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The hydrothermal reaction of (NH,)sM070,4:4H,0, CuCl,-2H,0, and 4,4'-bipyridine yields bipyridine-ligated copper-
trimolybdate monohydrate [Cu(4,4'-bipy)(H20)(M0301)]-H20 in the monoclinic system with space group of Cy and
cell parameters of a = 15.335(2) A, b = 15.535(2) A, ¢ = 15.106(2) A, B = 101.162(2)°, V = 3530.7(9) A3, and
Z = 8. Its structure consists of one-dimensional infinite {[M0301]>}< chains linked through { Cu,(H,0)(4,4'-
bipy)} units. The Mo—0O chain contains distorted {MoOg} octahedra connected through corner-sharing oxygen
atoms into infinite chains along the ¢ direction and each chain is located in the channel formed by four adjacent
crossing chains of { Cu(4,4'-bipy)(H,0)} ,>**. The crystal shows weak conductivity through Mo—O chain along the
c direction and insulating property along either a or b direction. Furthermore, a crystalline bimetallic oxide, CuM0301y,
forms when the title compound undergoes thermal treatment in N, atmosphere after the complete removal of the
ligands.

Introduction has been exploited for preparation of some important
materials such as zeolitesnd mesoporous materiaishere
- . . the organic component (template) can be totally removed
resear(_:h _th_e me In inorganic and mat_e rials (.:hem}srme by facile calcination or extraction. The latter has also been
synergistic interaction between organic and Inorganic com- applied for preparation of hybrids such as biomineralized
ponent leads to complex compositions and diverse structuresmateria@ microporous transition metal phosphates with
of the materials, and these materials usually show unusualentrained’ organic catiorisand molybdenum or vanadium
features aqd muItifunctionaIit_iésThe synthe_tic strategies oxide subunits modified by organonitrogen ligands or their
for controll|ng strl_Jcturefuncnon _relatlonsh|p have been coordinated metal cations where the framework is usually
extens!vgly investigated by focusing on the property of the sustained by the organic componént.
diphasic interface and the structural directing role of organic .

Currently, molybdenum polyoxoanions attract much at-

compounds.According to the nature of the bonds between ion d hei i ohi i
organic and inorganic components, the materials can pelention due to their versatile stoichiometry, different structure,

divided into two major families in which one exhibits weak 2nd high reactivity. The exploration of a generalized ap-

bonding while another exhibits strong bonding. The former Proach for preparation of one-, two-, and three-dimensional
organodiamine-templated molybdenum oxides and hybrid

Hybrid organic-inorganic materials have become a major
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bimetallic oxides using hydrothermal methods reported by Table 1. ‘Summary of Crystallographic Data for the Structure of
Zubieta et al. and others further demonstrates the wide varietyl©U(4.4-0ipy)(H:0)(M0sO10)]-H-0

of molybdenum oxoanion subunits ranging fréiMoO,} >~ femrlnpirical formula 7%03H51§CuM03N2012
to {M08026}4-—, thg existence of ir)finite chains §MoOs} cryst syst monoclinic
octahedra with different connecting modes linked through space group %03 52
corner-, edge-, and/or face-sharing octahedra, and the influ- ﬁj A 15j535§2§
ences of ligand and the coordination of metal if containing c,é\ 115610166(5)2

the secondary metal on the struc'tural chati§én this stydy, {3,: G 353d_7(9§ )

we choose 4,4bipyridine (4,4-bipy) as a polyfunctional é . .

rodlike ligand and copper as a secondary metal to hydro- ‘ufz';d'rglcnr 33.38
thermally synthesize bipyridine-ligated copper-trimolybdate Qogof refins 03;3411873
monohydrate [Cu(4!dipy)(H,0)(Mos010)]-H20. The crys- B1a 0.0249

tal structure, conductivity, and thermal decomposition of the WR2° 0.0487

titte compound are also reported. aR1= S|Fo| - |Fel/S|Fol. PWR2 = { S[W(F2 — F)2/S[W(Fo)Z} L2
Experimental Section Table 2. Selected Bond Lengths (&) and Angles for

Synthesis of [Cu(4,4bipy)(H 20)(M03010)]-(H-0). A mixture [Cu(4.4-bipy)(H20)(MozO10)]-H20

of (NH4)eM070,4:4H,0, CuCh-2H,0, and 4,4bipy in H,O with Mo1-01 1.750(2) Mo3-06! 2.212(2)
; 9.9 i o Mol—-02 1.905(2) Mo3-08 1.719(2)
a molar ratio of 1:2:2:1110 in an autoclave was heated at 050 Mol—03 197302) Mo3.0g' 17190
for two weeks under autogenous pressure. After the reaction, the p01—-04 2.120(2) Mo402 2.277(2)
autoclave was slowly cooled to room temperature. Blue crystals in m%—gg‘ 21%2%((22)) mozzgz igég%
: H : ol— . (o] .
ca. 1_0% yleld_were obt_alneq and Washed with water. The t_axcess Mo2—02 1.962(2) Mod-O6 1.931(2)
starting materials remained in the solution as unknown species. IR Mo2-02i 1.962(2) Mo4-09 1.709(2)
spectrum of the crystal using KBr pellet exhibits intense bands at mog:ggi 2222113(22) ('\:"Oégllo i-ggﬁ(g)
490, 658 cm?, and 820, 887, 918, and 933 chassigned to- Mo2—07 Theed)  Cieds 59
(Mo—0O—Mo) and »(Mo=0), respectively! and bands at 1620, Mo2—O7 1.696(2) Cu5-011 1.977(3)
; ‘atin vibrati Mo3—03 1.941(2) Cu5-N1 1.949(3)
1540, 1420, ar_ld 1'3_20 crhassigned to characteristic vibrational Mo3—03 1.941(2) CUu5-N2v 1.974(3)
modes of 4,4bipyridine? Mo3—06 2.212(2)

X-ray Crystallography. The single crystal of the titte compound 81-”01—85 égodSl(l) 83-”%-83 ;g-?(ll)
with dimensions of 0.25 0.10 x 0.05 mnf was carefully selected Ol_Mol_oa 158.(2()1) OB—Mos—08 91"5((1))
under an optical microscope and glued to a thin glass fiber with 01-Mo1-04 91.9(1) 03—Mo3-08' 100.9(1)

i inati - i i 01-Mol-05 102.9(1) 06-Mo3—06' 73.7(1)
epoxy resin. Crystal structure determination by X ray diffraction Or-Mol-03 159.5(1) e Mos—o8 150.0(1)
was performed on a Bruker AXS SMART CCD diffractometer 02—Mol—04 91.7(1) 06-Mo3—08i 92.9(1)
equipped with a normal-focus, 2.4-kW, sealed-tube X-ray source 02-Mol—-04 74.3(1) 06—Mo3-08 92.9(1)
; ot — ; 02—-Mol1-05 96.8(1) 06—Mo3—08 159.0(1)
with Mo Ko radlathn @ 0.71973 A) operating at 50 kV and 30 03-Mol_0a 721(1) 08 Mo3—0g 104.0(2)
mA. About 1.3-hemispheres of intensity data were collected at room  03-Mo1-04 87.3(1) 02-Mo4—03 77.7(1)
temperature with a scan width of 03id w and an exposure time 82*%0%*82 ?f-g(ll) SZ%MOjfggi ;gg(i)
of 30 s per frame. The empirical absorption corrections were b_ased 04:M81:05 93'_5((1)) 02—M84:09 87‘_1((1))
on the equivalent reflections. The structure was solved by direct 04—Mo1-05 164.1(1) 02Mo4—010 169.0(1)
i i i 02—-M02—02i 157.2(1) 03-Mo4—04 72.2(2)
method_s followed by successive difference Fourier methods. All 02— Mo2—06 87.3(0) 8- Mod—O6 73000
calculations were performed using SHELXTL and SHELXTL97, 02—Mo02—06 74.4(1) 03-Mo4—09 164.7(1)
and final full-matrix refinements were agairfst. 83*%0378;, gg-g((ll)) gfmozl*géo 793}61((11))
. . . . —Mo2— I . —Mo4— I .

The crystgl da.ta, intensity collection, apd structqral .reflnement 02— Mo2—06 74.4(1) Of-Mod—09 103.2(1)
are summarized in Table 1. The selected interatomic distances and  02i—Mo2-06 87.3(1) 04-Mo4—-010 103.8(1)
bond angles are given in Table 2. Crystallographic data (including ~ 92'—Mo2-07 99.0(1) 06-Mo4—09 103.1(1)

factors) have been deposited at the Cambridge Crystal- o2 o2 OF 94.9(1) 08 Mod- 010 103.4(1)
structure tac p ge Cry 06-Mo2-06' 73.6(1) 09-Mo4-010 103.9(1)
lographic Data Centre (CCDC 212770). 06-Mo2—-07 91.7(1) OtCu5-08 88.1(1)

i i 06—Mo2—O7i 161.9(1) O+Cu5-011 179.2(1)
Conductivity Measurement. The conductivity was measuret_ll OF—Mo2—07 161.9(1) O CUA-N1 88.4(1)
at room temperature with a CHI600 Electrochemical Workstation  ogi—Mo2—07i 91.7(1) OLCu5—N2i 91.0(1)
07—-M02—07i 104.6(2) 08-Cu5-011 91.1(2)
(8) (a) Hagrman, D.; Zubieta, C.; Rose, D. J.; Zubieta, J.; Haushalter, R. ~ 03—Mo03—03" 159.8(1) 08-Cu5-N1 97.6(1)
C. Angew. Chem., Int. Ed. Engl997, 36, 873. (b) Hagrman, D.; 03—Mo3-06 90.7(1) 08-Cu5—-N2v 94.7(1)
Hagrman, P.; Zubieta, horg. Chim. Acte200Q 300, 212. (c) Zhang, 03—Mo3-06' 73.0(1) O1+Cu5-N1- 91.8(1)
Y. P.; DeBord, J. R. D.; O’Connor, C. J.; Haushalter, R. C.; Clearfield, 03— Mo3-08 100.9(1) O1+Cu5-N2¥ 89.0(1)
G.; Zubieta, JAngew. Chem., Int. Ed. Endl996 35, 989. (d) DeBord, 03-Mo3-08" 91.5(1) N1Cu5-N2* 167.6(1)

J.R. D.; Zhang, Y. P.; Haushalter, R. C.; Zubieta, J.; O’Connor, C. J.

J. Solid State Chen1996 122, 251. (e) Hagrman, P. J.: Zubieta, J. a Symmetry transformations used to generate equivalent atons:x(

|n0rg. Chem 2001 40’ 2800. + 2, -y, —Z + 1, (II) —X + 2, y,__Z + 3/2; (|||) X — 1/2, y - 1/2, Z, (IZ}) X,
(9) Hagrman, P. J.; Hagrman, D.; ZubietaAdgew. Chem., Int. Ed. Engl ~ —¥ Z+ %2 (2) X, =Y, Z = Yo, (vi) X+ Yo, y + U5, 7, (vil) X = Mo, =y +
1999 38, 2639. Yo, 2= Yg; (viii) =X + 3, =y + Yy, —z + 1; (viiii) —x + 1,y, =2+ Yy;

(10) Xu, Y.; An, L. H.; Koh, L. L.Chem. Mater1996 8, 814. ®N=-x+1-y -z+1

(11) Khan, M. I; Chen, Q.; Zubieta, thorg. Chim. Actal993 213 325.

(12) Strukl, J. S.; Walter, J. LSpectrochim. Actd971 27A 223. ; ;
(13) (@) Sheldrick, G. MActa Crystallogr, 1990 Ad6 467. (b) Sheldrick, (CH Instrument). The single crystal was connected to a pair of gold

G. M. SHELXL-90, Program for the Refinement of Crystal Structures ~ €lectrodes with silver conductive adhesive along with desired crystal
University of Goettingen, Germany, 1997. axis.
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Figure 1. (a) View of the structure of [Cu(4',4ipy)(H0)(M0sO10)]-H20, along thec axis, illustrating the three-dimensional framework of [}{@ag]2~
chains incorporated within the scaffolding pZu(4,4-bipy} 2" subunits; (b) coordination sphere of the copper atom; and (c) a view of thegJMé~
chains and the append¢€u(4,4-bipy} groups which serve to bridge adjacent chains.

Thermogravimetric Analyses. Thermogravimetric measurement  Results and Discussion
was performed on a Perkin-Elmer TGA7 thermogravimetric
analyzer under a 100 mL/min flow of nitrogen in the-2500 °C
temperature range at a rate of A0/min.

In Situ XRD Measurement under Programmed Temperature
Treatment. XRD patterns of the sample were recorded on a Bruker

D8 Advanced X-ray diffractometer using Cuwkradiation with a X . . D
voltage of 40 kV and a current of 40 mAariable-temperature in oxide framework with channels occupied by the'4ipy

situ XRD experiment was carried out from room temperature to ll9ands. The cationic component forms one-dimensional
600°C at a rate of 0.2C/s. chains of CuG;N2} square pyramid linked through bridging
Transmission Electron Microscopy (TEM). High-resolution ~ Pidentate 4,4bipy groups. Each Cusite of the chain is
TEM (HRTEM) and selected area electron diffraction (SAED) were Coordinated to one D molecule, two terminal oxo groups
performed using a Joel JEM-2010 transmission electron microscope.from the molybdate cluster subunit, and two nitrogen atoms
Elemental maps were obtained by energy-dispersive X-ray spectrafrom two 4,4-bipy ligands to form slightly distorted square
analysis (EDX) of the K-edge fluorescence for Cu and Mo. pyramidal coordination with one terminal O atom at the

Structural Description. As shown in Figure 1a, the title
compound is constructed from [MO10]?>~ chains incorpo-
rated within the scaffolding b{yCu(4,4-bipy} ,2"" subunits.
The structure consists ¢fCuO;N,} square pyramids and
{MoOQOg} octahedra, forming a three-dimensional bimetallic
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Figure 2. Conductivity of the title compound. KW“WJW
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apical position (Figure 1b). The central Cu atom is displaced
’WMMWMW4OOOC

by 0.114(1) A from the equatorial plane defined by N1YN2
01, and 011 atoms toward @Q8and the Cu-N bond
distances are 1.949 and 1.974 A, while the axiatCubond
distance is 2.324 A. The chains exhibit a 27.3%ist

between the rings of the bipyridy! units. The two distinct mmmw%m

chains along [110] and [001] directions form a right angle MMMMMMML

or virtual square network. When viewed along thexis, RT

the {Cu(4,4-bipy},>* scaffoldings are linked through 10 20 30 20 %0 30 20

{CuGO;sN2} square pyramid to produce channels of sufficient 26(° )

diameter to accommodate [MO,¢?>~ chains. As shown in  Figure 4. Variable-temperature in situ XRD patterns of the title compound.

Figure 1c, {MoOg} octahedra form a chain which is

structurally analogous to that observed in the one-dimen- a gradual dehydration in the range from room temperature

sional (NH)[Mo3Oyg].** The infinite zigzag chains of to 250 °C, accounting for a 2.7% weight loss, which is

(Mo3010)*~ moiety stretch along theaxis, which is different  attributed to the release of the crystalline water (2.56%

from the case reported in the one-dimensional molybdenumtheoretical weight loss). This process is followed by a

oxide [Cuy(pyrd)(MosO10)].*° consecutive weight loss of ca. 24.2%, which is attributed to
Conductivity. The anisotropic properties of the [Cu(#.4  the release of an aqua ligand and the decomposition of

bipy)(H20)(M0sO10)]-H-O single crystal can be proved by |igands (24.76%, theoretical weight loss) in the range of

measuring the conductivity along the specific direction of 5545-370 °C. The mass becomes constant above 320

crystal axis. The voltammetric curves along thenda or The total weight loss of 26.9% is consistent with calculated

b directions are shown in Figure 2. The conductivity of the | -, o (27.32%) if CuMgD1 is the final product. EDX result

. : . 8 1
smgle grystal IS appr_OX|mater4>3 10" s cnm glong the also indicates Cu/Mo molar ratio of 1:3 remains unchanged.
c direction and effectively zero along tlaeandb directions.

Molybdenurm-copper composite oxides have been of interest 10 understand the decomposition process and phase
as a candidate for cathode materials in high-energy-densitytransmona temperature-dependent in situ XRD experiments
secondary batteries, and their conductivity is related to the Of the title compound were acquired. In Figure 4 the pattern
content of copper, in which the oxide with the composition Of the title compound at room temperature displays the
of CuaMoO; shows the highest conductivity, ca. 4.36 characteristic diffraction peaks which can be indexed ac-
1072s cnT11%|n the present case, the current passes throughcording to the crystal parameters of [Cu(4bdpy)(H:0)-
the{MoOQOg} octahedra chains along thexis and the copper  (M03010)]*H20. At 200°C, the pattern shows some changes,
atoms do not involve in the electric conduction. Therefore, indicating the variation of the structure due to the loss of
only the molybdenurrroxygen chains account for the weak water. The loss of the aqua ligand and the decomposition of
conducting property whereas the coppbipydine chains bipydine took place between 200 and 400 with the
parallel to (001) are insulating. appearance of a new set of diffraction peaks which can be
Thermal Behavior. As shown in Figure 3, the thermal indexed according to an orthorhombic phase with parameters
decomposition of the title compound under nitrogen exhibits of a = 6.795 A, b = 6.546 A, andc = 4.285 A. These
: diffraction peaks are unchanged until 600 and remain
8‘51; Egggniéﬁ,"DF.?s\}\?;ré'rﬁ%é f;rys;%“sohgzlllt’eﬁelgt.'g?g?eig?’é;s%’Connor, upon cooling to room temperature. The foundalues are
C.J.; Rarig, R. S., Jr.; Johnson, K. M.; LaDuca, R. L., Jr.; Zubieta, J. consistent with those calculated from the cell parameters.
(16) (_an;enmSMgteE]r.]%?JS é.?'\?;fr?éj. C. Li 7. Solid State lonicd 992 HRTEM and SAED images provide further evidences to the
57, 109. new phase. SAED (Figure 5a) shows the nature of single

Intensity(arbitary units)
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two fringes is ca. 0.48 nm compared wittspacing of (110)

in orthorhombic phase of CuM@1 and each particle shows
the same crystalline orientation. To our knowledge, orga-
noamine ligated bimetallic oxides generally undergo thermal
decomposition to form unidentified phase, amorphous phase,
or mixture, even though the copper trimolybdate hydrate
(CuM030,¢-5H,0) became amorphous under heating treat-
ment!’” Therefore, the present result indicates that thermal
treatment of the hybrid organigénorganic composite materi-
als may break a new path to obtain crystalline bimetallic
oxides.

Conclusions

The hydrothermal technique has been exploited to prepare
a new hybrid organieinorganic material of bipyridine-
ligated copper-trimolybdate monohydrate [Cu(4ipy)-
(H20)(M03010)]-H20. The compound exhibits three-dimen-
sional framework, which contains one-dimensional infinite
{[M0301¢]?~ chains located in the channel formed by four
adjacent crossing chains §€u(4,4-bipy)(H,0)} ,2"". The
anisotropic property of the crystal has been observed by
measuring conductivity of the crystal along different direc-
tions. The title compound undergoes thermal decomposition
to form a new crystalline phase of a bimetallic oxide,
CuMo304, which has been characterized by XRD, TEM and
SAED.

Acknowledgment. This work was supported by the
National Natural Sciences Foundation Committee of China
(Grants 20371013 and 20005310), National Basic Research
Program of China (2003CB615807), and Shanghai Science
and Technology Committee (03DJ14004).

Supporting Information Available: X-ray crystallographic
files, in CIF format, for title compound, and table giving index
results of CuM@gOso (pdf). This material is available free of charge

Figure 5. (a) SAED and (b) TEM images of the resulting product of Via the Intemet at http:/pubs.acs.org.
CuMoz04 after thermal decomposition of the title compound. IC049608P

crystal. In a typical TEM image (Figure 5b), crystal lattice 17y gyrga, w. 3.: Lasocha, W.: Hodorowicz, STAermochim. Acta998
of Mo—Cu composite oxide shows that the distance between 317, 193.
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