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The free solvated ligand, H,bna-CH3;OH-H,0 (1), and its dimeric complex, [Cdy(bna),(H.0)¢] (2) (bna = 2,2'-
dihydroxy-[1,1']-binaphthalene-3,3'-dicarboxylate), were obtained by evaporation of the solutions, while two new
d'® metal-hydroxy cluster-based coordination polymers, namely [Cdg(OH)4(H20)10(bna)s)-17H,0 (3) and [Hpyl,-
[Zn4(OH),(H,0),(bna),)-2H,0-2CH;CN (4), were obtained by a hydrothermal route. All the compounds have been
characterized by X-ray crystallography and photoluminescence measurements. Compound 1 consists of a three-
dimensional, hydrogen-bonded supramolecular array, 2 exhibits a dimeric molecule featuring a square motif organized
by two Cd(ll) atoms and two bna ligands each at the corner, and 3 contains unprecedented [Cdg(us-OH)2(u-OH).-
(u-H20),]*2* octanuclear metallacrown cores which are interlinked through bna to afford a two-dimensional structure,
while 4 features layers with butterfly-shaped [Zn,(us-OH),J** clusters. All the complexes display photoluminescent
properties in the blue/green range. The manifestation of photoluminescence, as probed by molecular orbital
calculations performed on the complexes and also on hypothetical multinuclear complexes, is attributed to a ligand-
to-metal charge-transfer mechanism. In addition to presenting a new approach for the study of the photoluminescent
properties of metal-cluster-based coordination polymers by using simple model compounds, the study also reveals
the dominant role of the structure of the ligand over that of the d'® metal—hydroxy (or oxy) cluster and the presence
of the cluster significantly increasing the emission lifetime.

Introduction structures (such as one-dimensional helical ribbons or

) ) ) molecular zippers, two-dimensional molecular square or
Metal—organic polymers built from metallic clusters are

of current interest because of their interesting molecular
topologies and crystal packing motifs as well as the fact that
they may be designed with specific functionalitie$.In
addition to being robust and thermally stable, some possess
photoluminescent properties, a feature that has contributed
to d'° metal polynuclear clusters being investigated in the
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triangular grids, and interpenetrating/noninterpenetrating (MO) calculations can give a rationalistic understanding of

three-dimensional network$)%91° most of them possess
photoluminescent properti€4:1° However, the presence of

the photoluminescence mechanism. Similarly, we expect that
the photoluminescence mechanisms of the multinuclear

the polymeric architectures makes such photoluminescentcomplexes with bna or na can also be unraveled by MO

compounds insoluble in common organic solvetfi&%and

calculations. In this paper, we describe the preparations,

renders more detailed analysis of the mechanism of photo-crystal structures, and photoluminescent properties of the free
luminescence difficult, so that some of the conclusions in ligand, HbnaCH;OH-H,0 (1), and its d° metal complexes,

the literature may not be reliabié?

namely [Cd(bnak(H:0)g] (2), [Cds(OH)4(H20)1o(bnay]

We have recently reported an organosilver(l) complex with 17H:0 (3), and [Hpy}[Zns(OH),(H:0).(bna)]-2H,0-2CHs-

an aromatic carboxylate ligand,.bha (bna= 2,2-dihy-
droxy-[1,1]-binaphthalene-3;3dicarboxylate};! exhibiting

CN (4) (Hpy = pyridinium).

unusual structure and photoluminescence. Meanwhile, it is Experimental Section

also known that the photoluminescent properties of the

binaphthalene kbna compound, whose naphthyl rings are
severely twisted across the-C single bond, are similar to
those of another naphthalene derivative, Hna £n&-hy-
droxy-naphthalene-2-carboxylatg€).As such, the photo-

Materials and Physical Measurements.The reagents and
solvents employed were commercially available and used as
received without further purification. The C, H, and N microanaly-
ses were carried out with a Perkin-Elmer 240 elemental analyzer.
The FT-IR spectra were recorded from KBr pellets in the range

luminescence mechanism of the multidimensional Zn(lIl) or 4000-400 cnt? on a Bio-Rad FTS-7 spectrometer. The emission/
Cd(ll) cluster-based coordination polymers of bna is expected excitation spectra were recorded on a Perkin-Elmer LS50B

to be similar to that of the structurally similar multinuclear

fluorescence spectrophotometer. The time-resolved single-photon

complexes of na. On the other hand, it has been shown inabsorption fluorescence fdr and 2 was measured with a third

previous reports by dsand others' that the molecular orbital

(6) (a) Tao, J.; Tong, M.-L.; Shi, J.-X.; Chen, X.-M.; Ng, S. Whem.
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Z.-F.; Xiong, R.-G.; Zhang, J.; Chen, X.-T.; Xue, Z.-L.; You, X.-Z.
Inorg. Chem2001, 40, 4075-4077. (d) Long, L.-S.; Ren, Y.-P.; Ma,
L.-H.; Jiang, Y.-B.; Huang, R.-B.; Zheng, L.-Biorg. Chem. Commun.
2003 6, 690-693. (e) Zhang, J.; Xie, Y.-R.; Ye, Q.; Xiong, R.-G;
Xue, Z.-L.; You, X. Z.Eur. J. Inorg. Chem2003 2572-2577. (f)
Wang, S.-T.; Hou, Y.; Wang, E.-B.; Li, Y.-G.; Xu, L.; Peng, J.; Liu,
S.-X.; Hu, C.-W.New J. Chem2003 1144-1147.

(11) Zheng, S.-L.; Tong, M.-L.; Tan, S.-D.; Wang, Y.; Shi, J.-X.; Tong,
Y.-X.; Lee, H.-K.; Chen, X.-M.Organometallics2001, 20, 5319-
5325.

(12) Valeur, B.Molecular Fluorescence: Principles and Applications
Wiley-VCH: Weinheim, 2002.

(13) Zheng, S.-L.; Zhang, J.-P.; Chen, X.-M.; Huang, Z.-L.; Lin, Z.-Y;
Wong, W.-T.Chem—Eur. J. 2003 9, 3888-3896.

(14) (a) Burrows, P. E.; Shen, Z.; Bulovic, V.; McCarty, D. M.; Forrest,
S. R.; Cronin, J. A.; Thompson, M. B. Appl. Phys1996 79, 7991~
8006. (b) Ashenhurst, J.; Brancaleon, L.; Hassan, A.; Liu, W.;
Schmider, H.; Wang, S.; Wu, @rganometallics1998 17, 3186—
3195. (c) Yang, W. Y.; Schmider, H.; Wu, Q.; Zhang, Y. S.; Wang,
S. Inorg. Chem.200Q 39, 2397-2404. (d) Liu, S.-F.; Wu, Q.;
Schmider, H. L.; Aziz, H.; Hu, N.-X.; Popovic, Z.; Wang, $. Am.
Chem. Soc200Q0 122,3671-3678.

harmonic of a mode-locked Nd:YAG laser (Continuum PY61C-
10) with a duration of 60 ps used as the excitation source, with a
streak camera (Hamamatsu Model C1587, 6 ps resolution) as a
recorder. For3—4, the third harmonics, 355 nm line of an
Nd:YAG laser (Quantel Brilliant B) with a duration of 10 ns, was
used as the excitation source.

Synthesis. Hbna-CH3;OH-H,0 (1). The crystals ofl were
obtained (yield 78%) by slow diffusion of diethyl ether into a
methanol solution of the pale-yellow sample, which was prepared
by the hydrolytic reaction of its dimethyl est&rElemental analysis
calcd (%) for GaH»00g 1: C, 65.09; H, 4.75. Found: C, 65.11; H,
4.73. IR data (KBr, cml): 3436s, br, 1609m, 1571vs, 1500m,
1439vs, 1398s, 1348m, 1246m, 1130w, 1087m, 1006w, 930w,
813m, 755m, 630w, 541m, 439w.

[Cda(bna),(H20)e] (2). A solution (5 mL) of Hbna (0.187 g,

0.5 mmol) was added dropwise to a stirred methanol solution (5
mL) of Cd(NG;),-4H,0 (0.154 g, 0.5 mmol) at 50C for 30 min.

The resulting pale-yellow solution was allowed to stand in air at
room temperature for two weeks, yielding pale-yellow crystals in
good yield (37%). Elemental analysis calcd (%) forissC 015

2: C, 49.04; H, 3.37. Found: C, 49.02; H 3.32. IR data (KBr,
cm™1): 3472s, br, 1637m, 1560s, 1558vs, 1503m, 1460vs, 1398m,
1369vs, 1342m, 1238m, 1130w, 1016w, 942m, 876m, 809m, 755m,
630w, 597m, 440w.

[Cdg(OH)4(H20)10(bna)s]-17H,O (3). An MeCN—H,O [1:4
(v/v), 10 mL] solution containing Cd(N§,-4H,O (0.154 g, 0.5
mmol) and Hbna (0.187 g, 0.5 mmol) was stirred for 20 min in
air, and then placed in Parr Teflon-lined stainless steel vessel (23
mL). After addition of triethylamine (0.7 mL, 5 mmol), the vessel
was sealed and heated at 1%Dfor 120 h, cooled to 100C at a
rate of 5°C h™1, and held for 10 h, followed by further cooling to
room temperature. Pale-yellow crystals3ofere collected, washed
with water, and dried in air (yield 42%). Elemental analysis calcd
(%) for Q32H13(;(:Ch067 3: C,42.99; H, 3.55. Found: C, 43.02; H,
3.52. IR data (KBr, cmb): 3452m, br, 1725m, 1619m, 1552vs,
1505m, 1459m, 1401vs, 1370s, 1348s, 1241m, 1153m, 1098m,
1077m, 1003w, 943m, 879m, 809m, 750m, 623w, 564w, 529m,
482w, 439w.

(15) Martin, H.; Jify Z. Org. Prep. Proced. Int1991, 23, 200-203.
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Table 1. Crystal Data and Structure Refinements for4 free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
; from the Cambridge Crystallographic Data Center, 12 Union Road,

chemical Ca3H200 CyH CizH CroH76Ns- . )
formula e O 0w Oxzns Cambridge CB2 1EZ, U.K. Fax: H44) 1223-336-033. E-mail:

alA 15.368(2) 15.822(8) 13.169(1) 13.795(5) deposit@ccdc.cam.uk.).

b/A 7.1578(9) 9.162(3) 16.736(1)  14.348(7) Calculation Details. Density functional calculations were per-

oA 19.165(3) 15.345(4) 17.314(1) 15.220(8) . . . A

aldeg 90 20 113.416(3) 109.84(7) formed, employing thg Gaussian98 suite of prografmat the

Bldeg 106.310(2) 90.49(1) 100.613(3) 94.01(7) B3LYP level. The basis set used for C, O, N, and H atoms was

yldeg 90 90 93.647(3) 110.34(6) 6-31G while effective core potentials with a LanL2DZ basis set

VIAZ 2023.3(5) 2224(2) 3401.9(5) 2596(2) were employed for transition metals. The contour plots of MOs

fZW 224 39 21077 53 13687 56 1 2099 15 were obtained with the Molden 3.5 graphic progr&m.

space group  P2y/n (No. 14) P2i/c (No. 14) P1(No.2) P1(No.2) . .

T (K) 293(2) 293(2) 293(2) 293(2) Results and Discussion

A(Mo Ka) (A) 0.71073 0.71073 0.71073  0.71073 o

Deaicdg cm 3 1.393 1.609 1.800 1.343 Syntheses and CharacterizationThe hydrothermal method

u (Mo fla)/ 0.106 1.032 1.329 0.990 has been proven to be very effective for the syntheses of

le}lm> 20(1)] 0.0540 0.0495 0.0477 0.0698 zeolites, nanomaterials, and, more recently, coordination

WR2 0.1778 0.1271 0.1292 0.2154 polymers. It is well-known that small changes in one or more

of hydrothermal parameters, such as the temperature, reaction
time, pH value, and molar ratio of the reactants, may exert
[Hpy] AZn 4(OH)(H20)2(bna)s]-2H,O0-2CHCN (4). An MeCN— profound influence on final reaction products. During the
H0 [1:4 (v/v); 10 mL] solution containing Zn(N§»6H,0 (0.158  nast few years, we have explored the synthesis of metal-
9, 0.5 mmol) and kbna (0.187 g, 0.5 mmol) was stirred for 20 o, gter-hased coordination polymers containing mixed or-
C;"S]Sg ?2"3 sanc)l t;?tgrp;?i(c:j?t?oro? gya:iréi:l—sﬂ((in;lf)e(:hzt?/lglsesisl st';esel ganic ligands under typical hydrothermal conditions (i.e.,
: ’ 120-180 °C and 2-7 days) and found that pH values of

sealed and heated at 180 for 120 h, cooled to 100C at a rate . ) )
of 5°C h™%, and held for 10 h, followed by further cooling to room 7—8 are most suitable in the formation of metalydroxy

temperature. Pale-yellow crystalsbvere collected, washed with ~ (OF OXY) clusters. This pH condition was used in the
water, and dried in air (yield 42%). Elemental analysis calcd (%) Preparation o8 and4; at this pH, the metathydroxy clusters

for CioH7éN4Os0Zns 4: C, 58.36; H, 3.65: N, 2.67. Found: C, result from the hydrolysis of metal ions. The formation of
58.40; H, 3.62; N, 2.65. IR data (KBr, ci¥): 3446m, br, 2230s, clusters is avoided by merely carrying out the reaction in
1645m, 1570s, 1562vs, 1509m, 1439s, 1385vs, 1341m, 1239m,water; 2 was isolated from an open solution of cadmium
1130w, 1008w, 930w, 808m, 748m, 671m, 619w, 535m, 478m, njtrate and the acid. It should also be pointed out that the

aR1 = 3||Fol = IFell/XIFol, WR2 = [FW(Fo* — F?)7 I W(Fo)7 V2

44>2(W’ 42§W-t |  tucture diffraction intensiies fat reaction conditions employed in this work were found to be
-ray Lrystallograpny. structure difiraction intensities appropriate for isolation of good-quality crystals as the
and3 were collected at 293 K on a Bruker Smart Apex CCD area- p?opdugts g q y ey

detector diffractometer (Mo &, A = 0.71073 A), while2 and4 .
were collected on a SiemeR8m diffractometer using the-scan In general, the IR spectra show features attributable to the

technique with graphite-monochromated Mo i = 0.71073 A) carboxylate stretching vibrations of the complexes. Eor
radiation. Lorentz-polarization and absorption corrections were differences ) between the antisymmetric stretching and
applied for the four compundé:1” The structures were solved with ~ Symmetric stretching bands of the carboxylate groups are
direct methods and refined with full-matrix least-squares technique 100 and 189 cm, attributable to the monodentate mode
using the SHELXS-97 and SHELXL-97 programs, respectivély. and chelating mode of the carboxylate groups, respectively
Anisotropic displacement parameters were applied to all non- (Scheme 1a). F@, only oneA value of 151 cm® assignable
hydrogen atoms. The organic hydrogen atoms were generatedg the bis-bidentate mode of the carboxylate groups (Scheme
geometrically (G-H 0.96 A); the aqua hydrogen atoms were located 1b) is found, whereas fot, two A values of 131 and 177
from difference maps and refined with isotropic displacement cm* are found, being attributable to the monodentate and
parameters. Analytical expressions of neutral-atom scattering fa(:torsbis_bi dentate m'O de of the carboxylate groups, respectively

were employed, and anomalous dispersion corrections were incor- . . L
poratec®® Crystal data as well as details of data collection and (Scheme 1b,c). The differedk values in2—4 indicate that

refinement for the complexes are summarized in Table 1. Selectedth® carboxylate groups function in different coordination
bond distances and bond angles are listed in Table 2. Drawings . .
were produced with SHELXTE! CCDC files contain supplemen- ~ (22) Frisch, M. J,; Trucks, G. W. Schiegel, H. B Sgﬁfgeg;ﬁég- £ Robb,
tary crystallographic data for this paper. These data can be obtained gy 2imann R. E.: Burant. J. C.- DappI”iCH, S.: Millam, J. M.: Daniels.
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,

(16) Blessing, RActa Crystallogr., Sect. A995 51, 33—38. V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

(17) North, A. C. T.; Phillips, D. C.; Mathews, F. #cta Crystallogr., Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Sect. A1968 24, 351-359. Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

(18) Sheldrick, G. MSHELXS-97, Program for Crystal Structure Solufion Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Gottingen University: Gttingen, Germany, 1997. Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.

(19) Sheldrick, G. MSHELXL-97 Program for Crystal Structure Refine- L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
ment Gottingen University: Géingen, Germany, 1997. A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;

(20) Cromer, T.International Tables for X-ray CrystallographiKluwer Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
Academic Publisher: Dordrecht, 1992; Vol. C, Tables 4.2.6.8 and E. S.; Pople, J. A.Gaussian 98 revision A.5; Gaussian, Inc.:
6.1.1.4. Pittsburgh, PA, 1998.

(21) Sheldrick, G. MSHELXTL Version 5; Siemens Industrial Automation  (23) Schaftenaar, @lolden Version 3.5; CAOS/CAMM Center Nijmegen,
Inc.: Madison, WI, 1995. Toernooiveld: Nijmegen, Netherlands, 1999.
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Table 2. Bond Lengths (A) and Angles (deg) far42

CompoundlL
O(1):--O(7) 2.614(3) O(5)-0(6) 2.611(2)
0O(2):--0(3) 2.544(2) O(1W-O(5b) 2.823(3)
O(3)--0O(1W) 2.830(2) O(7)-O(4c) 3.145(3)
O(4)---O(1Wa) 2.562(2)
Complex2
Cd(1)-0(2w) 2.290(4) O(2W-O(4c) 3.130(6) O(2Wy-Cd(1)-0(1W) 93.9(2) O(5ayCd(1)-0(1) 91.4(1)
Cd(1)-0(1W) 2.327(5) O(3Wy-O(4a) 2.742(5) O(2WHCd(1)-0O(5a) 171.4(1) O(BWHCd(1y-0(1) 83.4(1)
Cd(1)-0O(5a) 2.342(3) O(3W)-0(6d) 2.936(5) O(AWyCd(1)-0O(5a) 82.1(2) O(2WyCd(1)-0(2) 107.7(2)
Cd(1)-0O(3W) 2.388(3) O(2)-0(3) 2.605(4) O(2WH-Cd(1)-0O(3W) 91.2(2) O(AW)-Cd(1)-0(2) 108.4(1)
Cd(1)-0(1) 2.405(4) O(3)-O(4e) 3.015(5) O(AWHCd(1)-0O(3W) 111.2(1) O(5ayCd(1)-0(2) 80.8(1)
Cd(1)-0(2) 2.420(3) O(5)-0(6) 2.557(5) O(5ayCd(1)-0(3W) 83.3(1) O(BWYCd(1y-0(2) 134.5(1)
O(1W)---O(3Wh) 3.074(5) O(2WyCd(1)-0(1) 94.4(2) O(1)-Cd(1)-0(2) 54.9(1)
O(1W)—Cd(1)-0(1) 163.0(1)
Complex3
Cd(1)-0O(16a) 2.218(4) O(14)-0(15) 2.508(5) O(16a)Cd(1)-0(13) 93.8(1)  O(17a)Cd(3)y-0(2wW) 166.3(2)
Cd(1)-0(13) 2.262(4) O(1#)-0(18) 2.554(6) O(16a)Cd(1)-O(2H) 97.5(1)  O(2H)-Cd(3)-0O(2W) 99.8(2)
Cd(1)-O(2H) 2.276(4)  O(3)-O(10W) 2.94(1) O(13)Cd(1-0O(2H) 162.4(1)  O(5)Cd(3-0(2w) 84.1(2)
Cd(1)-0(4) 2.311(4)  O(3)-0O(6W) 3.122(7) O(16a)yCd(1)y-0(4) 93.0(2) O(17a)yCd(3)-O(1Hc) 89.6(2)
Cd(1)-0(1w) 2.314(4)  O(4)y-O(13W) 2.82(2) O(13yCd(1)-0(4) 84.2(2)  O(2H)Cd(3)-O(1Hc) 87.2(1)
Cd(1)-0(7) 2.339(4) O(6)y-O(BW) 2.941(7) O(2H)Cd(1)-0(4) 81.8(2)  O(5)Cd(3)-O(1Hc) 171.3(1)
Cd(2)-O(1H) 2.177(3)  O(12)-0(9W) 2.93(1) O(16a)yCd(1)-0(1W) 167.5(2) O(2WH-Cd(3)-O(1Hc) 87.2(2)
Cd(2)-0(14) 2.182(4)  0O(18)-0O(8W) 2.97(1) O(13yCd(1)-0(1W) 86.7(1)  O(17ayCd(3)-0(10d) 80.9(2)
Cd(2)-0(8) 2.224(4)  O(1HY-O(8WHI) 3.12(1) O(2H)-Cd(1)-0O(1W) 85.1(1)  O(2H)-Cd(3)-0(10d) 164.0(2)
Cd(2)-0(1b) 2.241(4)  O(AW)-O(2Hc) 2.448(5) O(4yCd(1)-0(1W) 99.5(2)  O(5)-Cd(3)-0(10d) 101.8(2)
Cd(2)-0(1w) 2.357(4)  O(AW}-O(7W) 2.62(2) O(16a)yCd(1)y-0(7) 82.4(2)  O(2W)-Cd(3)-0O(10d) 85.4(2)
Cd(3)-0(17a) 2.218(4)  O(2W)-O(9Wc) 2.97(1) O(13yCd(1)-0(7) 98.7(1)  O(1Hc)Cd(3)-0O(10d) 77.9(2)
Cd(3)-0O(2H) 2.272(4)  O(BW}-O(11W) 2.57(2) O(2H)-Cd(1)-0O(7) 96.1(2)  O(1H)Cd(4)-O(1le) 118.7(2)
Cd(3)-0(5) 2.295(4)  O(4Wy-O(8WI) 3.11(2) O(4)-Cd(1)-0O(7) 174.7(2)  O(1H)Cd(4y-0O(4W) 100.3(3)
Cd(3)-0(2w) 2.301(5) O(BW}-O(12W) 2.90(2) O(IWY-Cd(1)-0O(7) 85.2(2) O(11leyCd(4)y-0O(4W) 92.8(3)
Cd(3)-O(1Hc)  2.340(3) O(6W)-0O(9d) 2.891(7) O(1H)Cd(2)-0(14) 119.1(1)  O(1H)Cd(4)-0(2b) 89.8(2)
Cd(3)-0(10d) 2.353(4) O(6W)-0O(14W) 2.96(2) O(1H)Cd(2)-0(8) 116.9(2) O(11le)Cd(4)-0O(2b) 89.0(2)
Cd(4)-O(1H) 2.242(3)  O(7TWp-O(11Wf) 2.70(3) O(14yCd(2)-0(8) 123.3(2) O(4WHYCd(4)-0O(2b) 167.3(3)
Cd(4)-O(11e) 2.256(5)  O(7W)-O(8Wf) 2.86(2) O(1H)-Cd(2)-0O(1b) 107.2(1)  O(1H)Cd(4)-O(3W) 81.1(2)
Cd(4)-0(4Ww) 2.280(7)  O(7TW-O(7c) 2.94(2) O(14)Cd(2)-0O(1b) 90.3(2) O(11leyCd(4y-0O(3W) 160.2(2)
Cd(4)-0(2b) 2.290(4)  O(8BW)-O(11Wf) 2.63(2) 0O(8)-Cd(2)-0(1b) 81.5(2)  O(4W)Cd(4y-0O(3W) 82.7(3)
Cd(4)-0O(3W) 2.388(6) O(BW}-O(11W) 2.77(2) O(1H) Cd(2)-0O(1W) 87.9(1) O(2byCd(4)-0O(3W) 91.4(2)
Cd(4)-0(5W) 2.404(7)  O(9W}-O(12Wa) 2.68(2) 0O(14)Cd(2)-0(1W) 84.7(1)  O(1H)Cd(4)-O(5W) 160.5(2)
O(2)--0(3) 2.553(6)  O(11W)-O(11Wf) 3.04(3) O(8)-Cd(2)-0(1W) 89.2(2) O(11leyCd(4y-O(5W) 80.1(3)
O(5)--0(6) 2.558(5)  O(12W)-O(13Wf) 2.51(2) O(1byCd(2)-0(1W) 164.6(2) O(4WYCd(4)-O(5W) 82.7(4)
O(8)--0(9) 2.524(5)  O(13W)-O(11Wf) 2.73(2) O(17a)yCd(3)-0O(2H) 93.4(2) O(2byCd(4)-0O(5W) 85.3(3)
O(11y--0(12) 2.563(6) O(14W)-O(14Wg)  2.97(4) O(17&)Cd(3)-0(5) 99.0(2)  O(3W)-Cd(4)-0O(5W) 80.2(3)
O(2H)—Cd(3)-0(5) 93.8(1)
Complex4
Zn(1)—O(1H) 2.077(4) Zn(2)O(1Hc) 2.182(5) O(1H)YZn(1)—0(2) 95.3(2) O(10ayZn(1)—0O(1W) 92.1(2)
Zn(1)—0(2) 2.097(5) O(1H)-N(2d) 3.28(2) O(1H)Zn(1)—0O(8) 91.1(2) O(5b)yZn(1)-0(1W) 173.6(2)
Zn(1)-0(8) 2.102(5) O(1WY-O(11a) 2.651(8) 0O(8)Zn(1)-0(2) 173.4(2) O(1c)yZn(2)—0(4b) 106.9(2)
Zn(1)—0O(10a) 2.106(4) O(1W)-O(2WCc) 2.736(6) O(1H)Zn(1)—0(10a) 178.1(2) 0(1€)Zn(2)—O(1H) 137.1(2)
Zn(1)—0O(5b) 2.197(5) 0O(3)-0(2) 2.640(6) O(2)yZn(1)—-0(10a) 85.9(2) O(4b)Zn(2)—0O(1H) 115.9(2)
Zn(1)-0(1W) 2.208(6) O(6)-0(5) 2.624(6) O(8)Zn(1)—0(10a) 87.8(2) 0O(1eyZn(2)-0(7) 86.0(2)
Zn(2)—0(1c) 1.981(4) 0(9)-0(8) 2.576(7) O(1H)Zn(1)-0O(5b) 97.0(2) O(4byZn(2)-0(7) 95.5(2)
Zn(2)—0O(4b) 2.026(4) 0(12)-0(11) 2.552(8) O(2)yZn(1)—0O(5b) 88.3(2) O(1HYZn(2)—0O(7) 93.1(2)
Zn(2)—0O(1H) 2.020(5) O(2W-O(4d) 3.038(1) O(8)Zn(1)—0O(5b) 92.4(2) O(1e)yZn(2)—0O(1Hc) 96.9(2)
Zn(2)—0(7) 2.128(5) O(10a)Zn(1)—-0(5b) 81.6(2) O(4byZn(2)-0O(1Hc) 89.5(2)
O(1H)—Zn(1)-0(1W) 89.4(2) O(1HYZn(2)—O(1Hc) 80.8(2)
0(2)-Zn(1)-0(1W) 89.9(3) O(7)Zn(2)—O(1Hc) 173.3(2)
0O(8)-2Zn(1)-0(1W) 88.7(3)

agSymmetry codes: (a)yx, =Y, =z (0) X,y — 1,z (C) X + Yo, =y — Yo, z— Yo for 1; (@) =%, =y, =z (b) =%, =y, —z+ 1; (C) X, ¥, z+ 1; (d) X, =y
— Y5 z4+ Yy (€)X, =y + Y, z+ Y for 2, (@Q)x—1,y,z b)x,y— 1,z (c) x+1,-y+1,—z+ 1, d)x,y+1,z (€ —x+1 -y, —z+ 1; (f) —x
+2,-y+1,-z+1;(9)—x+1,-y+2,—-z+1for3(@—x+1,-y+2 -z+2;,(b)y—x+1,-y+1,-z+1;(c)—x, —-y+1—-z+1;(d)x—
1,y, zfor 4.

fashions (Scheme #j},in agreement with the crystal struc- Hjbna are twisted at 7824A pair of H;bna, each using the
tures. same carboxylic oxygen atoms, forms two donor hydrogen
Crystal Structures. Compoundl consists of Hbna, bonds [O(4):-O(1Wa) 2.562(2) A] and two acceptor hy-
methanol, and water molecules. The two naphthyl rings in drogen bonds [O(1W)-O(5b) 2.823(3) A] with a pair of
water molecules as described by the graph s€fl2)2°

(24) (a) Nakamoto, Klnfrared and Raman Spectra of Inorganic and
Coordination Compoundsohn Wiley & Sons: New York, 1086 (b)- Each water molecule further forms a donor hydrogen bond
Zheng, S.-L.; Tong, M.-L.; Chen, X.-Ml. Chem. SocDalton Trans.

2001, 586-592. (25) Etter, M. C.Chem. Res199Q 23, 120-126.
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Figure 1. Perspective views showing the one-dimensional hydrogen-
bonded chain featuring a graph setRf(12) (a) and three-dimensional
supramolecular array viewed along thaxis direction (b) inl.

Scheme 1. The Coordination Mode of bna (a) Monodentate-Chelating,
(b) Bis-Bidentate, and (c) MonodentatBidentate
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with the hydroxyl oxygen of adjacent naphthyl ring from
another Hbna, resulting in a one-dimensional hydrogen-

Zheng et al.

Figure 2. Perspective views showing the dimeric structure (a) and three-
dimensional supramolecular array viewed alonglitexis direction (b) in

further extended into a three-dimensional supramolecular
array via the methanol molecules which form the donor
[O(7)-++O(4c) 3.145(3) A] and acceptor [O(BO(7)
2.614(3) A] hydrogen bonds with the oxygen atoms from
different carboxylic groups (Figure 1b).

Complex2 features a square motif formed by two Cd(ll)
atoms and two bna ligands each at the corner. As shown in
Figure 2a, each Cd(Il) atom exists in a distorted octahedral
geometry, being ligated by two carboxylate oxygen atoms
[Cd(1)—0 2.405(4) and 2.420(3) A] from a bna, and another
carboxylate oxygen atom [Cd@D(5A) 2.342(3) A] from
a different bna, as well as three aqua ligands [Cd(QQ)
2.290(4)-2.388(3) A]. The bna ligands here exhibit the
monodentate bidentate coordination mode (Scheme 1a), and
the dihedral angle between the pair of naphthyl rings of the
ligand is 73.8. The oxygen atoms of aqua ligands form
donor hydrogen bonds with the carboxylate or hydroxyl

bonded chain (Figure 1a). Adjacent hydrogen-bonded chainsoxygen atoms [@-0 2.742(5)-2.936(5) A] of bna from

are stacked through offset-r aromatic stacking interactions
with the face-to-face distance of ca. 3.47 A, furnishing two-

adjacent molecules, furnishing one-dimensional hydrogen-
bonded chains running along tbexis direction. Significant

dimensional layers along the (011) plane. The layers are C—H---xr interactions® between the aromatic carboxylates
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from adjacent chains are observed, since the edge-to-face
separations of the adjacent aromatic rings are ca. 3.87 A,
resulting in two-dimensional supramolecular arrays contain-
ing micropores (Figure 2b). Although the area is ca. & A

6 A in each square structure, the real volume of the cavity
is further reduced due to the significant offset stacking of
adjacent dimers.

The structure o8B features two-dimensional coordination
layers with unprecedented [gds-OH),(u-OH)y(u-H,0),]*2*
octanuclear metallacrown cores, in which four crystallo-
graphically independent Cd(Il) atoms exhibit two different
coordination geometries. To our best knowledge, only a few
[Cda(us-OH)]°t core$ and octanuclear cadmium clust&rs
have been reported, and such an octanuclear metallacrown
core featuring cadmiumhydroxy clusters has never been
shown before this work. As depicted in Figure 3, eagh
OH interlinks the Cd(2), Cd(3), and Cd(4) atoms [&d(1H)
2.177(3)-2.340(3) A}, with the nonbonding GdCd distance
of 3.650(2)-3.825(3) A, and each-OH bridges the Cd(1)
and Cd(3) atoms [CHO(2H) 2.272(4) and 2.276(4) A] with
the metat-metal separation of 3.682(3) A. The Cd(1) and
Cd(2) atoms, separated at 3.722(3) A, are bridged by a
u-aquo oxygen atom [CHO(1W) 2.314(4) and 2.357(4) Al.

It should be noted that a very strong hydrogen bond [O(1W)
-:O(2HC) 2.448(5) A] between adjacemtaquo andu-hy-
droxyl oxygen atoms probably serves to consolidate the
structure further. Moreover, three crystallographically inde-
pendent bna ligands have been identified, and each acts in
the bis-bidentate fashion [GdD 2.182(4)-2.353(4) A] with

the dihedral angle of 742178.£4, or 87.6 (Scheme 1b). As
such, the six-coordinate Cd(1) atom adopts a distorted
octahedral geometry, and five-coordinate Cd(2) atom exhibits
a trigonal-biyramid geometry. For Cd(3) and Cd(4) atoms,
each of them is further ligated to the aqua oxygen atoms
[Cd—O 2.301(5}-2.404(7) A] to complete a distorted

octahedron geometry. Moreover, adjacentd@gtOH);(u- Figure 3. Perspective views showing the [gds-OH)y(u-OH)(u-

OH)z(u-H20),]*** octanuclear metallacrown cores are inter- H,0),]12* octanuclear metallacrown core (a), the coordination environments
linked through the bis-bidentate bna ligand to form two- of the metal atoms (b), and three-dimensional network viewed along the
dimensional layers featuring cylindrical channels with an a-axis direction (c) in3. The solvent molecules are omitted for clarity.
effective diameter of ca. 5.0 & The free dimensions of  dimensional layers with [Zius-OH),] " clusters whose two
these channels occupy 13.7% of the crystal voldhaelarge crystallographically independent Zn(ll) atoms adopt different
number of lattice water molecules are located in them and coordination geometries. Each Zn(1) atom adopts a distorted
are hydrogen-bonded to each other and to carboxylate oroctahedral geometry, being coordinated by four carboxylate
hydroxyl oxygen atoms of the host networkf@D 2.51- oxygen atoms [Zn(HO 2.097(5)-2.197(5) A] from four
(7)-3.122(7) A]. The two-dimensional layers are extended different bna ligands, as-hydroxyl oxygen atom [Zn(})
into a three-dimensional supramolecular array via significant O(1H) 2.077(4) A], and an aqua ligand [Zn®(1W)
C—H---x interactions between the aromatic rings from 2.208(6) A]. The Zn(2) atom is ligated to three different
adjacent layers with the edge-to-face separations of-3.59 carboxylate oxygen atoms [Zn2P 1.981(4)-2.128(5) A]
3.97 A and twous-hydroxyl oxygen atoms [Zn(£)O 2.020(5) and
As illustrated in Figure 4,4 consists of the two-  2.182(5) A]in a distorted trigonal-biyramidal geometry. Each
. us-OH interlinks one Zn(1) atom and two Zn(2) atoms with
g% g;”g';élfcr‘;h Ehgnv\f;o%hgi"wé‘.;Tgé‘iﬁg?%?\?fg&ffgmpel’ r.  the nonbonding Zn-Zn distances of 3.203(1) and 3.295(2)
Stachel, H.-D.; Lentmaier, J.; Peters, K.; Perters, E.-M.; Schnering, A. Of the two crystallographically independent bna ligands,
g:\?\/.;AEgz\,NN.(;:q?lTn'{éné'r,Esﬁ} Eﬂﬂ%ﬁ?ﬁ“c‘i’ﬁ?2?&5235&?”&?25@, one acts in a bis-bidentate fashion (Scheme 1b) (dihedral
D. Eur. J. Inorg. Chem1998 559-563. angle of 96.1 between its naphthyl rings) whereas the other

(28) fThe crE)ann(ell c;i(r)'ng)nsiqtns are (elsgrg%\t)ed from th(e1 \lll%n Ac;er Waals radii functions in a monodentateéidentate fashion (Scheme 1c)
or carpon . , hitrogen (L. , oxygen . . : . . : .
(29) Spek, A. LPLATON, A Multipurpose Crystallographic TedIntrecht (dlhedral angle= 96'?)' The interactions give rise to two-

University: Utrecht, The Netherlands, 1999. dimensional coordination layers having butterfly-shaped-[Zn
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Figure 5. Photoluminescent spectra &4 in solid state at room
temperature.

Scheme 2. The HOMO, LUMO, and HOMG-LUMO Gaps for Hna
(a), H:Bna (b), Cd(na)H20)s (c), Cch(bnap(H20)s (d), and
[Cdg(OH)a(Hz20)10(nak2] (e)
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Figure 4. Perspective views showing the coordination environments of
the metal atoms (a) and three-dimensional network viewed aloray abes the free Hna ligand (see Figure S2 in the Supporting

g;eitctgg"fo(?)cgrﬁ'y_The solvent molecules and the pyridinium cations are ¢ rmation): i.e., these complexes, as well as Hna, all absorb
the luminous energy through their naphthalene riigs3°
(us-OH)]%* clusters constructed. These layers are further It was suggested that the luminescent properties of the
extended into a three-dimensional supramolecular arraySubstituted binaphthalenes are similar to those of the relevant
through G-H---7 interactions between the aromatic rings Substituted naphthalen&.The MO calculations of the
from adjacent layers with the edge-to-face distance of ca. neutral Hbna and its relevant substituted naphthalene (Hna),
3.76 A. Clathrated between the layers are the lattice water,@S Well as the Cd(ll) complexe2 (and the hypothetical
acetonitrile molecules, and pyridinium cations. mononuclear Cd(naHz0):), based on the experimental
Luminescent Properties.The free Hbna ligand displays geometries! have been c_:arried out for further vgrification.
very weak luminescence in the solid state at ambient The contour plots (see Figure S3 in the Supporting Informa-
temperature (see Figure S1 in the Supporting Informafibn); tion) of the relevant HOMOs and LUM®5for Hna and
however, its complexes, and 3, exhibit intense greenish- H.bna, together with the orbital energies, show high similar-
blue radiation emission maxima at ca. 523 and 506 nm uponity. For the neutral ligands, both HOMOs are associated with
excitation at 355 nm, respectively. Compldx exhibits the z-bonding orbital from the naphthalene rings, while
intense pure blue photoluminescence with an emission LUMOs are mainly associated with the*-antibonding
maximum at ca. 480 nm upon excitation at 355 nm (Figure Orbital from the naphthalene rings. In fact, the HOMO
5). Similar to that found in its silver(l) compléek,the LUMO gap for Hna (0.141 Hartree) is favorably compared
enhancement of luminescence i domplexes may be with that of Hbna (0.138 Hartree) (Scheme_ 2). For their
attributed to the chelation of the ligand to the metal center. Cd(Il) complexes, both HOMOs are associated with the
This enhances the “rigidity” of the ligand and thus reduces 7-bonding orbital from the naphthalene rings, while LUMOs
the loss of energy through a radiationless pathies° are mainly associated with €@ (from the carboxylate
Despite the different geometries and ligand environments of 9roup) o*-antibonding orbital, localized more on the metal
these complexes, the excitation spectra-oft resemble each ~ centers (Figure 6 and Figure S3 in the Supporting Informa-

other in the peak profiles. They are also similar to that of tion). The HOMO-LUMO gap for Cd(naXH:0); (0.096
Hartree) is also favorably compared with Lzha)(H20)s

(30) (a) Adamson, A. W.; Fleischauer, P. @oncepts of Inorganic

PhotochemistryJohn Wiley & Sons: New York, 1975. (Hyhoto- (31) Gupta, M. P.; Dutta, B. RCryst. Struct. Commurl975 4, 37—38.
chemistry and Photophysics of Coordination Compoul@ssin, H., (32) HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied
Vogler, A., Eds.; Springer-Verlag: Berlin, 1987. molecular orbital.
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complexes based on bna are reliably similar to those of the
analogous complexes with Halespite the minor differences
between the values of the gaps of the two ligands or their
coordination complexes.

The above results encouraged us to further carry out MO
calculations of a hypothetical [GEDH)4(H20)10(na),] which
has the metallacrown core of authentic §aH),(H>0).0-
(bna}] in 3. The calculations reveal that the HOMO is
associated with the-bonding orbital from the naphthalene
rings whereas the LUMO is mainly associated with—al
(from the carboxylate group, the aqua, and hydroxyl oxygen
atoms)o*-antibonding orbital, which is localized more on
the metal centers, and the HOMQUMO gap is 0.137
Hartree (Scheme 2e). Compared with that of Cd{ir&]D)s,
a larger HOMG-LUMO gap here was calculated, which may
be attributed to the rigid [Clis-OH)]°" cores in [Cg(OH),-
(H20)10(na),).1® The above result implies that the photo-
luminescence d8 can be attributed to the. — 5s transition
(LMCT), so that our previous speculation of the LMCT
mechanisms for the Zn(Il) or Cd(ll) cluster-based coordina-
tion polymers with aromatic carboxylate ligands are possibly
correct®

Similar to the lifetime of [ZnO(OAc)] (10 ns)! the
lifetimes of3 and4 are ca. 20 and 15 ns, respectively, being
significant longer than those of the other compounds (0.69
ns for1l and 2.02 ns foR). This fact may be ascribed to the
presence of the metal clusters, since gg®©H ligand may
also tighten the whole framework, resulting in the weaker
vibrations. A similar behavior was also observed for the
monomeric and multinuclearfticompounds with ophet?,
the metat-hydroxy (or oxy) clusters also have significantly
longer emission lifetimes than those without metaydroxy
(or oxy) clusters. The emission bands of the metal complexes
in this work, whether they arise from metdiydroxy clusters
or otherwise, can be assigned to the LMCT emis§&ibh*

From the theoretical viewpoint, because of the impact of
relativistic effect, the coordination structures, and electron
correlation effects, then@-1)s orbitals of & metal are
contracted and hereby have lower eneti?:3 Common
Zn(ll) or Cd(Il) coordination complexes without metal
hydroxy (or oxy) clusters (such a& may also possess
. . T LMCT photoluminescent proper#* On the other hand,
by computations and by experiment, this is justified as only HOMOs or LUMOs, in fact, are associated with the orbitals

th? glrt?[_und s'\;ates Wer(;,\h tatken into cprt15|de:§1tlon in :]he from the metal center and/or the ligands? For the Zn(ll)
caicuiations. 'oreover, € 'ransver.se Interactions, such as, Cd(ll) metak-hydroxy (or oxy) clusters, coordination
the 7—m stacking, C-H---x interactions, and hydrogen-

bonding int i Il of which t existin th | solid complexes with alkyl or aromatic carboxylate ligahtisuch
onding Interactions, afl of which must existin the real SOl 54 hjs work), the emission bands can be assigned to the
state, are expected to play an essential role in decreasin

9 MCT emission. However, if the ligand is a heterocyclic
the HOMO-LUMO gaps!?133033t can be concluded from ' g y

the MO calculations that, for the free ligands, their lumi- (34) (a) Blasse, G.; Bleijenberg, K. C.; Powell, R.Sructure and Bonding

i * iti 42: Luminescence and Energy Transf&pringer-Verlag: Berlin,
nescence can be assigned tqﬂhe-'.m_ transition, wherea; 1980. (b) Crosby, G. A.; Highland, R. G.; Truesedell, K. @oord.
for the metal complexes, their luminescence can be assigned  chem. Re. 1985 64, 41-53. (c) Kutal, C.Coord. Chem. Re 199Q

to m. — 5s ligand-to-metal charge transfer (LMCW¥3* 39, %\1/}355- ()?)SBtlane, G, Igm‘g, E(.‘;_ Pad;%/e, g B.;ISon&\:vane,tP.
e . . . est, D. X.slructure an onding, . omplex emistry

Additionally, the photoluminescence mechanisms of the Springer-Verlag: Berlin, 1991,

(35) Balasubramanian, iRelatvistic Effects in Chemistry. Part A: Theory

Figure 6. The contour plots of the relevant LUMOs (a) and HOMOs (b)
for 2.

(0.088 Hartree). It should be pointed out that the carboxylate
group would be more negatively charged owing to the weak
electron acceptor nature of Cd(ll) so that the energy of
HOMO is significantly raised compared to that of carboxylic
acid. The significant reduction in the HOM@Q.UMO gap
can be seen for the Cd(ll) complexes compared with the
neutral ligand, which is similar to the result found in our
recent report on a class of%dmetal complexes with ophen
(Hophen= 1H-[1,10]phenanthrolin-2-oné¥.Although there
are deviations (the maximum deviation (0.040 Hartree) is
found for Hna) between the HOMELUMO as obtained

(33) (a) Cassoux, F5cience2001, 291, 263-264. (b) Tanaka, H.; Okano, and Techniques; Part B: Application®Viley: New York, 1997.
Y.; Kobayashi, H.; Suzuki, W.; Kobayashi, A&cience2001, 291, (36) (a) Pyykko P.Chem. Re. 1988 88, 563-594. (b) Kaltsoyannis, N.
285-287. (c) Kobayashi, A.; Tanaka, H.; Kobayashi, H.Mater. J. Chem. Soc., Dalton Tran$997 1—-12. (c) Pyykkq P.Chem. Re.
Chem.2001 11, 2078-2088. (d) Zheng, S.-L.; Zhang, J.-P.; Wong, 1997, 97, 597-636. (d) Yam, V. W. W.; Lo, K. K. W.Chem. Soc.
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aromatic ligand, such as ophen in our previous reffdn, which adopts a new approach for the study of the photolu-
which the heteroatoms can effectively decreasesthand minescent properties of metal-cluster-based coordination
* orbital energies, the HOMO and LUMO, as well as the polymers by using model compounds, reveals first that the
orbitals with energies close to the HOMO and LUMO, may structure of the ligand has much more important effect than
be not significantly contributed by the metal atoms, so that the d® metal-hydroxy (or oxy) cluster in photoluminescence,
LMCT can be excluded from consideratié¥? i.e., the and second that the presence of th®rdetal-hydroxy (or
Zn(I) or Cd(Il) metal-hydroxy (or oxy) cluster coordination  oxy) cluster can significantly increase the emission lifetime.
complexes with the heterocyclic aromatic ligands probably
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