muller, E. A.; Cannon, R. J.; Narducci Sarjeant, A.; Ok, K. M; . . . .
Halasyamani, P. S.; Norquist, A.Qryst. Growth Des2005 5, 1913. (see Figure 3). These anions, which stack in the [0 0 1]

(23) CgsAIiE CCdDand CrysAlis RED version 1.171; Oxford Diffraction direction, are separated by protonated [aﬂ?ﬁ-bations and
Ltd.: Abingdon, U.K., 2002. . . .

(24) Altomare, A.; Cascarano, G.; Giocovazzo, C.; Guagliardi].AAppl. OCCIUdeq water mOIeCUI_eS' A Sm_gle [aqﬂﬁ cation 1Is
Crystallogr. 1993 26, 343. present in the asymmetric unit, while bofR-fgnH]?* and

(25) Betteridge, P. W.; Carruthers, J. R.; Cooper, R. |.; Prout, C. K.; Watkin, 2+ i ;
D, J.3 Appl. Crystallogr 2003 36, 1487 [S-aqnﬂ;] catlon_s are generated through a series of

(26) Dowty, EATOMS version 6.0: Shape Software: Kingsport, TN, 2002. inversion centers in the structure.

(27) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798. 3. Four unique molybdenum sites are presen8,invith
28) ,Gg{t;f'z\géf 'i’sf(igﬂl'b?huvan%h’ N.S.P.; Halasyamani, RI@M.  1he complete [MgO.g*~ anion being generated by inversion
(29) Kreusler, H. U.; Foerster, A.; Fuchs,Z. Naturforsch. B1L98Q 35,
242. (32) Lindqvist, I.Ark. Kemi.195Q 3, 349.
(30) Lasocha, W.; Jansen, J.; SchenkJHSolid State Cheni995 116, (33) Harrison, W. T. A.; Stucky, G. D.; Gier, T. Bcta Crystallogr., Sect.
422. C 1993 49, 1900.
(31) Lasocha, W.; Jansen, J.; SchenkJHSolid State Chen1995 117, (34) Muller, E. A.; Narducci Sarjeant, A.; Norquist, A.Alcta Crystallogr.,
103. Sect. E2005 61, m730.
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Figure 4. (a) Three-dimensional packing 8f Red octahedra represent
MoOs, while white, blue, and red circles represent carbon, nitrogen, and
oxygen atoms, respectively. Hydrogen atoms have been removed for clarity.
The unit cell is shown. (b) Polyhedral representation of the JRbgn*"~
chains in3.

Mos, whils white. lue. and red circles jepresent carbon, nirogen, and _B0Nd Valence Sums.The hydrogen-bonding networks
oxygen atoms, respectively. Hydrogen atoms have been removed for clarity. Present inl—5 were analyzed using bond valence suffs,

The unit cell is shown. (b) Thermal ellipsoid plot (50% probability) of the  method of quantifying both the relative strength and residual
f-octamolybdate anion i@. charge of each bond and respective ligand. All calculations
were performed using parameters compiled by Brese and
O'Keeffe 3 The valence of each MeO and C-H bond was
calculated (see Tables—5). The overall charge on each
molybdenum center can be calculated by adding the ap-
propriate bond valences. In each case, the molybdenum
valences are close tot§ the expected value. The relative
residual negative charge on each oxide ligand can be
calculated by adding the valences of each-Mband O-H
bond in which a given ligand participates. The total bond
valence § S) is subtracted from the predicted valence of an
oxide ligand,—2, to give the residual negative charge, which
is related to the nucleophilicity of each ligaffti*? Oxide
ligands that exhibit higher nucleophilicities have a greater
propensity to accept a hydrogen bond from either the organic
cations or occluded water molecufés he residual negative
charges on the oxide ligands vary considerably.

symmetry. Each [MgD,g]*~ anion shares two common oxide
ligands with each of two neighboring [MO.¢*~ anions,
forming extended chains with a known connectivity’
These chains are aligned in the [1 0 0] direction and are
separated by [agndtf™ cations and occluded water mol-
ecules. BothR-agnH]?" and B-agnH]?" cations are gener-
ated through a series of inversion centers from a single
[agnH)?" cation in the asymmetric unit (see Figure 4).

4 and 5. Compoundst and5 are closely related to one
another. Each contains analoggitectamolybdate anions,
which are comprised of eight unique molybdenum sites and
two distinct [agnH]?* cations. The [MgO,g]*~ anions stack
along the [1 0 0] direction and are separated by [adfiH
cations 4 contains only R-agnH]?" cations, whiles contains
only [SaqnH]?t cations. These two compounds both
crystallize in the noncentrosymmetric space gré2p (No.

4), for which the only symmetry elements are a seriesi0f 2 575 o "5 aermatt, DACta Crystallogr, Sect. BLOSS 41, 244,
screw axes (see Figure 5). The Flack parameters refined to39) Brese, N. E.; O’Keeffe, MActa Crystallogr, Sect. B1991, 47, 192.

—0.07(4) and—0.08(5) for4 and5, respectively. (40) Heier, K. R.; Norquist, A. J.; Wilson, C. G.; Stern, C. L.; Poeppelmeier,
' K. R. Inorg. Chem.199§ 37, 76.

(41) Welk, M. E.; Norquist, A. J.; Stern, C. L.; Poeppelmeier, Klrrg.

(35) Chakrabarti, S.; Natarajan, Sryst. Growth Des2002 2, 333. Chem.2000Q 39, 3946.

(36) Fang, R.-Q.; Zhang, X.-M.; Wu, H.-S.; Ng, S. Wcta Crystallogr., (42) Welk, M. E.; Norquist, A. J.; Arnold, F. P.; Stern, C. L.; Poeppelmeier,
Sect. E2004 60, m359. K. R. Inorg. Chem 2002 41, 5119.

(37) Thorn, K. J.; Narducci Sarjeant, A.; Norquist, AAtta Crystallogr., (43) Norquist, A. J.; Doran, M. B.; O’Hare, Onorg. Chem.2005 44,
Sect. E2005 61, m1665. 3837.
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Figure 5. Three-dimensional packing in (d)and (b)5. Red octahedra
represent Mo@ while white and blue circles represent carbon and nitrogen
atoms, respectively. Hydrogen atoms have been removed for clarity. The

unit cells are shown.

Table 2. Bond Valence Sunigfor 1
S Mol Mo2 H atom8 35S V-3S
o1l 1.58 1.58 —0.4z
02 1.65 1.65 -0.3%
03 0.91x 2 0.37 1.77 -0.23

0.49

04 0.39 0.85x 2 2.09 0.09
05 0.44 0.84x 2 2.12 0.12
06 1.69 1.69 —-0.31¢
o7 1.74 1.74 —0.26
08 0.8x 5 1.6 —0.4
>S 5.88 5.99

aValence sums calculated with the form8a= exp[(Ro — R)/B], where
S is the bond valence of boridRy is a constant dependent upon the bonded
elementsR is the bond length of bond andB equals 0.373 S is the
bond valence sum for each atom.is the predicted valence for a site.
Ro(Mov'—0) = 1.907.P> O—H bond valences on occluded water molecules
are approximated usirg = 0.939.¢ Hydrogen-bond acceptor (determined
by N—O and O-O distances).

Calculation of the valences for-€H bonds in occluded
water molecules is difficult because hydrogen atoms were
placed in idealized positions with fixed bond lengths;

therefore, accurate hydrogen atomic positions are not known.

Table 3. Bond Valence Sums fa2
S Mol Mo2 Mo3 Mo4 Hatoms S V—-3S

o1 1.70 1.70 -0.3¢
02 1.68 168 —-0.32
03 0.96 1.05 2.01 0.01
04 1.01 1.03 2.04 0.04
05 0.22 030 040 031 1.74 —0.26
0.51
06 0.39 151 1.90 -0.10
o7 1.69 169 -0.31
08 1.76 176 —-0.2#4
09 0.78 0.86 2.02 0.02
0.38
010 1.75 1.75 -0.25
011 1.69 1.69 —0.3%
012 076 091 1.94 —-0.06
0.27

013 1.79 1.79 -0.21
014 08x5 1.6 —0.4

XS 596 596 590 5.89
a Hydrogen-bond acceptor (determined by-® and O-O distances).

Table 4. Bond Valence Sums fa3
S Mol Mo2 Mo3 Mo4 Hatoms S V—-3S

o1 1.66 166 —0.3#4
02 1.76 1.76 —-0.24
03 091 0.83 1.74 -0.26
04 039 034 1.08 182 -0.18
05 0.52 0.51 1.02 2.05 0.05
06 0.74 1.36 2.10 0.10
o7 1.66 1.66 —0.34
08 1.70 1.70 -0.3¢
09 0.80 1.02 182 -0.18&
010 0.44 025 0.37 1.95 -0.05
0.89

o111 1.79 1.79 —-0.2R
012 1.43 0.45 1.88 —0.12
013 1.78 1.78 —0.22
014 0.8x5 1.6 —0.4
015 0.8x5 1.6 —0.4

>S 598 577 595 6.00
a2 Hydrogen-bond acceptor (determined by-® and O-O distances).

solids or soluble species after the reaction are neglected.
Areas of selective crystallization, or “crystallization fields”,
are often observed. These diagrams are similar to binary
phase diagrams in that the products are related to the initial
reactant concentrations. However, solvent concentration
replaces temperature in these diagrams. The final composition
is not necessarily the same as the initial composition;
therefore, composition space diagrams are not phase dia-
grams because they do not obey the phase rule.

The composition space diagram for the Mg&yn/HO
system was constructed by conducting 36 distinct reactions.
Reactant mole fractions were systematically varied; however,
the total number of moles of Ma@nd agn was held constant

Approximations are included because the water moleculesat 5 mmol. An identical series of reactions was performed

are important participants in the hydrogen-bonding structure,
and neglecting the effects of the-® valences on the oxide
nucleophilicities leads to unreasonable values.
Composition Space Diagram.In a composition space
diagram, the compositions of the crystalline products are
plotted as a function of the reactant mole fractions. The total
number of moles of Mo@and racemic agn in each reaction
was held constant, while the amount of solvent water was

in four solvent water amounts: 0.5, 1.0, 1.5, and 2.0 g. In
addition, a constant amount of 0.2 g 0f$0O, was added to
each reaction to act as a mineralizer. The pH of each gel
was adjusted to a value of 5 before the reaction, using
concentrated NaOH and glacial acetic acid. Each reaction
in this system was conducted using a racemic source of agn.
The composition space diagram for the Mg&@yn/HO

system, shown in Figure 6, has five distinct crystallization

varied, creating a series of pseudobinaries. Any amorphousfields. In regions of high agn concentratiorsis the only

Inorganic Chemistry, Vol. 45, No. 14, 2006 5533
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S Mol Mo2 Mo3 Mo4 Mo5 Mo6 Mo7 Mo8 >S V-—3S
01 1.76 1.76 —0.24
02 171 1.71 —0.29
03 0.93 1.02 1.95 —0.05
04 0.86 1.04 1.90 -0.1¢
05 0.39 1.50 1.89 —0.11
06 0.24 0.28 0.32 0.33 0.52 1.69-0.31
o7 1.69 1.69 —0.31”
08 1.74 1.74 —0.2¢
09 0.78 0.32 0.93 2.03 0.03
010 0.36 0.83 0.77 1.96—-0.04
011 1.80 1.80 —0.20
012 1.68 1.68 —0.32
013 1.76 1.76 —0.24
014 0.90 0.36 0.77 2.03 0.03
015 0.73 0.73 0.37 1.83-0.1”
016 1.72 1.72 —-0.28
017 1.71 1.71 —-0.29
018 0.53 0.32 0.33 0.28 0.25 1.710.29
019 1.03 0.88 1.91 —0.0%
020 1.77 1.77 —-0.23
82% 1.55 1.76 0.37 117962 7822 Figure 6. Composition space diagram for the Mgegn/HO system.
023 1.73 1.73 —0.2”
024 1.03 0.96 1.99 —0.01
025 1.73 1.73 —0.2R
026 1.79 1.79 -0.21

>S 5.89 587 588 590 5.87 583 594 5.98

aHydrogen-bond acceptor (determined by-® distances).

Table 6. Bond Valence Sums fds

S Mol Mo2 Mo3 Mo4 Mo5 Mo6 Mo7 Mo8 3§ V—-3§
01 181 1.81 —0.19
02 1.73 1.73 —0.27
03 0.97 1.04 201 0.01
04 0.87 1.02 1.89 -0.11
05 0.37 1.55 1.92 —0.08
06 0.26 0.28 0.34 0.32 0.53 1.73-0.27
o7 1.74 1.74 -0.26
08 1.71 1.71 —0.2¢
09 0.78 0.37 0.90 2.05 0.05
010 0.37 0.78 0.73 1.88—-0.12
011 1.76 1.76 —0.24
012 1.70 1.70 —0.30
013 1.75 1.75 —0.25
014 0.93 0.33 0.77 2.03 0.03
015 0.78 0.83 0.36 1.97-0.03
016 1.76 1.76 —0.24
017 1.69 1.69 —0.31
018 0.53 0.33 0.32 0.28 0.24 1.76-0.30
019 1.03 0.86 1.89 —0.11
020 1.80 1.80 —0.20
021 1.52 0.39 1.91-0.09
022 1.69 1.69 —0.31
023 1.72 1.72 —0.28&
024 1.01 0.94 1.95-0.05
025 0.70 1.70 —0.30
026 1.74 1.74 —0.26

%S 6.01 592 589 590 591 590 5.83 5.87
Figure 7. SHG intensity vs particle size for (@)and (b)5. The curves

#Hydrogen-bond acceptor (determined by-® distances). drawn are to guide the eye and are not fits to the data.

crystalline product. As the agn mole fraction decreases and
the MoG; mole fraction increases, a second region is observed
in which both1 and2 cocrystallize. The third crystallization
field, located at high Mo@and water concentrations, contains
only 3. As the MoQ concentration decreases, b@land3
are observed in the reaction produtts the dominant crys-
talline product over the remainder of the composition space. The construction of the composition space for the MoO
SHG. The SHG intensities versus particle size4@and5 agn/HO system serves two purposes. First, it provides a
are shown in Figure 7. Measurements were made on groundsystematic means of investigating the types of compounds

and sieved samples, with the 532-nm light quantified as a func-
tion of the particle size4 and5 exhibit SHG efficiencies that
are very similar to that of-SiO,, and neither compound is
phase matchable.

Discussion
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that are formed from these reactants and the conditions undettow water levels. The intermediate region, in whitlnd?2

which they form. A wide variety of reaction conditions can

cocrystallize, is present in reactions of intermediate water

be quickly scanned using an inexpensive racemic source oflevels.

this chiral diamine. Second, the phase stability information

Line C represents a series of reactions in which the

gathered from the composition space can be used for targetednolybdenum and agn mole fractions are fixed at 0.9 and

syntheses using enantiomerically pure agn.
The composition space diagram for the Mge@n/HO

0.1, respectively. The amount of solvent water varies between
0.5 and 2.0 g. The trend observed along Line C is analogous

system, shown in Figure 6, can be used to understand thd® What is present along Line B is formed in water-

phase stability of compounds-3. In general, the compound _?_Eﬁmentl c;dndltlon/s, wh|l§ f(f)rm; n \évgtgr-r:lc?z rea(;:tlzqris.

whose composition most closely matches that of the reaction € mt(')yl e/’;“”_‘ b(t)h rattio for ;m h IS 4.1 an i - ;

gel is the dominant crystalline product. This can be dem- respectively. Again, the compound Whose composition mos
. S closely matches that of the reaction gel tends to be the

onstrated through the investigation of molybdenum/template dominant crvstalline oroduct

and molybdenum/}O ratios. The factors governing product Y P '

> . : N Composition space analysis not only can be used to
composition can be elucidated through the investigation of understand the phase stability of the observed compounds
three series of reaction, denoted Line A, Line B, and Line C P y P

S but also can be used to control the composition of the
in Figure 6. inorganic component. [Mi®,¢]*~ anions and [MgOag] 1"

Line A represents a series of reactions that were all chains exhibit a low amount of charge per molybdenum and
conducted wi 1 g of solvent water.1 is the dominant  are generally found in molybdenum-rich reactions. In
crystalline product in the template-rich portion of Line A, contrast, [M@O,¢].2" chains have a higher charge per
with 2 and 3 being observed under molybdenum-rich molybdenum and are generally found in template-rich
conditions. This trend can be explained by comparing the reactions. This trend should hold for related template systems
compositions ofl—3. 1 has a molybdenum/template ratio and should allow for the efficient determination of the
of 3:1, while both2 and3 have molybdenum/template ratios conditions necessary to cleanly synthesize the desired
of 4:1. 1 dominates the crystallization in the template-rich compounds. For example, compourbdand5 were synthe-
portion of Line A because its composition more closely sized in good yield, without cocrystallization of other species,
matches the reaction gel composition. In regions where thein a single reaction for each compound.
template concentration is high, the compound that incorpo- Several criteria were considered in the selection of the
rates more aqn is more likely to be stable. The template amine used for this study. First, the presence of a chiral center
concentration decreases and the molybdenum concentrationvas necessary if any symmetry constraints are to be imposed
increases along Line A, which is reflected in the reaction on the reaction products. The availability of both racemic

product. A shift from phase-purkto a mixture ofl and2,
phase-pure2, and a mixture o2 and 3 is observed. The
molybdenum-rich compounds? and 3, are present as
products in the molybdenum-rich reactions, while the
template-richl is observed in agn-rich reactions.

Line B represents a series of reactions in which the
approximate agn and Mo mole fractions are 0.6 and 0.4,
respectively. The amount of solvent water varies from 0.5
to 2.0 g. In this series of reactions, the composition of the
crystalline product is determined by the amount of solvent
water because the molybdenum/agn ratio present in thes
reactions is neither sufficiently molybdenum-rich to force
crystallization of2 or 3 nor so aqn-rich to force crystallization
of 1. Reactions with lower amounts of solvent water yield
phase-pure. As the amount of water increases, cocrystal-
lization of 1 and 2 is first observed, followed by the
production of phase-puré. The molybdenum/kD ratio
present inl and 2 can be used to understand this trend

and enantiomerically pure samples of the same organic amine
can enable one to control the inclusion of these symmetry
constraints by conducting parallel experiments. Second, the
use of a rigid diamine can deter orientational disorder within
the organic amine, through the combination of low molecular
flexibility and multiple points of interaction between the
amine and inorganic components. Third, at least one of the
amines within the molecule should be primary, to increase
the degree of hydrogen bonding with the structure. 3-Amini-
noquinuclidine was selected because it fits each of these
criteria. It is readily available as both a racemic mixture or

G]'ust (9-(—)-3-aminoquinuclidine orR)-(+)-3-aminoquinu-

clidine and contains both a primary and tertiary amine, and
its bicyclic nature provides rigidity within the molecule.
Elucidation of the role of [agng?t cations in the
crystallization of compound4—5 required a systematic
investigation. Exploration of the composition space in the
MoOg/aqn/HO system resulted in the formation of three
compounds synthesized from a racemic source of agn and

because the amount of molybdenum is fixed for each reactionprovided the necessary information to efficiently synthesize

on Line B.1 exhibits a molybdenum/#D ratio of 3:1, while
2 has a molybdenum#® ratio of 4:1. The compound that

two additional compounds using enantiomorphically pure
sources of eitherg)-(—)-3-aminoquinuclidine or R)-(+)-

incorporates the greatest amount of solvent water in the 3-aminoquinuclidine. These five compounds form a basis

structure for this fixed amount of molybdenufn dominates
the crystallization in reactions with high water levels.
Conversely, the compound with the lowest molybdenum/
H,0 ratio, 2, dominates the crystallization in reactions with

from which the role of [agnk]?" cations are discussed.

The role of the [agnk]?* cations in compound&—5 is
three-fold. First, the cations balance the charge on the anionic
inorganic components. Second, the protonated amines create

Inorganic Chemistry, Vol. 45, No. 14, 2006 5535



Veltman et al.

an extensive hydrogen-bonding network. Third, the chirality related niobate anions. For example, it was demonstrated in
of [R-agnH]?" and [S-agnH)?t affects the three-dimensional  a recent investigation that the bound hydrogen atoms on
symmetry of the resulting compound if an enantiomerically [NbgO:¢]®~ Lindquist ions in Na[HNbeOyg-15H,0 are
pure source of the amine is used. localized on bridging (two-coordinate) oxid&d-urthermore,

The inorganic components present in compouns vary oxygen exchange was shown to be most facile for bridging
in connectivity and dimensionality. They do, however, all (two-coordinate) oxides, followed by terminal and central
exhibit negative charge. The [agsli cations present in  (six-coordinate) oxides. This behavior, while different from
solution, while not the only source of positive charge in the the polyoxomolybdate species presented here, can again be
reaction gel, are the lone source of charge balance that isunderstood in the context of bond valence sums. The bridging
incorporated into each compound. (two-coordinate) oxides exhibit the largest residual negative

The extensive hydrogen-bonding networks present in charges, and so the hydrogen position is preferential to those
compoundd—5 were investigated using bond valence sums sites. The oxygen valences and nucleophilicites also mirror
(see Tables 26). The oxide ligands that accept hydrogen the reported solvent exchange rates. A complete bond valence
bonds in compound$—3 closely match those ligands with  sum analysis of the [N¥D:g]®~ aniorf® is listed in the
the greatest residual negative charge. This nucleophilicity is Supporting Information.
the primary factor governing the formation of the hydrogen- Compoundsl—3 were synthesized from racemic sources
bonding network. Compound$ and 5, however, contain  of agqn, while4 used R)-agn ands used §)-agn. The reaction
apparent exceptions to this trend. At least one oxide ligand ge| compositions used to synthesikand5 were based upon
that exhibits a lower partial negative charge accepts a hydro-ap gnalysis of the Mogagn/HO composition space dia-
gen bond in each of the latter two compounds when €om- gram_ in which compoungis the dominant phase. Reaction

pared to the other oxide ligands. Geometric constraints aregngitions were selected to replicate those used in a phase-
a secondary influence responsible for the donation of a hydro-pure synthesis of2, allowing for a direct analysis of

gen bond to a less nucleophilic oxide. Both compouhdad differences introduced through the use of either racemic or
5 contain two primary ammoniums, each of which donates enantiomorphically pure sources of agn.

three hydrogen bonds to neighboring oxides. For example,
N2 in 4 donates hydrogen bonds to O4, 08, and O12. Two
of these oxides, O8 and 012, are highly nucleophilic, while

04 has a lower residual negative charge. The formation of
hydrogen bonds to O8 and 012, coupled with the steric influ-
ences dictating the HN—H bond angles, limits the availabil-

ity of hydrogen-bond acceptors. The position of O4, which

is only moderately nucleophilic in the context 4f allows

Compoundd.—3 each crystallize in centrosymmetric space
groups, while4 and>5 both crystallize in the noncentrosym-
metric space group2; (No. 4). The use of enantiomerically
pure sources of chiral organic amines in the synthesds of
and5 precludes the formation of centers of inversion within
these structures. A cancellation mechanism for the local
distortions present in Mogcoordination octahedra cannot

for the formation of three hydrogen bonds in the appropriate occur via the presence m.c extrgframework ceg +ters (.)f sym-
geometry. Similar geometries are observed for N4, iwhich metry becaqse th_e relationship (?f R-4qnH]*" cation

donates hydrogen bonds to 019, 023, and 025. Thethrougg an inversion center requires a correspondfyg [ _
environments around N2 and N4 %rare analogous to their agnH** cation. The presence or absence of these enanti-

. 2+ i
counterparts id. N2 donates hydrogen bonds to 017, O19, OMErs can b.e controlled; ncShqnl—g] Catlogf can be
and 023, while N4 interacts with 02, O4, and O8. incorporated into the resulting solid iIRlagnH]?" cations

) . L,
Two trends, common to compounds-5, were used to ~ 210N€ are present in the reaction g&-dqnk]*" cations

determine the structure-directing properties of the observed 2" also never be related to one another through centers of

. . ot s
molybdate anions. First, the most nucleophilic oxides are inversion because the_requlrésja[qnl-lz] cations are absent,
generally those that either bind to a single molybdenum prohibiting the formation of any such centers of symmetry.

center or are shared by four or five molybdenums. The oxides ' IS constrains the space group of the soI|02I+to be noncen-
that bridge between two or three molybdenum sites usually trosym2r+netr|_c. The chirality of theR-agni]*" and [S-
exhibit low nucleophilicities. Second, only the “accessible” 2dnftl*" cations is réflected in the enantiomorphic and polar
oxides participate in hydrogen bonding. The four- and five- crystal class of these two compoun@s(Cy).
coordinate oxides do not accept hydrogen bonds because their Compounds2, 4, and 5 share two common structural
positions within the anion generally preclude additional components}-octamolybdate anions and [ags}H cations.
interaction for steric reasons. In contrast, the terminal oxides However, the symmetry elements within these compounds
have no such constraints and freely accept hydrogen bondsdiffer considerably. The [MgD.]*~ anions present i reside
Therefore, [M@0O,¢g*~ anions and both [MgD,¢*"~ and on a series of two-fold axes of rotation at §0,%), with
[Mo301g2" chains direct coordination through their terminal  four unique molybdenum sites present. Neighboring anions
oxides, the most nucleophilic ligands that are accessible forare related to one another through inversion centers. The
interaction. While the complex hydrogen-bonding networks [M0gO2¢]*~ anions in4 and5 do not sit on any symmetry
present in compounds-5 cannot be predicted, the interact-
ing ligands can. (44) Alam, T. M.; Nyman, M.; Cherry, B. R.; Segall, J. M.; Lybarger, L.
The structure-directing properties of the polyoxomolyb- E.J. Am. Chem. S0@004 126 5610,

> . (45) Goiffon, A.; Philippot, E.; Maurin, MRev. Chim. Mineral.198Q 17,
dates discussed above are markedly different from those of ~ 466.
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Figure 8. Cation structures in (&2 and (b)4. The symmetry elements

present are shown. White and blue circles represent carbon and nitrogen
atoms, respectively. Molybdenum, oxygen, and hydrogen atoms have been

removed for clarity.

elements, and eight distinct molybdenum environments are

present in each structure.

The asymmetric unit o contains a single§-agnH]?"
cation, from which R-agnH)?" cations are generated by
inversion centers4 and 5 both contain two complete
[agnHy)?" cations, either twoR-agnH)]?* or two [S-agnhp)?*
cations, respectively. These [agi¥t cations are aligned

and forces thg-octamolybdate anions to pack in a noncen-
trosymmetric arrangement. The possibility of pseudosym-
metry with the inorganic components d&f and 5 was
investigated. The [aqnf}f™ cations were removed from the
crystallographic models, and Platémwas used to probe for
missing symmetry. None was found, confirming the ability
of chiral cations to impart noncentrosymmetry in inorganic
structures. Possible mechanisms for the formation of inver-
sion centers within such structures do exist. Crystallographic
disorder of the chiral cation or the formation of an incom-
mensurate crystal can result in centrosymmetry.

The viability of using chiral organic amines to constrain
the reaction product symmetry is demonstrated in the
nonlinear-optical activity o4 and 5. The measured SHG
response in these two compounds validates this strategy for
the formation of new noncentrosymmetric materials.

Conclusion

Understanding the factors governing product composition,
hydrogen bonding, and symmetry can lead to control of the
hydrothermal reaction products and the rational design of
new functional materials. We demonstrated control over both
symmetry and composition in the targeted syntheses of the
SHG-active4 and5, through the use of composition space
analysis and either racemic or enantiomerically pure 3-ami-
noquinuclidine. Bond valence sums were used to determine
the structure-directing properties of the observed molybdates,
which are integrally important in the formation of the
observed hydrogen-bonding networks.
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