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play dual role of a metal ligand as well as a structure-
directing agent, the organic components in metal chalco-
genides simply enter the inorganic structures through either
ionic bonding or relatively weak H-bonding and van der
Waals interactions. Recently, several covalent organic
inorganic networks of hybrid chalcogenides such as ZiTe,
ZnSe, MnSé? and CdS& have been found. Herein, we
report the synthesi$, crystal structuré® and some thermal
and optical propertiésof Ga;Se/(en)+(enH), in which both
covalent and hydrogen bonds have been employed to

An open framework gallium selenide, Ga,Se+(en),+(enH),, has been
prepared by the direct reaction of gallium (Ga) and selenium (Se)
in ethylenediamine (en), in which both covalent and hydrogen
bonds have been employed to combine the inorganic structures
and organic spacers to build layers with micropores. Its structure
has been determined by X-ray diffraction. Its thermal and optical
properties have been characterized by TGA and UV-vis, Raman,
and IR spectroscopies, respectively.

Open frameworks, especially porous materials, have been

of intensive research interest for decades because of theif') zcohoozuirllu&yésA'; Kumar, U.; Rao, C. N. Rngew. Chem., Int. Ed.

ability to interact with atoms, ions, and molecules throughout (12) Huang, X. Y.; Li, J.; Fu, H. XJ. Am. Chem. So@00Q 122, 8789.
the bulk of the materialsTheir application range has been (13) Huang, X. ¥.; Heulings, H. R.; Le, V.; Li, Lhem. Mater2001 13
extended fr_om traditio_nal use as c_atalysts ar_ld absorben'_[s tQ14) Deng', Z. X.; Li, L. B.; Li, Y. D.Inorg. ChemAccepted.
areas ranging from microelectronics to medical diagnbsis. (15) Dﬁteluls %f the sy(nth)eSIS follczjvg: c?{:ﬂhum (TG?}), sl_elerélum_(?e), and|
H “ H n o : et| ylenediamine (en) were adde into a Teflon-lined stainless stee
In order to Cf)mb'”e .pOI‘OUS propernes- like catalysis or autoclave with a molar ratio of 4:7:50 and heated at 4@Gor 5—7
adsorption with “semiconductor properties” such as those days. Reddish platelike crystals (yietd 90%) were collected after
found in chalcogenide materials. efforts have been made to cooling the autoclave naturally, washed with deionized water to remove
. iy organic residues, and dried in air at 80 for 3—4 h.

substitute the oxygen atoms with other chalcogens such agie) Details of the structure determination follow: A single crystal of-Ga
S, Se, and Te. A series of open framework chalcogenides of fSer(gnt)z-(er}r')zt\{VIth dlmegSIokns Os?l\; :F-{lTSX F9éf>>(5g1cng\/\éaf5f Seltectetg

. A1in 5 . . . —9 or daata collection on a bruker - Ifractometer
metal germanlurﬁ, t'n_’ ":mt'monye3 and 'n_d'urﬁ have been (graphite-monochromated Mod<radiation A = 0.71073 A,T = 300
successfully synthesized. However, unlike those open frame-

K). An absorption correction based on symmetry-equivalent reflections
; ; ; ; ; was applied using SADAB®&. The structure was solved by direct
work metal phosphatéfé)r seleniteS in which amines mlght methods using SHELX®% Direct phase determination yielded the
positions of Ga and the most Se atoms, and the N and C atoms were
located in successive difference Fourier syntheses. Hydrogen atoms

were generated geometrically. All non-hydrogen atoms were subjected

*To whom correspondence should be addressed. E-mail:

ydli@tsinghua.edu.cn.
(1) Cheetham, A. K.; Rey, G.; Loiseau, TAngew. Chem1999 111,

3466;Angew. Chem., Int. EA.999 38, 3268 and references therein.

(2) Davis, M. E.Nature2002 417, 813 and references therein.

(3) (a) Bedard, R. L.; Wilson, S. T.; Vall, L. D.; Bennett, J. M.; Flanigen,
E. M. Stud. Surf. Sci. Catal. A989 49, 375. (b) Yaghi, O. M.; Sun,
Z.; Richardson, D. A.; Groy, T. LJ. Am. Chem. S04994 116, 807.

(4) Wachhold, M.; Kanatzidis, M. GChem. Mater200Q 12, 2914.

(5) (a) Parise, J. B.; Ko, Y.; Rijssenbeek, J.; Nellis, D. M.; Tan, K.; Koch,
S.J. Chem. Soc., Chem. Commu®94 527. (b) Jiang, T.; Lough,
A.; Ozin, G. A. Adv. Mater. 1998 10, 42.

(6) (a) Parise, J. BSciencel991, 251, 293. (b) Wang, X.; Liebau, R.
Solid State Chen994 111, 385.

to anisotropic refinement. The final full-matrix least-squares refinement
on F2 converged with R1= 0.0576 and wR2= 0.1091 for 5116
observed reflectionsl [> 20(1)]. Crystal data: GzBe/(en):(enH),

M, = 1074.03, monoclinic, space grot2i/c (No.14),a = 13.4928-

(9) A, b=10.9203(7) Ac = 18.1866(13) A = 93.282(23, V =
2675.33) B, Z =4, u = 13.522 mnTY, pcaica= 2.667 g/crd, F(000)

= 2000. The X-ray powder data for the £5&(en)-(enH) was in
excellent agreement with its simulated pattern based on single-crystal
data, indicating phase purity and high crystallinity. Selected bond
lengths (A) follow:
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1344. Ga(2)-Se(5) 2.3571(11) Ga(4)Se(4) 2.3749(12)
(9) Wang, C.; Bu, X. H.; Zheng, N. F.; Feng, P. Xngew. Chem., Int. Ga(2)-Se(1) 2.3692(11) Se(2Ga(3) 2.4111(12)
Ed. 2002 41, 1959. Ga(2)-Se(3) 2.3721(11) Se(3)Ga(2) 2.3721(11)
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Figure 1. ORTEP drawing for [G#Be(NH2CHaNH,)2)2~ with 50% ] ] ‘ ’ )
probability ellipsoids, showing the atomic numbering scheme. Figure 3. View down [010] of the GaSe/(en)(enH) structures showing
the sandwich motif of alternating semiconducting inorganic and insulating
organic layers (inorganic plot scheme as for Figure 2).
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¢ > € S° Figure 4. Thermogravimetric analysis data showing weight loss aof-Ga
Figure 2. View down [001] of the sheet topology of Gae/(en):(enH). Se/(en):(enH) between 35 and 60TC. The negative of the first derivative
©, Ga atom;®, Se atom;O, N atom; For clarity, all the C, H, and (%/°C) is also plotted as a function of temperature.
uncovalently bonded N have been omitted.
12
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combine the inorganic structures and organic spacers to build
layers with micropores. The unique structure of this com-
pound offers great opportunity to study the structure
property correlation in open framework chalcogenides.

Single crystal characterization shows that this selenide is
built up from two kinds of tetrahedra: GaSand GaSgN.
The nitrogen atom in Gag¥ tetrahedron comes from the ”
amine (en) covalently bonded to the inorganic framework. 01,4 16 18 20 22 24
As depicted in Figure 1, Gagand GaSgN tetrahedra share Photon Energy /eV
corners alternately through G&e-Ga bondings to form Figure 5. UV—vis absorbance of G&e(en):(enH).
infinite zigzag chains. These chains are cross-linked into a
2-D layer with 8-ring micropores (i.e., micropores built up gradual slope corresponds to the loss of the other two en
from 8 tetrahedral building blocks, four GaSend four molecules covalently bonded to Ga atoms. Powder X-ray
GaSeN groups) (Figure 2). The other nitrogen atom of the diffraction analysis following the TGA experiments showed
en is connected through hydrogen bonding—(f--N) to that the residues were &g; (see Supporting Information).
another en which resides between the layers (Figure 3). All - Another characteristic of this structure is that the-Ga
these en molecules cooperate to separate and stabilize thege_Ga angles vary from 98.860 109.39. This is a range
semiconducting inorganic G&e?~ layer. of up to 10. Although this range is small compared to the

The most prominent structural feature of this selenide is range of --O—T angles (T= tetrahedral atom) in zeolites
the coexistence of these two types of bondings. TGA analysisand that of FX—T angles in indium chalcogenid@st is
further evidences this result. The first sharp weight loss in considerably greater than thé Eange (i.e., 103108) of
Figure 4 might be due to the loss of the two en molecules T—S—T angles in some GeS compound& The diversity
residing between the inorganic sheets which are loosely of both bonding types and bonding angles suggests that there
connected to N atoms via hydrogen bonds, while the secondcould be a rich structural diversity in gallium selenide open
frameworks. For example, it can be imagined that one could
17) Details _of characterizatio_n follow: Thermogravimetriq fmalysis/ substitute the en residing between the sheets with other

differential thermal analysis (TGA/DTA) (ramp at T& min 1 to . - - -
600 °C under the protection of Nl for this product reveals that it is amines of different Iengths or different functional groups

thermally stable up to 258C, above which there is a multistage 21%  while keeping the en covalently bonded to Ga untouched.
weight loss corresponding to the loss of four en molecules (calcd . . .
22.6%). Optical diffuse reflectance of the samples was recorded ona 1 h€ optical absorption spectrum of this compound, mea-

Shimadzu UV-2100S spectrophotometer, Raman shifts were recorded sured by diffuse reflectance experiments, is depicted in Figure

on a Renishaw RM1000 Raman spectrometer with the excitation - :
wavelength of 514 nm, and the infrared spectrum was measured on a5' One absorptlon edge of 1.69 eV was found for it,

Nicolet 560 FTIR Spectrometer. compared to the value of 2.1 eV reported for bullkeSe &

Kubelka-Munk function
N
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Itis supposed that substances possessing layered structures
or GaSeY indicating a red shift-£0.4 eV) of the absorption ~ Might be able to form one-dimensional nanostructures under
edge. This result is interesting and surprising since at a first favorable conditions. Recently, we have proved that lamellar
glance one would expect the energy gap to increase due tostructures could be employed to prepare Bi nanotéhess,
quantum confinement. However, similar to the red shift hanotubes! W nanowires;® MnO, nanowires;® CdS and
predicted for GaSe nanotub®shis phenomenon might also  CdSe nanorods’, and ZnS and ZnSe nanobeltsin a
be due to the pressure dependence of the electronic states ifeoretical study, Cote et al. proposed that the GaSe layered
this compound. The fundamental energy gap in the bulk is compound be explored to form nanotuBégherefore, it is
from I to M with the conduction states at K. In comparison Safe to envision that the GBe(en)-(enH), with layered
with the normal GaSgetrahadra, the Ga9¢ tetrahedra are  Structure might also lead to one kind of gallium selenide
compressed obviously since the bond length of-Gais nanotube. If that is possible, this compound might be the
much shorter than that of G&sel6 The states at M and K ideal candidate for the study of both 2-D and 1-D semicon-
thus come down in energy with respect to the valence stateductor quantum structures.
atT whereas the direct gap is roughly constant. The K states In conclusion, we have shown that one novel open
come down faster than the M states so that the fundamentafffamework GaSe/(en)-(enH)} has been synthesized and

gap becomes frorfi to K and thus a red shift of energy gap structurally, thermally, and optically characterized. The

appears. diversity of both bonding types and bonding angles of this

A t vsis of GS .(enH) indicated that cpmpquqd suggests thgt there could be a r|ch_ stru_ctural
symmetry analysis of G&e/(enk-(enH, indicated tha diversity in gallium selenide open frameworks which might

the Raman and IR spectra would be very complex. ForI dqt | ontical and electroni " f d
example, a total of over 100 modes are to be expected in,cad 1o Novel oplical and electronic properties ot correspond-

the Raman spectrum, which makes the assignment of all the'"9 chalcogenides.
experimental bands very difficult (Figure 6). Nevertheless, ~Acknowledgment. This work was supported by the
a comparison of the Raman spectrum with that of similar NSFC (20025102, 50028201, 20151001), the Foundation for

Figure 6. Raman spectrum of G8e/(en)-(enH). The spectrum between
1800 and 400 cmt was enlarged in Figure 7.
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weak peaks between 1600 and 400 érggshown in Figure GaSe(en)y:(enH). PXRD of the residue of TGA. This material
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IR spectrum (Figure 7) is also much more complicated than (23) Li. Y. D.; Wang, J. W.; Deng, Z. X.; Wu, Y. ¥.; Sun, X. M.; Yu, D.
. " 4 22 P.; Yang, P. DJ. Am. Chem. So2001, 123 9904.
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and difficult to assign. Soc.2002 124, 1411.
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