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The in situ hydrothermal reactions of ZnCl, with benzonitrile, 2-amino-5-cyanopyridine, and trans-2,3-dihydro-2-
(4"-cyanophenyl)-benzo[elindole in the presence of NaN; and water afford two 3D-diamond-like networks,
(CN4—CgHs)2Zn (1) and (NH,—CsH3sN—CNy),Zn (2), and one 2D square grid network, [(CNs—CgHs—Ci2H;N—CsHsN),-
Zn]-1.5H,0 (3), in which these ligands gradually involve a noncenter-A—D (acceptor—donor) system, a one-center-
A-D system, and a two-center-A-D system, respectively. All three compounds crystallize in noncentrosymmetric
space groups (/42d for 1 and 2 and Fdd? for 3) and display strong second harmonic generation (SHG) responses.
Among the three new complexes, 3 shows the largest SHG effect, which is about 50 and 500 times that of urea
and KDP (KH,POy,), respectively. The two-center-A—D system (multicenter push—pull electronic effect) in 3 may be
responsible for it having the largest SHG effect. Interestingly, the three compounds exhibit strong fluorescent emissions
at different wavelengths, 1 and 2 with blue fluorescent emissions at 390 and 415 nm and 3 with yellow-green
fluorescent emissions at 495 and 532 nm.

Introduction establishment of a noncentrosymmetric structure because

A main objective of crystal engineering is the design of dipole—dipole interactions tend to favor antiparallel stacking
solid-state structures of molecular solids with specific Of neighboring molecular unitsConsequently, there has
attributes such as topological features, chemical functions,P€€Nn growing interest in reducing the ground-state dipole
and physical properties. In recent years, much of this effort Moment while preserving optical nonlinearity and, thus, the
has been generally focused on dipolar paradigms ¢push development of pushpull structures. Furthermore, in
pull structures in Scheme 1) wherein electron-donating and €0mparison to organic NLO materials, metarganic (or
-withdrawing substituents interact via conjugatedlectron  inorganic-organic hybrid) complexes offer increased syn-
reservoirs such gsnitroaniline (pNA and its analoguek)? thetlg flex!blllty for the optimization qf hypgrpglarlzablllty.

In the polar molecule-based crystal engineering of nonlinear 1N€ identity of the metal, as well as its oxidation state (d or
optical (NLO) materials, the establishment of a non- f orbital electrons), could be altered to tune the electronic
centrosymmetric assembly of molecular dipoles is highly properties of _surrounding ligands. Thus, these ligands can
desirable because this is a prerequisite for NLO effects suchP€ arranged in octahedral, tetrahedral, or other geometries
as second harmonic generation (SHG). The significant . . . .
ground-state dipole moment in pNA-type dipolar molecules (2) (a) Zyss, J.Molecular Nonlinear Optics: Material, Physics, and

” | . Devices Academic Press: New York, 1993. (b) Agullo-Lopez, F.;
has been recognized as being detrimental toward the Cabrera, J. M.; Agullo-Rueda, Electrooptics: Phenomena, Materials

and Applications Academic Press: New York, 1994. (c) Desiraju,

* Author to whom correspondence should be addressed. Fax: G. R. Crystal Engineering: The Design of Organic Soliddsevier:
(+86)-25-83317761 or 486) 25 83314502. E-mail: xiongrg@ New York, 1989. (d) Lehn, J.-LlSupramolecular Chemistry: Concepts
netra.nju.edu.cn. and Perspecties VCH Publishers: New York, 1995. (e) Marks, T.

T Nanjing University. J.; Ratner, M. AAngew. Chem1995 107, 167;Angew. Chem., Int.

*The University of Tennessee. Ed. Engl.1995 34, 155. (f) Evans, O. R.; Xiong, R.-G.; Wang, Z.;

(1) (a) Newnhan, R. EStructure-Property RelationshipsSpringer: New Wong, G. K.; Lin, W.Angew. Chem., Int. EA.999 38, 536. (g) Lin,
York, 1975. (b) Zeng, X.-R.; Xiong, R.-G.; You, X.-Z.; Cheung, K.- W.; Evans, O. R.; Xiong, R.-G.; Wang, 4. Am. Chem. S0d.998
K. Inorg. Chem. Commun200Q 3, 341 and references therein. 120 13272. (h) Evans, O. R.; Lin, WAcc. Chem. Re2002 35,
(c) Cotton, F. Allnorg. Chem2001 40, 3576 and reference therein. 511. (i) Xiong, R.-G.; Zuo, J.-L.; You, X.-Z.; Fun, H.-K.; Raj, S. S.
(d) Janiak, CJ. Chem. Soc., Dalton Tran2003 2781. (e) Braga, S.New J. Chem1999 23, 1051. (j) Zhang, H.; Wang, X.; Teo, B. K.
D.; Grepioni, F.J. Chem. Soc., Dalton Tran&999 1. J. Am. Chem. Sod996 118 11813.
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Scheme 1 an appealing route to a fascinating variety of noncentro-

symmetric and novel CP$ Although these reactions are
often complicated because of the fact that it is not always
possible to exert synthetic control, the types of processes
often involved include in situ hydrolysis, oxidation, dehydro-
genation, and ligand synthesis. Tetrazole-based ligands, for
example, can be produced via an in situ 1,3-polar addition
reaction of a cyano group with an azide group in the presence
of metal ions>® It is also worth noting that products generated
under hydrothermal conditions are not normally accessible
by a direct mixing of solutions of metal ions and ligands.
However, over the past decade, there has been a myriad of
studies on the synthesis and properties of meatajanic
diamondoid networks as a result of the highly robust nature
that are less frequently observed in organic compounds. Suchexhibited by such 3D structurésTo our knowledge,
coordination geometries can afford three-dimensional charge-however, the work of Endo and co-workers describing a low-
transfer and octupolar materials. On the other hand, thetemperature polymorph of potassium dideuteriophosphate
coordination of the pyridyl and tetrazole rings to a metal (KDP) remains the only known example of a NLO-active
center results in the donation of the lone pair of electrons diamondoid network? In view of the above-mentioned
on the N atoms to the metal center and the formation of an synthetic strategies and the advantages a KDP-like network
excellent donotacceptor (D-A) system (the alkyl group  targets, we systematically investigate the following reactions
also participates as a donor group) because, via metal-to _
ligand or ligand-to-metal charge transfer, a metal may act ®) &?ef(?.'l?agz'vférﬁf,ﬁii.ZE}E&ZH;{LY?&%&?E@;ﬁfégf}szs.’; %u":-?
as either a strong donor or acceptor of electrons. In most  z.R.; zhao, H.; Wang, X.-S.; Xiong, R.-G.; Xue, Forg. Chem.
D—A systems used as building blocks to construct NLO 2003 42, 3969. (c) Qu, Z-R.; Chen, Z.-F,; Zhang, J.; Xiong, R.-G.;
- . . Abrahams, B. F.; Xue, ZOrganometallics2003 22, 2814. (d) Qu,
materials, the organic chromophores usually contain only & = 7 g -7hao, H.: Wang, Y.-P.: Wang, X.-S.; Ye, Q.- Li, Y.-H.. Xiong,
one-center-B-A system (i.e., a monocenter-BA system). R.-G.; Abrahams, B. F.; Liu, Z.-G.; Xue, Z.; You, X.-Ehem—Eur.
More recently, works in our laboratory showed that the SHG J. 2004 10, 53. (€) Zhao, H.; Qu, Z-R.; Ye, Q. Abrahams, B. F.;
responses of organic compounds or metabanic hybrid
coordination polymers (CPs) could be significantly enhanced

(3) (a) Thalladi, V. R.; Brasselet, S.; Weiss, H. C.; Blaser, D.; Katz, A.
K.; Carrell, H. L.; Boese, R.; Zyss, J.; Nangia, A.; Desiraju, GJR.
Am. Chem. S0d.998 120, 2563. (b) Barzoukas, M.; Blanchard-Desce,
M.; Josse, D.; Lehn, J.-M.; Zyss, Chem. Phys1989 133 323.

(c) Michelotti, F.; Toussaere, E.; Pinsard-Levenson, R.; Liang, J.; Zyss,
J. J. Appl. Phys.1996 3, 80. (d) Pinsard-Levenson, R.; Liang, J.;
Toussaere, E.; Bouadma, N.; Carenco, A.; Zyss, J.; Froyer, G.;
Guilbert, M.; Pelous, Y.; Bosc, DMCLC S&T, Sect. B: Nonlinear
Opt. 1993 4, 233. (e) Oudar, J. L.; Hierle, R. Appl. Phys1977, 48,
2699. (f) Di Bella, S.Chem. Soc. Re 200Q 30, 355. (g) Teichert,

O.; Sheldrick, W. S.Z. Anorg. Allg. Chem.200Q 626, 2196.

(h) Andreu, R.; Malfant, I.; Lacroix, P. G.; Gornitzka, Bhem. Mater.

Wang, Y.-P.; Liu, Z.-G.; Xue, Z.; Xiong, R.-G.; You, X.-Zhem.
Mater. 2003 15, 4166. (f) Zhao, H.; Li, Y.-H.; Wang, X.-S.; Qu, Z.-
R.; Wang, L.-Z.; Xiong, R.-G.; Abrahams, B. F.; Xue, Zhem—
through the incorporation of multichiral centers into one (g (a) zhang, J.: Xie, Y.-R.; Ye, Q.; Xiong, R-G.; Xue, Z.-L.; You, X.-
molecule and metalligand coordinatior®:f In view of these Z. Eur. J. Inorg. Chem2003 2572. (b) Xiong, R.-G.; Zhang, J.; Chen,
works, we envisioned that the preparation of CPs through 5655 \7(88_' fé')'zc'hgﬂe’z%“-";kiiﬂ';‘ HR'_'_K]G'_ .C/_('fghfﬁ]‘;"g_""'Ft‘_’.”YTOrS”)S(‘__
Z.; Che, C.-M.J. Chem. Soc., Dalton Tran2001, 2453. (e) Xie,
temsand in situ ligan nthesis under hydrothermal
SYS e . sand situ gf"‘ d Sy e_s § unde yd otherma Z.; You, X.-Z. Eur. J. Inorg. Chem2003 3712.
conditions should provide convenient access to noncentro- (7) (a) Batten, S.; Robson, R. Rngew. Chem., Int. EA.998 37, 1460.
symmetric NLO-CPs because hydrothermal reactions and (b) Z_aé/vobrotko, M. Jghem. Socl.( Relgg4 28C3- (c) Maggi"i\gzay,
in situ ligand synthesis have been demonstrated to provide '(‘d)Ff_'(’)ng ramanian, S zaworotko, 1. Mf’.”}}'e”g;"g%rgééhe%
1992 114, 4878. (f) Munakata, M.; Wu, M. L. P.; Yamamoto, M.;
Kuroda-Sowa, T.; Maekawa, M. Am. Chem. S0d.996 118 3117.
(g) Michaelides, A.; Kiritsis, V.; Skoulika, S.; Aubry, AAngew.
Chem., Int. Ed. Engll993 2, 1495. (h) Sinzger, K.; Fhig, S.; Jopp,
M.; Bauer, D.; Bietsch, W.; von S¢t J. U.; Wolf, H. C.; Kremer,
C. L.; Tillmanns, EJ. Am. Chem. S0d.993 115, 7696. (i) Carlucci,
L.; Ciani, G.; Proserpio, D. M.; Rizzato, &hem—Eur. J. 2002 8,
1520. (j) Hirsch, K. A.; Wilson, S. R.; Moore, J. &hem—Eur. J.
1997, 3, 765. (k) Wang, X.-S.; Zhao, H.; Qu, Z.-R.; Ye, Q.; Zhang,
J.; Xiong, R.-G.; You, X.-Z.; Fun, H.-KInorg. Chem2003 42, 5786.

Eur. J.2004 10, 2386.

the combination of building blocks witmulticenter-A-D
Y.-R.; Zhao, H.; Wang, X.-S.; Qu, Z.-R.; Xiong, R.-G.; Xue, X.; Xue,
1997, 36, 6138. (e) Kim, K.-W.; Kanatzidis, M. GI. Am. Chem. Soc
R. K.; Metzenthin, T.; Bau, R.; Khan, S. |.; Lindbaum, A.; Langauer,
() Zhang, J.; Lin, W.; Chen, Z.-F.; Xiong, R.-G.; Abrahams, B. F.;

1999 11, 840. (i) Maggard, P. A,; Stern, C. L.; Poeppelmeier, K. R.
J. Am. Chem. SoQ001 123 7742. (j) Halasyamani, P. S.; Poep-
pelmeier, K. RChem. Mater1998 10, 2753. (k) Halasyamani, P. S.

Chem. Mater2001, 13, 1910.

(4) (a) George, S.; Nangia, A.; Lam, C. K.; Mak, T. C. W.; Nicoud, J. F.

Chem. Commur2004 1202. (b) Thallapally, P. K.; Desiraju, G. R.;
Bagieu-Beucher, M.; Masse, R.; Bourgogne, C.; Nicoud, CHem.
Commun2002 1052. (c) Ohkita, M.; Suzuki, T.; Nakatani, K.; Tsuji,
T. Chem. Commun2001, 1454. (d) Muthuraman, M.; Masse, R.;
Nicoud, J. F.; Desiraju, G. Chem. Mater200], 13, 1473. (e) Zhang,
H.; Wang, X.; Zhang, K.; Teo, B. KCoord. Chem. Re 1999 183
157 and references therein. (f) Row, T. N.@Gord. Chem. Re 1999
183 81. (g) Janiak, C.; Scharmann, T. G.; Albrecht, P.; Marlow, F.;
Macdonald, RJ. Am. Chem. S0d.996 118 630. (h) Evans, O. R.;
Lin, W. Acc. Chem. Re002 35, 515.

Fun, H.-K.J. Chem. Soc., Dalton Tran2001, 1804. (m) Xiong, R.-
G.; Zuo, J.-L.; You, X.-Z.; Abrahams, B. F.; Bai, Z.-P.; Che, C.-M,;
Fun, H.-K. Chem. Commur200Q 2061.

(8) (a) Blake, A. J.; Champness, N. R.; Chung, S. S. M.; Li, W.-S.;

Shroder, M.Chem. Commuri997 1675. (b) Zheng, N.; Bu, X.; Feng,
P.J. Am. Chem. SoQ002 124, 9688. (c) Carlucci, L.; Ciani, G.;
Proserpio, D. M.Coord. Chem. Re 2003 246, 247. (d) Moulton,
B.; Zaworotko, M. J.Chem. Re. 2001 101, 1629. (e) Stang, P. J.;
Olenyuk, B.Acc. Chem. Resl997 30, 502. (f) Saalfrank, R. W.;
Maid, H.; Hampel, F.; Peters, KEur. J. Inorg. Chem1999 1859.
(g9) Yaghi, O. M.; Davis, C. E.; Li, G. M.; Li, H. LJ. Am. Chem.
Soc.1997, 119, 2861. (h) Kitagawa, S.; Kitaura, R.; Noro, SAngew.
Chem., Int. Ed2004 43, 2334. (i) Pschirer, N. G.; Ciurtin, D. M.;
Smith, M. D.; Bunz, U. H. F.; zur Loye, H. CAngew. Chem., Int.
Ed. 2002 41, 583.
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Scheme 2 frequencies are known to be indicative of tetrazole-containing
complexes. Broad peaks at 3123484 cm! also suggest
the presence of an amino group2r Interestingly, in the
in situ hydrothermal preparation &, two simultaneous
reactions occur, dehydrogenation and-& 3 cycloaddition
between cyano and azide groups, as the appearance of two
peaks at 1544 and 1433 cin(tetrazole group) and the
absence of a peak 2200 chn(cyano group) were also
observed.

The 3D polymeric structure df was determined by X-ray
crystallography (Figure 1&}.In the structure ol, there are
three crystallographically independent Zn centers, and each
Zn center has the same four coordinates and a slightly
distorted tetrahedron. But, the direction of the phenyl groups

o _ around each Zn center must be different to result in the

(Schemes 1 and 2): in situ hydrothermal reactions of formation of three different Zn centers. Each 5-phenyl

cyanobenzene, 2-amino-5-cyanopyridine, amaohs-2,3-di- tetrazolato ligand acts as a bidentate bridging linker to

hydro-2-(4'-cyanophenyl)-benzefindole with ZnChinthe  ¢onnect two Zn centers to lead to the formation of a three-
presence of Napto offer two 3D-diamond-like networks,  gimensional network. An investigation of the topology of

(CNa—CeHs)oZn (1) and (NH—CsHsN—CNi)oZn (2), and  this network reveals that each Zn center has four coordinates,

one 2D square grid network, [(GNCeHs—CiHN— similar to tetrahedral C in a diamond (Figure 1b), and each
CsHaN)2Zn]-1.5H0 (3), in which these ligands gradually  10.zn center consists of just one diamondoid-like net (Figure
involve a noncenter-AD system, a one-center-AD system, 1c,d). There are two different diamond netslinone with

and a two-center-AD system, respectively. Among the SHG  tetrahedral angles of 109.4, 109.5, and 10@6d another
responses of the three systems, the CP with the two-centeryith tetrahedral angles of 109.4 and 109.Both nets, thus,
A—D system, as expected, is the largest, whereas the CPshow an almost perfect, ideal diamond structure (tetrahedral
with the noncenter-AD system is the smallest. The SHG angle: 109.5). The Zn-Zn distances of 6.166 and 6.159 A
responses df, 2, and3 are approximately 1, 4, and 50 times  gre aimost identical. It is worth noting that there is no
that of urea, respectively. Herein, we report their Sy”theses’interpenetrating in such diamondoid-like networks. The
solid-state structures, fluorescent properties, and preliminary zn—N bond distances of 1.995¢3P.014(3) A are slightly
SHG investigations. shorter than those in Zn(OH)(3-ptz) (3-ptz 3-pyridyl-
tetrazole) [2.042(4y2.464(4) A] and ZnCl(4-ptz)(4-ptz=
4-pyridyltetrazole) [2.026(4), 2.031(3), and 2.036(4j¥&hd

In the IR spectrum ofl, a diagnostic peak of the cyano are comparable to that found in Zn(3-pt#).994(3) A]%
group at 2200 cm' disappeared and two peaks at 1500 and Finally, the bond lengths of €C and G-N are unexcep-
1433 cm! emerged, suggesting the formation of a tetrazole tional.
group, in good agreement with our previous studs® Similarly, the three-dimensional polymeric structure2of
Similarly, IR spectroscopic measurements2ofeveal the  \yas determined by X-ray crystallography. The coordination
absence of a(ZnCN) stretch at ca. 2200 crh suggesting  geometry around the zn(ll) center & adopts a slightly
that the cyano group is no longer present in the product gistorted tetrahedron (Figure 2a) presumably to minimize
complex. Furthermore, the appearance of two peaks alynfayorable steric interactions between the Sa@ino-3-
1630(s) and 1470(s) crhimplies the probable conversion — hyridyl)tetrazolate (APT) ligands. The Zn(ll) center is bonded
of the cyano group to a tetrazole, because such stretchingg tne four N atoms of the four APT ligands. Each APT
(9) (a) Xue, X.. Wang, X.S.. Wang, LZ.: Xiong, R.-G.. Abrahams, B, ligand acts as a bidentate spacer, using the two N atoms of

F.; You, X.-Z.; Xue, Z.; Che, C.-MInorg. Chem.2002 41, 6544. the tetrazole ring to bridge two Zn centers to give a 3D

(b) Xue, X.; Abrahams, B. F.; Xiong, R-G.; You, X -Bust. J. Chem.  network (Figure 2b). It is worth noting that the amino and
2002 55, 495. (c) Wang, L.-Z.; Wang, X.-S.; Li, Y.-H.; Bai, Z.-P.;
Xiong, R.-G.; Xiong, M.; Li, G.-W.Chin. J. Inorg. Chem2002, 18,

1191. (d) Zhao, H.; Ye, Q.; Wu, Q.; Song, Y.-M.; Liu, Y.-J,; Xiong,  (11) Crystallographical data fdr CisH10NgZn, M = 335.67,T = 293 K,

Results and Discussion

R.-G. Z. Anorg. Allg. Chem2004 630, 1367. (e) Qu, Z.-R.; Zhao, tetragonal,l42d, a = b = 14.2430(18) A,c = 28.419(5) A,V =

H.; Wang, X.-S.; Li, Y.-H.; Song, Y.-M.; Liu, Y.-J.; Ye, Q.; Xiong, 5765.2(15) &, Z = 16, D, = 1.639 Mg/n3, u = 1.716 mnT%, GOF
R.-G.; Abrahams, B. F.; You, X.-Zinorg. Chem.2003 42, 7710. = 1.033,R; = 0.0317,wR, = 0.0929, Flack value= —0.08(3). For

For metat-oragnic coordination polymers with tetrazole derivatives: 2: CioHioN12Zn, M = 387.69,T = 293 K, tetragonall42d, a=b =

(@) Carlucci, L.; Ciani, G.; Proserpio, D. Mingew. Chem., Int. Ed 10.4850(16) Ac = 13.088(3) A,V = 1438.9(4) B, Z = 4, D, =

1999 38, 3488. (b) Janiak, C. Chem. Soc., Chem. Comm994 1.790 Mg/n¥, u = 1.735 mm}, S = 1.084,R; = 0.0449,WR, =

545. (d) Janiak, C.; Scharmann, T. G.; Gunter, W.; Girgsdies, F.; 0.1196, Flack value= 0.01(5). For3: CsgH3aN1201.5Zn, M = 867.23,
Hemling, H.; Hinrichs, W.; Lentz, DChem—Eur. J. 1995 1, 637. orthorhombicFdd2, a = 61.594(9) b = 15.968(2)c = 16.590(2) A,

(e) Bhandari, S.; Mahon, M. F.; McGinley, J. G.; Molloy, K. C.; Roper, V=16317(4) B, Z=16,D; = 1.412 Mg n3, R; = 0.0728 WR, =

C. E. E.J. Chem. Soc., Dalton Trans998 3425. (f) Hill, M.; Mahon, 0.1597,T = 293 K, u = 0.659 mn!, S= 0.876, Flack value=

M. F.; Molloy, K. C. J. Chem. Soc., Dalton Trand.996 1857. 0.05(2). Crystallographic data (excluding structure factors) for the
(g) Bhandari, S.; Mahon, M. F.; Molloy, K. C.; Palmer, J. S.; Sayers, complexes have been deposited with the Cambridge Crystallographic
S. F.J. Chem. Soc., Dalton Tran200Q 1053. Data Center as supplementary publication numbers CCDC 252072,

(10) Endo, S.; Chino, T.; Tsuboi, S.; Koto, Klature 1989 340, 452. 252073, and 218956.
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Figure 1. (a) Asymmetric unit representation dfin which there are three crystallographically independent Zn centers, although each Zn center displays
a tetrahedron with a different direction of the phenyl group on the tetrazole ring. The key bond distances and angles (A, degN(ZrZ2)02(3),
Zn(2)—N(2)* 2.002(3), Zn(2)-N(3) 2.014(3), Zn(2)N(3)** 2.014(3), Zn(3)}N(4)*? 1.995(3), Zn(3)-N(4)*3 1.995(3), Zn(3)-N(4)** 1.995(3), Zn(3)
N(4) 1.995(3), Zn(1)N(9)*5 2.000(3), Zn(1)}-N(9)*¢ 2.000(3), Zn(1)}-N(9)*" 2.000(3); N(2)-Zn(2)—N(2)** 115.47(11), N(2)-Zn(2)—N(3) 108.08(12),
N(2)*1—Zn(2)—N(3) 105.58(9), N(2)}-Zn(2)—N(3)** 105.58(9), N(2§*—2Zn(2)—N(3)** 108.08(1), N(3}-Zn(2)—N(3)** 114.33(1), N(45?—2Zn(3)—N(4)*
111.68(8), N(45>—Zn(3)—N(4)** 111.68(8), N(4¥*—Zn(3)—N(4)** 105.15(2), N(4—Zn(3)—N(4) 105.15(2), N(4¥—Zn(3)—N(4) 111.68(8), N(4¥—
Zn(3)—N(4) 111.68(8), N(9)-Zn(1)—N(9)* 106.46(6), N(9)-Zn(1)—N(9)*6 106.46(6), N(9)#5Zn(1)—N(9)*¢ 115.67(1), N(9-Zn(1)—N(9)*” 115.67(1),
N(9)*5—Zn(1)—N(9)*7 106.46(6), N(9—2Zn(1)—N(9)*” 106.46(6). Symmetry transformations used to generate equivalent atoms+#1 —y + Y, —z

+ YUy #2—x+1,-y+1,z#3y, x+1,—z #4—y+ 1,x, —z #5 -y, X, =z #6y, —X, —z and #7—x, —y, z (b) A diamondoid-like net representation
of 1in which each 10-Zn center is composed of one diamond node. (c) A diamondoid-like net representafiombich each 10-Zn center is composed
of one diamond node, and the phenyl groups on the tetrazole ring are omitted for clarity. (d) A simplified diamond net represedtatiovhah the
highlighted areas represent Zn tetrahedra and the long lines stand for 5-phenyl tetrazolato ligands.

pyridyl ligands present i@ are uncoordinated to the Zn atom. in a diamond. Thus, although the connectivity of the network
All of the Zn—N bond distances [2.074(1) and 2.142(1) A] is the same as that in a diamond, the symmetry is lower
are similar to those reported in the literature. However, it is (Figure 2). Similar to the network of, there is also no
worth noting that the bond lengths of ZN are slightly interpenetrating in such a diamondoid-like network.

longer than those found & Likewise, the C-C, N—O, and As mentioned above, the typical SHG material R,
C—N bond distances are comparable to those in analogousalso displays a diamondoid-like network through P and K
systems in the literature. The crystal contains one indepen-atom connections (Figure 2d). This net displays a significant
dent diamondoid network with ZnZn separations of  deviation from the ideal diamond net (with a tetrahedral angle
6.180 A in each network and ZnZn---Zn angles in the  of 107.54 and P-K separation distances of 3.0932
range of 106.3111.6F (Figure 2c). This structure represents 3.1842 A). KDP crystallizes in a chiral space grog;2,2;)

a slight variation from the ideal tetrahedral angle of 109.5 and, thus, displays a SHG response. As a result of the twisted

Inorganic Chemistry, Vol. 44, No. 10, 2005 3621
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Figure 2. (a) Asymmetric unit representation Bfshowing that the Zn center displays a slightly distorted tetrahedron (the amino group was disordered in
two positions, and here, just one is shown). The key bond distances and angles (A, deg):Ngmf#)2.023(2), Zn(13N(1)#*2 2.023(2), Zn(1}N(1)*3
2.023(2), Zn(1)}N(1) 2.023(2); N(1§*—2Zn(1)—N(1)*2 108.40(7), N(1H1—Zn(1)—N(1)*® 108.40(7), N(1—Zn(1)~N(1)"*3 111.64(1), N(1}*—2Zn(1)~N(1)
111.64(1), N(I¥%—2Zn(1)—N(1) 108.40(7), N(¥F—2Zn(1)—N(1) 108.40(7), N(Z¥—N(2)—N(1) 109.64(2). Symmetry transformations used to generate equivalent
atoms: #1-x+1,-y+ 1,z #2-y+ 1,%x, =z #3y, —x+ 1, —z and #4x + 0, —y + Y, —z + 1,. (b) A diamondoid-like representation af (left)

a diamond with the free ligand and (right) a simplified diamond net without the free ligand. (c) A 3D diamondoid-like respective view showing that the
Zn---Zn---Zn angles are in the range 106.811.6F, which represents a slight distortion from the ideal tetrahedral angle of1fé@Bd in diamonds. (The

long lines stand for the free ligand APT). (d) One diamondoid-like net representation of KDP.

nature, relative to a tetrazole ring, of 5-phenyltetrazolato and response. The combination of a KDP-like structure and an
the unsymmetrical nature of APT, bothand2 crystallize excellent pushkpull effect (or one-center-AD system) of

in a noncentrosymmetric space groig2d, which belongs the free ligand in2 further optimizes the performance of
to the crystal clasg2m, where optical activity can cause pure organic and inorganic NLO materials. Such hybrid
specific physical effects. Preliminary experimental results inorganic-organic NLO materials have also recently been
show thatl and2 are SHG-active and display strong powder the subject of much investigation as NLO materials. That is
SHG efficiencies, ca. 1 and 5 times that of urea (10 and 50 why the SHG response @fis significantly larger than that
times that of KDP), respectively, presumably as a result of of 1, because there is an absence of such a good one-center-
their diamondoid structures, which are similar to that of KDP, A—D system inl. On the other hand, the H atom is also
currently the only known NLO-active diamondoid network. considered to be a very weak donor group. As a result, a
Moreover, the presence of strong donor/acceptor substituentsrery weak one-center-AD system persists ift. The SHG

in the free ligand in2 allows for a high nonlinearity or  response ofl is significantly stronger than that of KDP.
substantial SHG response. Asymmetric ligands have been As indicated in Scheme 2, 2, and 3 are prepared in
used to introduce electronic asymmetry (pughill effect hydrothermal reactions involving a2 3 cycloaddition of

or one-center-AD system), an essential criterion fora SHG a cyano groug benzonitrile, 2-amino-5-cyanopyridine, and
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Figure 3. (a) Asymmetric unit representation 8fn which the coordination geometry around the Zn center has a slightly distorted tetrahedron configuration.
The key bond distances and angles (A, deg): Zafl(2)*! 1.968(6), Zn(1}N(12) 2.002(6), Zn(1¥N(11) 1.998(6), Zn(1¥N(5)*2 2.013(7); N(2¥§—
Zn(1)-N(12) 110.4(3), N(2¥—2Zn(1)-N(11) 107.9(3), N(12)Zn(1)~N(11) 105.1(2), N(2}—Zn(1)—-N(5)*2111.3(3), N(12)-Zn(1)~N(5)*2110.8(2), N(11)
Zn(1)=N(5)2 111.2(3), N(6)-N(5)—Zn(1)* 125.0(6), N(7>-N(5)—Zn(1)*3123.5(5), N(1)}-N(2)—Zn(1)* 128.3(5), N(4)}-N(2)—Zn(1}* 121.2(5). Symmetry
transformations used to generate equivalent atoms, Y Yo, z — Yo, #2 X,y — Yo, 2 — Yo #3 X,y + Yo, 2+ Uy, and #4x, y — Y5, 2+ /5. (b) 2D network
representation a8 in which the Zn centers are highlighted as yellow-colored circular balls and water molecules are marked as red-colored balls. The dotted
lines stand for H bonds. (c) 2D network representatio8 of which the Zn center is highlighted as a tetrahedron. The white lines between the Zn centers
represent two 4,4 nets. (d) A representation of two interpenetrating square g#ds in

trans2,3-dihydro-2-(4pyridyl)-3-(3-cyanophenyl)benzel- chromophore. Similar dehydrogenation was also observed
indolg} with azide3' The reaction to give is followed by in the reactions of 3-pyridyl-3-aminopropionic acid with
dehydrogenation, which has the effect of making the ligand Zn(ClO4)»*6H,O reported by our groufs.

nonchiral. The subsequent generation of a large conjugated Compound3is a 2-dimensional CP (Figure 3a). The local
system may be expected to make the ligand an excellentcoordination environment around the Zn centers can be best
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tetrahedral Zn atoms are composed of a 4,4 net). However,
the highly irregular shape of the bridging ligands coupled
with the tetrahedral coordination of the zinc center results
in a severe geometric distortion of the ideal 4,4 net. An
interesting aspect of this structure is the interpenetration of
this 2D network by a single, identical network. The mean
planes of these two networks are coplanar. The interpenetra-
tion of a four-membered ring in one sheet by a four-
membered ring in another sheet is shown in Figure 3d. Three
water molecules are intercalated between two adjacent layers
through strong hydrogen-bonding. The bond distances of
ZN—Nietrazole[1.968(6)~2.013(7) A] are comparable to those

of Zn—Npyrigy [1.998(6)~2.002 A] and those inl but
significantly shorter than those @& Moreover, the crystal
contains one independent square grid network with <Zm
separations of 11.513 A in each network and-Zfn:+-Zn
angles in the range of 92.2with a slight variation from the
ideal 4,4 net angle of 90°0found in a square. Finally, the
bond lengths of €C and C-N are unexceptional.

Compound3 crystallizes in a noncentrosymmetric space
group FEdd2) in the crystal classnn®, where its optical
activity can occur as a specific physical effect. Experimental
results indicate the has very strong SHG responses in the
powdered state (ca. 50 and 500 times of those of urea and
KDP, respectively). As mentioned above, as a result of
dehydrogenation i3, a large conjugated system is formed
in the ligand of3. On the other hand, the resulting ligand in
3 is highly asymmetric and can best be induced by the two-
functional electronic asymmetry (or the pugbull effect)
that is essential for second-order optical nonlinearity. Thus,
the building block is an excellent two-AD chromophore
that is essential for strong SHG materials. Furthermore, the
presence of two puskpull effect centers (or a two-center-
A—D system) is much better in the enhancement of the
dipolar moment than the presence of a one-centeBA
system. Thus, among the three new compounds in the current
work, the largest SHG response is observe®.irAs we
know, a one-center-AD system also leads to the non-
cancellation of the molecular dipolar moment for a compound
with a noncentrosymmetric space group (such as in the two
cases ofl and 2 in which they all crystallized in acentric

Figure 4. (a) Fluorescent emission spectrum bin the solid state at  space groug42d and their dipolar moment could not be
e e aciaten spectim). (o7 canceled). Evidently, the two-center-# system surely
(the left spectrum is an excitation spectrum). (c) The fluorescent emission results in the noncancellation of the dipolar moment if the
spectrum of3 in the solid state at room temperature (the left spectrum is compound crystallizes in an acentric space group. At the
an excitation spectrum). same time, the dipolar moment should be larger than that of
described as a slightly distorted tetrahedron in which each the one-center-AD system and is completely aligned in the
Zn atom is coordinated by four N donors from four different crystal packing view (see the Supporting Information).
ligands (L3= CN;—CsHa—Ci12H/N—CsH4N). Furthermore,  Because the SHG responses depend on the charge separation
each ligand acts as a bidentate linker (or spacer) to bridgeor molecular dipolar moment (hyperpolarizability), the
two Zn centers through the N atom of pyridyl and one of combination of a multicenter-AD system and metalligand

the atoms of the tetrazole groups. As such, the tetrazole groupcoordination could be responsible for a synergistic effect that

in 3 is only used as a monodentate ligand. Overall, each |eads to a strong enhancement of the SHG resp@nse_

ligand in 3 connects two Zn atoms while each Zn atom is

bound by four different ligands to lead to the formation of (12) (a)Huang, S. D.: Xiong, R.-®olyhedron1997, 16, 3929. (b) Rayes,

a 2D square network (Figure 3b). The resulting network has (A) )l?_en NEFIQSF‘GC-;ZRza.IJguLI’ /?(Mate)g- ;esF- BUIll-i2?<O4 R39_, éllsa's
. C long, R.-G.; Zuo, J.-L.J You, X.-£.; Fun, R.-K.; RaJ, S. S. o.

the same topology as a square grid sheet commonly referred .5, Chemi1999 23, 1051, (d) Xie, Y-R.; Xiong, R-G.: Xue, X..

to as a 4,4 net (Figure 3c, in which the four highlighted Chen, X.-T.; Xue, Z.-L.; You, X.-ZInorg. Chem2002, 41, 3323.
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Finally, it is interesting to note that the three compounds
1, 2, and3 display strong fluorescent emissions at 390 nm

(5 mmol) in water (3 mL) for 2 days at 130 afforded yellow
block crystals ofl (ca. 0.4 mmol; 0.16 g; 40% yield based on

(blue fluorescent emission, Figure 4a), 415 nm (also a blue 2-amino-5-cyanopyridine). Anal. Calcd fori10Ni2Zn: C, 37.18;
fluorescent emission, Figure 4b), and 495 and 532 nm (paleH: 2.60; N, 43.35. Found: C, 37.28; H, 2.53; N, 43.27. IR (KBr,

yellow-green fluorescent emission, Figure 4c) in the solid

states. These fluorescent properties could have potential

applications in fluorescent materidfsThe three CPs may
be good multifunctional candidates for blue-to-yellow-

fluorescent and SHG-active materials because they are

thermally stable with decomposition temperatures of~300
350 °C, solvent-resistant, and insoluble in most common

cm™1): 3484(m), 3421(m), 3284(m), 3123(br, m), 1698(w),
1630(s), 1569(w), 1545(w), 1470(s), 1427(m), 1373(w), 1344(w),
1321(w), 1253(w), 1148(w), 1000(w), 948(w), 856(w), 820(w),
771(w), 642(w), 550(w), 496(m), 446(w). A strong blue fluores-
cence emissiontnax = 415 nm) was observed for its solid-state
samples at room temperature. A TGA was performed on a
polycrystalline sample, indicating that no strikingly clean weight
loss step occurred below ca. 350, whereas the free ligand only

solvents such as ethanol, chloroform, ethyl acetate, acetoneremains intact up to 256C.

acentonitrile, benzene, and water.

In conclusion, we have shown, in the current work, that
the introduction of a one-AD center organic chromophore
(push—pull electronic effect) into CPs with a KDP-like net
and a two-center-AD system (bi-pustpull electronic

Synthesis of 3.The hydrothermal reaction of Zng&€bH,O
(1 mmol), NaN (2.25 mmol), andrans-2,3-dihydro-2-(4-cyano-
phenyl)-benzdflindole (2 mmol) with 2 mL of water at 160C
for 4 days afforded ca. 0.5 mmol 8thased ZnGl IR (KBr, cm™):
3405(br, m), 3054(w), 1616(vs), 1536(w), 1436(w), 1341(w),

effect) into acentric CPs can lead to the significant enhance-1279(w), 1205(w), 1162(s), 1068(w), 1029(w), 975(w), 914(w),
ment of SHG responses. Such a strategy may open up a nev§37(W), 805(m), 746(w), 702(w), 674(w), 636(w), 624(w),

avenue for the design and synthesis of multifunctional 236(W). 516(w). A strong yellow fluorescence emissidna =
materials. 495 and 532 nmy = 2.2 ns, andP ~ 0.42) was observed for its

solid-state samples at room temperature. TGA results indicate that
one clean weight loss step occurred at 18Q02.80%), correspond-

ing to the removal of 1.5 water molecules per formula unit (3.11%
calculated), whereas the polymer can be stable below ca?@G00

Measurement of SHG responsesApproximate estimations of
second-order NLO intensity were obtained by a comparison of the
results from a powdered sample (8060.«m diameter), in the form
of a pellet (Kurtz powder testy, with those obtained for KDP. A
pulsed Q-switched Nd:YAG laser at a wavelength of 1064 nm was
used to generate the SHG signal. The backward scattered SHG light
was collected using a spherical concave mirror and passed through
a filter that transmits only 532-nm radiation.

Experimental Section

Synthesis of 1.The hydrothermal treatment of benzonitrile
(0.4 mmol), ZnC}-6H,0 (0.4 mmol), and Nah(0.6 mmol) in water
(13 mL) and EtOH (5 mL) for 3 days at 12& afforded colorless
block crystals ofl (ca. 0.16 mmol; 40% vyield based on benzo-
nitrile). Anal. Calcd for G4H10NgZn: C, 47.28; H, 2.84; N, 31.50.
Found: C, 47.08; H, 2.74; N, 31.35. IR (KBr, ci): 3063(m),
1608(w), 1523(m), 1456(s), 1384(s), 1318(w), 1285(m), 1192(w),
1165(w), 1102(m), 1080(m), 1017(m), 929(w), 783(m), 731(s),
689(s), 529(m), 458(m). A strong blue fluorescence emisdioag
= 390 nm) was observed for its solid-state samples at room
temperature. A thermogravimetric analysis (TGA) was performed
on a polycrystalline sample, indicating that no strikingly clean
weight loss step occurred below ca. 3X0.

Synthesis of 2.The hydrothermal treatment of 2-amino-5-
cyanopyridine (2 mmol, 19.1 mg), Zn@&sH,O (1 mmol), and Nah
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