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The hydrothermal reaction of Cu' salts with 1,2,4-triazole (Htrz) in agueous ammonia yielded a novel metal—
organic framework { [Cus(zes-O)(us-trz)s(OH)(H20)¢]} » (1), which was characterized by single-crystal X-ray diffraction,
X-ray powder diffraction, thermogravimetric analysis, IR, and variable-temperature magnetic susceptibility. It crystallizes
in cubic, space group FdB3c with a = 24.644(3) A, V = 14967(3) A3, and Z = 96. Its framework is the first 3D
structure using coordinative interactions constructed via trinuclear triangular Cu" secondary building units, in which
both Cu' ions and trz ligands act as three-connected nodes to form a 6.8% net. An overall antiferromagnetic behavior
was found in the compound.

Introduction interaction among Cucenters. Recently, it had been shown

. R that Cu ions and N1,N2-bridged ligands [pyrazole, 1,2,4-
Metal— f k (MOF t [ . . - ;
etaf—organic framework (MOF) coordination polymers triazole (Htrz), and their derivatives] form a trinuclear

have attracted tremendous attention because of their intrigu-_. _ .
ing molecular topologies, their potential uses such as in ion t”?g_tila(; ij)f[ CIOI? X _t.”g."o’”s'gﬂ’/:s'cht/.l?"Br)’ Wh'Cht.
exchange and adsorption, and their catalytic, fluorescence,ex lorte tffa alytic activity® and in eresting magnetic
and magnetic propertiég. One of the most effective ap- prqurﬂes? . Though the MOFs based on trimeric §econdary
proaches to synthesizing MOFs is hydrothermal assembly?:u,”d;;1 gF;P;tCS (Sc?uéé \%e[ﬁ reported recetn tlyf V,;”.th "Z:ﬁ

by incorporating appropriate metal ions (connectors) with ™ ;- an ’ € arrangement of trinuctear

. | . - .
multifunctional bridging ligands (linkers)The considerable fcrlang.ular Cu_clusters as SBUs into multidimensional MOFs
amount of interest in Cu atoms was mainly due to the fact 'S @0 interesting work, and up to now, only two papers have
that Cu is an essential bioelement responsible for numerousbeen written concerning the use of coordination interactions
i . :
catalytic processes in living organisms, where it is often to form 107'%and 2D network3.Therefore, it remains a great

present in polynuclear assemblfeand to exploration of
magnetostructural correlations resulting from the mutual
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challenge to prepare new trinuclear triangulat-®ased solid
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Table 1. Crystal Data and Structure Refinement Information Tor

materials with high-dimensional structures.

On the other hand, Htrz has gained great attention as a
ligand to transition metals by the fact that it unites the
coordination geometry of both pyrazoles and imidazoles
and, in addition, exhibits a strong and typical property of
acting as a bridging ligand between two metal cent®rs.
Using substituted Htrz's as linkers, we explored a series
of triazolecadmium(ll) coordination polymers at room
temperaturé®-d Herein we report the hydrothermal synthesis
and characterization of a novel 3D coordination polymer
{[Cus(uz-O)(us-trz)s(OH)(HzO)e]} n (1), whose framework is
constructed by trinuclear triangular €secondary building
units.

Experiment Section

Preparation. {[Cus(us-O)(us-trz) 3(OH)(H 20)6] } n (1). A mixture
of Htrz (5 mmol, 0.32 g), CuSE5H,0 (5 mmol, 1.25 g), and
aqueous ammonia (25%, 10.0 mL) was refluxed¥c and then
was put in a 15-mL acid digestion bomb and heated at°T3fbr
3 days. A clear blue solution was obtained, and the crystal products
were collected after allowing the solution to reach room temperature
over several weeks, yielding 81% (based off €alts). Elem anal.
Calcd for1: C, 13.44; H, 3.58; N, 23.51. Found: C, 13.11; H,

compound 1
formula GHs 34CUNsO2 67
fw 177.64
temp (K) 293(2)
cryst size (mr) 0.46x 0.34x 0.28
cryst syst cubic
space group Fd3c
a(A) 24.644(3)

b (A) 24.644(3)

c(A) 24.644(3)

o (deg) 90

B (deg) 90

7 (deg) 90

V (A3) 14967(3)

4 96

limiting indices —-32<h=<25
—32=<k=30
—32=<1=<28

F(000) 8513

o (Mg/md) 1.892

abs coeff (mm?) 3.433

data/restraints/param 757/0/53

GOF 1.170

R12[1 = 20(1)] 0.0388

wR22 (all data) 0.1144

AR1= 3 |[IFol — IFcll/IFol; WR2 = [YW(Fo? — F)Z3w(F?)? ">

Table 2. Bond Lengths (A) and Angles (deg) far

3.62; N, 23.78. ICP: Cu 34.88% (calcd 36.03%). IR (KBun): gug)):(’i((i))A 11-3;58(43()5) gu((l?mggB i-g;ggg
u . u .
3423s, 16137m, 1511m, 1400m, 1294w, 1172m, 1101m, 1001w, O()-cu(1)C 1.9563(5) O(BHCU(1)D 1.9563(5)
668m cm ™. N(L)—C(1) 1.316(4) N(IFN(LE 1.364(5)
Characterization. Elemental analyses (C, H, and N) were N(2)-C(1)E 1.346(4) N(2C(1) 1.344(4)
performed on a Perkin-Elmer 240 CHN elemental analyzer. The (’\;((%*EUEBEN(D 83'38(77()3) Oy CUL) WA 88.00(7)
. . . . —Cu . u .
metal content of the comple?( was ca}rrled out using an inductively N()-Cu(1)-N(1)A 178.01(15) O(1}Cu(l-N(2)B8  180.0
coupled plasma (ICP) atomic emission spectroscopy (AES) spec-\(1)—cuy(1)-N(2)B  91.00(7) N(L)A-Cu(1-N(2)B  91.00(7)

trometer. IR spectra were recorded in the range-4@m0 cnt?!
on a Bruker TENOR 27 spectrophotometer using a KBr pellet.
Thermogravimetric analysis (TGA) experiments were performed
on a NETZSCH TG 209 instrument with a heating rate of°’@
min~1. Powder X-ray diffraction (PXRD) measurements were
recorded on a D/Max-2500 X-ray diffractometer using Ca K
radiation. Variable-temperature magnetic susceptibilities were
measured on a Quantum Design MPMS-7 SQUID magnetometer.
Diamagnetic corrections were made with Pascal’s constants for all
of the constituent atoms—<79.8 x 10 emu mol?).

Crystal Structure Determination. Diffraction intensities forl

Cu(1)C-O(1)-Cu(1) 120.0 Cu(1)€0(1)-Cu(1)D 120.0

Cu(1)-0O(1)~Cu(1)D 120.0 C¥N@L)-NL)E  106.56(17)
C()-N(1)—-Cu(l) 132.8(2) N(1)EN(1)-Cu(l)  120.45(8)
C()E-N(2)-C(1) 103.4(3) C(1)EN(2-Cu(l)F 128.20(17)
C(1)-N(2)—-Cu(1)F 128.20(17) N(BC(1)-N(2) 111.7(3)

a Symmetry transformations used to generate equivalent atoms:+A,
84, —y+ 1L, x =345 B, —z+ 1, x—Ya,y — Ys; C, =2+ %4, =X+ 54,y
—Yp; D, =y + %4, 24+ Yo, =X+ %4 E, —x + 32, =2+ Yo, =y + U3, F,
Y+ Yy, 2+ Yy —x+ 1.

generated geometrically; the H atoms of the water molecules were
located from difference maps and refined with isotropic temperature

were collected on a computer-controlled Bruker SMART 1000 CCD  factors. Analytical expressions of neutral-atom scattering factors

diffractometer equipped with graphite-monochromated Ma K were employed, and anomalous dispersion corrections were incor-
radiation with a radiation wavelength of 0.71071 A by using the porated. The crystallographic data and bond lengths and angles for
w-scan technique. Lorentz polarization and absorption corrections 1 are listed in Tables 1 and 2, respectively. The CCDC reference
were applied. The structures were solved by direct methods andnumber is 282738. The data can be obtained free of charge upon
refined with a full-matrix least-squares technique usingShELXS- application to CCDC, 12 Union Road, Cambridge CB21EZ, U.K.

97 and SHELXL-97programs:! Anisotropic thermal parameters  [fax (+44) 1223-336-033; e-mail deposit@ccdc.cm.ac.uk].
were assigned to all non-H atoms. The organic H atoms were

Results and Discussion

(9) (a) Seeber, G.; Kgerler, P.; Kariuki, B. M.; Cronin, L.Chem.
Commun2004 1580. (b) Schnack, J.; Nojiri, H.; Koler, P.; Cooper,
G. J. T.; Cronin L.Phys. Re. B 2004 70, 174420.
(10) (a) Haasnoot, J. GCoord. Chem. Re 200Q 200-202 131. (b) Yi,
L.; Ding, B.; Zhao, B.; Cheng, P.; Liao, D. Z.; Yan, S. P.; Jiang, Z.
H. Inorg. Chem2004 43, 33. (c) Ding, B.; Yi, L.; Wang, Y.; Cheng,

It is noted that hydrothermal synthesis in aqueous ammonia
was rarely performed in previous research. In this contribu-
tion, a 3D MOF with high yield was obtained by employing

such conditions. The as-synthesized samples are blue cubic-
\F;i,' t'l?c\’{vafr’]-gyz-)'(.\;(%”ﬁesn-;E)j"iﬂ?vfg%f}'/g‘g:ga;f%%igggs (g) shaped crystals, which are stable in air and insoluble in
1215, common solvents. The crystals exhibit large solubility in
(11) (a) Sheldrick, G. M.SHELXS-97, Program for Crystal Structure  ggqueous ammonia (25%) and can recrystallize from the
Solution Gttingen_University: Gdingen, Germany, 1997. (b) — raqiting solution. The existence of the agueous ammonia

Sheldrick, G. M.SHELXL-97, Program for Crystal Structure Refine- ; . i
ment Gattingen University: Gttingen, Germany, 1997. during the synthesis of the 3D MOF played an important
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Synthesis and Characterization of a 3D Coordination Polymer

Figure 1. ORTEP drawing of the coordination unit ih H atoms were
omitted for clarity. Color code: red, O; cyan, Cu; gray, C; blue, N; white
dotted line, a weak CtO coordination bond.

role as the solvent for the compound, which allows for the
possibility of formation of single crystals. Considering the

structure, we suppose that hydrothermal synthesis helped with

the formation of trinuclear triangular @ $&BUs in solution.
The 3D crystals were formed via self-assembly of these
SBUs during slow evaporation of the solution.

Single-crystal analysis reveals thhtcontains trinuclear
triangular Cll SBUs, which are further linked via triazolatos
to form a 3D MOF. As shown in Figure 1, the SBU bf
consists of a planar Gs-O) core supported by bridging
N1,N2-triazolatos, while N4-triazolates complete the square-
planar coordination of the Cu atoms. The disordered water
molecules weakly coordinate to Cions with distances of
2.568 and 2.747 A. The [G(us-O)(us-trz)s] unit has 3-fold
symmetry. The Ci{us-O) moiety is trigonal planar with a
Cu—0 distance and a CtO—Cu angle of 1.9561(5) A and
120.0, respectively, providing the CuCu distance of 3.388
A. The shortest Cu+Cu distance between neighbor trinuclear
SBUs is 6.022 A.

The arrangement of four trinuclear triangular'CsBUs
generates a molecular cage (Figure 2), which can be
considered as tertiary building units (TBU8)The cage
consists of four six-membered rings (made of six N1,N4-
bridged triazolatos and six Cu atoms) and six four-membered
rings (made of four N1,N4-bridged triazolatos and four Cu
atoms). The overall 3D MOF df is built up by a series of
these TBUs (Figure 3). OHanions are far away from Cu
centers, and the nearest distance between two neighbor OH
anions is 2.952 Al is the first report of a 3D structure using
coordinative interactions constructed via trinuclear triangular
Cu" units and the first example in which the triply bridging
character of triazolato ligands leads to a 3D coordination
structure.

In the coordination network df, both trz and Cliact as

Figure 2. (a) Perspective view of the molecular cagelifH atoms and
guest molecules are omitted for clarity). (b) Four-membered ring. (c) Six-
membered ring. Color code: cyan, Cu; blue, N; gray, C; red, O.

three-connected nodes and the topology of the MOF can be

represented as a unique 6r&t, as shown in Figure 4. A
number of topologies of special crystal networks were
illustrated, which are now known (or were shown by Wells)
to be displayed by real crystal structutéswhile the

(12) (a) Wells, A. F.Three-dimensional Nets and Polyhediiley-
Interscience: New York, 1977. (b) Wells, A. Further Studies of
Three-dimensional NetsACA Monograph 8; American Crystal-
lographic Association: Buffalo, NY, 1979. (c) Hill, R. J.; Long, D.-
L.; Champness, N. R.; Hubberstey, P.; Scleig M. Acc. Chem. Res.
2005 38, 337.

Figure 3. Perspective view of the 3D MOF df along thec direction.
Color code: cyan, Cu; blue, N; gray, C; red, O. H atoms are omitted for
clarity.

trinuclear triangular CUSBU can be considered as a node,
each node is six-connected and the topology of the MOF
for 1 can be represented as a (4,6) uniform net.
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Figure 4. Perspective view of the topology of a 8.8niform net. Color
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Figure 6. PXRD patterns of simulated (a), 12C (b), rehydrated (c),
and as-synthesized (d) sampleslof
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TGA (Figure 5) showed 21.1% weight loss between room Figyre 7. Thermal dependence of theT (O) curves for compound.
temperature and 140C for 1, in agreement with the  Continuous lines correspond to the best least-squares fit.
corresponding calculated values of 20.2%, due to the loss
of water molecules. The relatively low temperature for loss of the water molecules. The conjecture was further justified
of water molecules exhibits their weak coordination. Then by the PXRD pattern of the evacuated solid after soaking in
the continuous weight losses from 140 to 3@correspond  water for 10 h, in which the peak positions and their
to the continuous decomposition of trz ligands and anions. intensities are nearly coincident to those observed for the

The simulated and experimental PXRD patternd afre as-synthesized solid. The whole cycle can be repeated several
shown in Figure 6. They are in good agreement with each times without a significant loss of crystallinity of the material.
other, which proves the phase purity of the as-synthesized The magnetic susceptibilities dfwere measured in the
product. To check the porosity, the as-synthesized crystallinetemperature range from 2 to 300 K under an applied magnetic
solid was placed in a high-vacuum oven at TZDfor 6 h field of 5 kOe (Figure 7). ThewT value is 0.687 crhK
with a 21.32% weight loss to obtain the evacuated solid. In mol~* at 300 K, which is much lower than the value expected
the PXRD pattern of the evacuated solid, the main sharp for three independent (tuons. As theT is lowered,ymT
diffraction peaks slightly shift to higher2values and the  decreases, reaching values of 0.44C &vmol~* at 147 K,
noticeable diffraction intensity decreases compared with which correspond to the spin-only value of 0.4373ckn
those of the as-synthesized solid. This fact shows that amol™ for one unpaired electron with= 2.11. This behavior
certain structural change or distortion occurs after removal indicates a quite strong antiferromagnetic interaction between

5802 Inorganic Chemistry, Vol. 45, No. 15, 2006
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the CU' ions, with an unpaired electron per £unit in the
ground state. The value g T keeps on decreasing as the
temperature is lowered, reaching the value of 0.024 i€m
mol~ at 2 K. The magnetic behavior &fmust be dominated

interaction between trinuclear units inwas introduced as
eq 31* wherezis 6.

Im = Odl[1 — (22]-,/N,3292)(XM)M] 3)

by the presence of two magnetic exchange pathways, oneA relatively good fit could be achieved (solid lines in Figure

resulting from the CttN—N—Cu together with CatO—Cu

7) over the whole experimental curve with the parameters

bridges in the trinuclear core and the other from the triazolate J = —112.5 cm?, g = 2.11,j' = —11.6 cm?, andR =

bridges that link the two adjacent trinuclear cores. With

0.011{R = 3[(xm)°* — (M) [(xm)°*9% . The negative

respect to the superexchange magnetic coupling through theseoupling constani andj' confirms the existence of a strong
bridges, to date, the available magnetic data for complexesantiferromagnetic exchange within For further research,
based on this type of bridge indicate strong anitferromagnetic one needs to understand that the value-&12.5 cnmtin 1

coupling for the formérand relatively weak coupling for
the latter'?

From a structural viewpoint, the title compound exhibits
a 3D framework, but keeping in mind the capacity of the

is considerably lower than thivalue reported for [PPN]
[Cus(us-O)(u-pz)sCl3).6¢ Even if the fit is not completely
satisfactory, the calculateldandj’ value is in good agreement
with the structural characteristics, and it can be considered

bridges to transmit magnetic interactions and the overall as a relatively good approximation.

appearance of thg, T curve, we tried to fit the experimental
magnetic data by using the equation for a trinucleall Cu
complex. In the trinuclear SBU, the three metal ions are
structurally equivalent, and so that = J, = J; = J, the
spin Hamiltonian in eq 1 will describe the interactions of
the spins.

H=-JS'S+55+SS) @)
From this Hamiltonian, a solution of the magnetic suscep-
tibility may be derived as follows:

O = (NB?G/4KT)[1 + 5 exp(3/2KT)Y/
[1 + exp(3/2kT)] + Na. (2)

whereN, g, 3, k, andT have their usual meanings. Because
of further assembly of the SBUs into a 3D MOF, the

(13) Strotkamp, K. G.; Lippard, S. Acc. Chem. Red982 15, 318.
(14) Escuer, A.; Vicente, R.; Penalba, E.; Solans, X.; Font-Bardidndfg.
Chem.1996 35, 248.

Conclusion

In conclusion, hydrothermal synthesis in aqueous ammonia
was performed, and the first example of a 3D MOF using
coordinative interactions constructed via trinuclear triangular
Cu' SBUs was isolated. The MOF shows a three-connected
6.8 topology, while the SBUs as nodes provide a (4,6)
uniform net. ComplexL shows that 1,2,4-triazolato has a
strong tendency to bridge metal ions through its three N
atoms to have the capablility of providing a strong antifer-
romagnetic interaction between metal ions.
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