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u-Chloro-u-[2,5-his(2-pyridyl)-1,3,4-thiadiazole] aqua chlorocopper(ll) dichlorocopper(ll) is the first characterized
dimeric complex of a transition metal and this hetero ligand [C12H1oClsCu,N,OS: triclinic; space group P1; a =
9.296(3) A, b = 9.933(3) A, ¢ = 10.412(3) A; o. = 79.054(5)°, B = 82.478(6)°, y = 67.099(5)°; Z = 2 at room
temperature]. The Cu(ll) ions are bridged by the N—N thiadiazole bond and a chloride ion [Cul—-Cu2 = 3.7800(8)
A). Thermogravimetric analysis shows this structure to be stable at temperatures up to 348 K. At higher temperatures,
the successive loss of a water molecule and one chloride of the dimeric unit is identified. From room temperature
to 125 K, half of the Cu?* ions are progressively engaged in intermolecular dinuclear antiferromagnetic exchanges,
while the other half remain paramagnetic. At lower temperatures, both susceptibility and electron paramagnetic
resonance measurements show the paramagnetic-only couplings of this half of the Cu?* ions, involving a singlet
ground state for interacting Cu?*. This unusual behavior has been satisfactorily explained on the basis of intermolecular
Cu—Cu interactions (J = =180 cm™1), involving the magnetic d,2 orbital perpendicular to the molecular plane, on
which are seen the conjugate effects of the bridging chloride and the planar thiadiazole. It is noteworthy that the
behavior of the title compound is original, compared to the systematic in-plane intramolecular antiferromagnetic
coupling of other thiadiazole-containing binuclear complexes.

Introduction fied by the character of the bridging species and the geometry
of the metal atoms and bridging species. Four tetraheteroatom
derivatives of 1,2-diazoles with-pyridine substitution at the

3 and 5 positions have been of interest for such applications
(Figure 1). These ligands form complexes with appropriate
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There is interest in the dimeric metal complexes with close
metak-metal contacts and appropriate bridging atoms for
their magnetic propertids’ These properties may be modi-

University. involving the M—N=N—M bridge has been postulated to
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Figure 1. Scheme of the four related ligands: (a) 3,5-bis(2-pyridyi)}-4
1,2,4-triazole, (b) 3,5-bis(2-pyridyl)-1,2,4-triazolate ion, (c) 2,5-bis(2-
pyridyl)-1,3,4-oxadiazole, (d) bptd.

Bentiss et al.

nitrogen atoms face in the same direction as the N1 and N2
positions (Figure 1B) and the four nitrogen atoms serve as
bidentate ligands to two different metal atoms, metaktal
distances of abdwt A are seer? Bis[u-3,5-bis(pyridin-2-
yl)-1,2,4-triazolatoN’,N*,N?,N""]bis[aqua(trifluorometh-
anesulfonat@)copper(ll)] displays this mode of bonding
with axial ligation to a trifluoromethanesulfonato oxygen
atom and the oxygen atom of a water molecule. Copper(ll)
atoms, separated by 4.085(1) A, display antiferromagnetic
interaction with singlettriplet splitting of 204-236 cn?.
Electron paramagnetic resonance (EPR) measurements dem-
onstrated the existence of an excited triplet state with
Cu—Cu hyperfine interactions at 77 R.However, one
pyridine ring may rotate 18to bond to a metal atom along
with the nitrogen atom in the 4 position. A second metal is

parameters such as the coplanarity of metal- and heteroatomfound on the opposite side of the ligand bound to the nitrogen

containing ligands and the magnitude of the—N=N
angles. A review of the literature shows that neutral forms
of such ligands form monometallic complexes with transition

metals, whereas the anionic form leads to dimeric complexes.

1,3,4-Oxadiazoles with such substitution (bpo; Figure 1C)
are neutral ligands. They normally form monomeric com-
plexes without metatmetal interaction§1° The only
reported example of a multimetal complex with bpo is the
polymeric species [Cu(bpo)4L, in which successive metal
centers are bridged by the tetradentate ligand.

We have recently reported the synthesis and characteriza-

tion of monomeric complexes of Co(ll), Ni(ll), and Cu(ll)
with the 2,5-bis(2-pyridyl)thiadiazole derivative (bptd; Figure
1D).!* There are no other reports of the structures of solid-
state complexes of this neutral bptd ligand.

1,2,4-Triazole witho-pyridine substitution at the 3 and 5

atom of the remaining pyridine ring and to the near nitrogen
of the triazole ring? In this case, metal atoms are widely
separated.

We report here the single-crystal structure and EPR, ther-
mogravimetric analysis (TGA), and magnetic characterization
of the dimeric complex Cyibptd)CL(HOH) over a range of
temperatures.

Experimental Section

Synthesis. bptd was synthesized as described previo&sly.
Copper(ll) chloride dihydrate (1.5 mmol, 0.26 g) dissolved in 8
mL of hot water was added to 0.42 mmol (0.1 g) of the bptd ligand
dissolved in 8 mL of hot ethanol. The solution was filtered and
allowed to stand at ambient temperature. After 24 h, a green
compound crystallized. Crystals were washed with water and dried
under vacuum. These crystals were used as isolated for single-crystal

positions (bpt) may be used as a ligand in neutral or anionic X-ray analysis. The crystals isolated were ground to a fine powder,

form. When one of the three nitrogen atoms of the aromatic

which was used for all of the other measurements.

triazole ring bears a substituent, the ligand is neutral (Figure Thermal Analysis. Coupled TGA and differential thermal

1A). When this substituent is absent, the ligand is in the
anionic form (Figure 1B). With one exception, the reported
solid-state complexes involving the neutral ligand and
divalent transition metals are monome¥ic'® The exception
is the dimeric complex N{4-aminobpt)(HOH),Cl,.*"

Anionic forms of the ligand, on the other hand, are
normally seen to bridge two metal atoms. When the pyridyl

(8) Lagrerie, M.; Sueur, S.; Wignacourt, J. P.; Mernari, B.; Boukhari,
A. J. Chim. Phys. Phys.-Chim. Bidl991 88, 2075-2082.

(9) Gueddi, A.; Mernari, B.; Giorgi, M.; Pierrot, MActa Crystallogr.
200Q 56E, E426-E428.

(10) Wignacourt, J. P.; Sueur, S.; Lagren®. Acta Crystallogr., Sect. C
199Q 46, 394-396.

(11) Bentiss, F.; Lagréme M.; Wignacourt, J. P.; Holt, E. MPolyhedron
2002 21, 403-408.

(12) Van Koningsbruggen, P. J.; Goubitz, K.; Hassnoot, J. G.; Reedijk, J.
Inorg. Chim. Actal998 268 37—42.

(13) Faulman, C.; Van Koningsbruggen, P. J.; de Graaf, R. A. G.; Hassnoot,
J. G.; Reedijk, JActa Crystallogr., Sect. @99Q 46, 2357-2360.

(14) Jircitano, A. J.; Sommerern, S. O.; Abboud, K.Akta Crystallogr.,
Sect. C1997, 53, 434-436.

(15) Zhu, D.; Song, Y.; Liu, Y.; Xu, Y.; Zhang, Y.; You, X.; Raj, S. S.;
Fun, H. K. Transition Met. Chem200Q 25, 589-593.

(16) Kunkeler, P. J.; Van Koningsbruggen, P. J.; Cornelissen, J. P.; Van
der Horst, A. N.; Van der Kraan, A. M.; Spek, A. L.; Haasnoot, J. G.;
Reedijk, J.J. Am. Chem. So0d.996 118 2190-2197.

(17) Keijj, F. S.; de Graaff, R. A. G.; Haasnoot, J. G.; Reedijid. Lhem.
Soc., Dalton Trans1984 2093-2097.
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analysis measurements were carried out with a Setaram 92-1600
apparatus using a’C min-! heating rate in an atmosphere of air.
High-temperature powder X-ray diffraction (XRD) data were
obtained using either a moving-film Guinier Lenne camera or a
D5000 Siemens diffractometer equipped with a high-temperature
stage.

Continuous Wave (CW) and Pulsed Electron Spin Resonance
(ESR) Spectra.X-band ESR spectra were recorded with &lgnu
ELEXYS 580 spectrometer operating at a 100 kHz modulation
frequency and equipped with a nitrogen gas flow for temperature
regulation. Spectra were recorded in the temperature range between
113 and 453 K. The pulsed ESR study was achieved using a 2D
four-pulse HYSCORE (hyperfine sublevel correlation spectroscopy)
sequence. HYSCORE measurements were carried out with the
sequencé/,—1—7"/,—t;—m—t,—7/,—7 echo and a four-step phase
cycle. The pulse lengths of thé andx pulses in these experiments
were 12 and 24 ns, respectively. Thealue was 120 ns. Prior to
the Fourier transformation of the HYSCORE data, background
decay was removed by a polynomial fit.

(18) Prins, R.; Birker, P. J. M. W. L.; Haasnoot, J. G.; Verschoor, G. C,;
Reedijk, J.Inorg. Chem 1985 24, 4128-4133.

(19) Hage, R.; Haasnoot, J. G.; Nieuwenhuis, H. A.; Reedijk, J.; DeRidder,
D. J.; Vos, A. J. GJ. Am. Chem. S0d.99Q 112 9245-9251.

(20) Mazzone, G.; Puglisi, G.; Bonina, F.; CorsaroJAHeterocycl. Chem.
1983 20, 1399-1401.
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Table 1. Crystallographic Data and Details of the Data Collection for

Table 2. Positional Parameters for gbptd)Ch(HOH) at Room

Cuy(bptd)CL(HOH) at Room Temperature and at 100 K Temperature
293 K 100 K atom X[a(x)] ylo(y)] Zo(2)] Uequiv
chemical formula @H10Cl.CLN,OS Cul 0.63728(6)  0.90808(5)  0.35145(5)  0.0306(2)
formula weight (g/mol) 527.18 Cu2 0.284 19(6) 1.242 71(5) 0.236 29(5) 0.0297(2)
a(d) 9.296(3) 9.244(2) cih 0.20310(13) 1.47714(12) 0.26190(11)  0.0395(3)
b (R) 9.933(3) 9.891(2) cl2 0.42561(13) 1.24007(12) 0.01078(10) 0.0384(3)
c(A) 10.412(3) 10.311(2) ci3 0.51053(12) 1.16195(12) 0.35589(10) 0.0350(3)
a.(deg) 79.054(5) 78.976(3) Cl4 0.85221(13) 0.89020(13) 0.43418(12)  0.0429(3)
B (deg) 82.478(6) 81.981(3) o1 0.7044(4) 0.9431(4) 0.1229(3) 0.0430(8)
7 (deg) 67.099(5) 67.233(3) s1 0.24155(12) 0.81043(12) 0.25353(11) 0.0335(3)
Vv (A3) 867.8(5) 851.0(3) c2 0.4211(5) 0.7879(5) 0.3000(4) 0.0259(9)
z 2 N3 0.4374(4) 0.9118(4) 0.2998(3) 0.0268(8)
cell class triclinic N4 0.3120(4) 1.0313(4) 0.2588(3) 0.0285(8)
space group P1 c5 0.1989(5) 0.9977(4) 0.2300(4) 0.0265(9)
crystal color green C6 0.5582(5) 0.6530(5) 0.3389(4) 0.0269(9)
density calculated (g/cfp 2.017 2.057 N7 0.6777(4) 0.6854(4) 0.3665(3) 0.0298(8)
F(000) . 520 cs 0.8081(5) 0.5747(5) 0.4048(4) 0.0353(10)
abs coeff (mm) 3.194 3.257 c9 0.8229(5) 0.4285(5) 0.4180(4) 0.0354(10)
radiation type (wavelength) Mod(0.710 73 A) c10 0.7024(5) 0.3964(5) 0.3870(4) 0.0344(10)
monochromator graphite c11 0.5660(5) 0.5112(5) 0.3469(4) 0.0326(10)
diffractometer Brucker SMART Cl2  0.0612(5) 1.1212(5) 0.1787(4) 0.0290(9)
reflns meas/independent/ 3984/2473/2203;221 6174/3313/3193 N13 0.0758(4) 1.2528(4) 0.1735(3) 0.0282(8)
obs paF;am valent 0.0278 0.226 Cl4  —0.0393(5) 1.3744(5) 0.1235(4) 0.0342(10)

ﬁ]‘&eeri‘-ﬁiﬁ]itseq“"’a ents 10 he 47 NP C15 —0.1708(5) 1.3712(5) 0.0776(4) 0.0393(11)

li<Kk<48 _12<Kk<413 C16  —0.1858(5) 1.2381(5) 0.0860(4) 0.0399(11)

_11<l <411 _13<| <413 c17 0.0683(5) 1.1092(5) 0.1383(4) 0.0332(10)
Omin/ Ormax 2.60/23.29 2.26/28.23
reflns threshold expression I > 20(1) Structure refinement was carried out in the same way, leading to
fEﬁDiiﬂem A A= 0.0968 F2, full magix 0.0370 R1 = 2.99% and wR2= 6.90% for all of the 3313 unique
weignting scheme =0. =0. H H 4 H H .
W= 1/[(0?Fd) + (AP2+BP| B =0.00 B— 27139 reflections. No significant atomic shift was observed from the room

temperature crystal structure. Crystal data and pertinent bond

whereP = (F¢? + 2F?)/3 - i
R factor (all/gt) 0.0460/0.0428 0.0299/0.0289 distances and angles from the low-temperature refinement are

wR factor (all/gt) 0.1203/0.1170 0.0690/0.0683 presented in Tables 1 and 3.
GOF 1.013 0.832 : ; ; :
shift/error (max/mean) 0.008/0.000 4.624/0.021 Computational Chemistry. Computations were performed with

Gaussian98 software using the density functional theory and DFT
Magnetic Susceptibility. Magnetic susceptibility was measured B3LYP/6-31+G(2d,2p) formalisn®® A single-point energy calcula-
with a Quantum Design DC SQUID magnetometer over the range tion was done on the basis of crystallographic data for the singlet
of 5—-300 K. Zero-field-cooling (ZFC) and field-cooling (FC) data  and triplet states using a high self-consistent-field calculation.

were measured with a 2500 Oe applied field on a:8.10~5 mole
sample of the title compound. The data were corrected for molecular Results

diamagnetism using the tabulated data of ref 21. Crystal Structure at Room Temperature. At room
Crystallographic Data. A single crystal of Cu(bptd)CL(HOH) temperature, Cbptd)CL(HOH) exists as a dimer of copper

was mounted on a Brucker Smart three-circle diffractometer atoms separated by a distance of 3.7800(8) A (Figure 2).

equipped with a CCD bidimensional detector set at 5 mm from the The copper atoms are bridged by a Cl [average-Cli=

crystal. One hemisphere of data was collected with a 40 s acquisition ) _
time at room temperature (301 K). The crystal data are presented2'3539(13) A; CuxCI3—Cu2 = 106.81(4)] and the tet-

in Table 1. Data were corrected for background, Lorentz, and fadentate 2,5-bis(2-pyridyl)-1,3,4-thiadiazole ligand. Each
polarization effec® and for absorptioR The non-hydrogen  COpper atom is bound to one nitrogen atom of the thiadiazole

positions were determined using SHELXL29@nd refined using  ring [average CeN = 1.985(3) A] and the adjacent pyridyl
full-matrix least-squares refinem@hagainst=2 values. Hydrogen  nitrogen atom [average GtN = 2.079(4) A].

atoms were positioned in idealized positions and included in the  The atoms of the bptd ligand are coplanar (standard
final cycles of refinement with fixed isotropic thermal parameters, deviation= 0.07), and the copper atoms lie on that plane
yielding the final R1= 4.6% and wR2= 12.03% for all of the  \jthin the experimental error. The bridging chloride atom

2473 unique reflections. The final atomic positional parameters CI3 is displaced 0.546 A above the equatorial plane as are
given in Table 2 are the basis for the bond distances and angles of

Table 3. Anisotropic thermal parameters and hydrogen positional (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
information are available as the Supporting Information. Low- M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A;;

temperature { = 100 K) XRD data have been collected on the Stratmann, R. E., Jr.; Burant, J. C.; Dapprich, S.; Millam, J. M.;

. . . Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
same system using an OXFORD CRYOSTREAM cooling device. Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,

C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &AUSSIAN98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(21) Kahn, O.Molecular MagnetismWiley-VCH: New York, 1993.

(22) SAINT: Area Detector Integration Softwai®iemens Industrial Auto-
mation, Inc.: Madison, WI, 1995.

(23) SADABS: Area Detector Absorption Correcti®iemens Industrial
Automation, Inc.: Madison, WI, 1996.

(24) Sheldrick, G. MActa Crystallogr., SectA 1990 46, 467—472.

(25) Sheldrick, G. MSHELXL-97: Program for the Refinement of Crystal
Structures University of Gottingen: Gottingen, Germany, 1997.
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Table 3. Selected Distances (A) and Bond Angles (deg) for i 2
Cuy(bptd)CL(HOH) = o<

organic distances organic angles . > —g N % _-,::'

(room temperature) (room temperature) '-”-’:u;__;,_?;'-P— T AT -__-:'-.. ¢
S1-C2 1.718(4) C2s1-C5 87.1(2) e e e &
S1-C5 1.719(4) N3-C2-C6 115.4(4) il k v/
C2-N3 1.297(5) N3-C2-S1 113.4(3) .
C2-C6 1.478(6) C6-C2-S1 131.1(3) e " o
N3—N4 1.346(5) C2-N3—N4 113.2(3) ol "
N4—C5 1.304(5) C5N4—N3 113.1(3) cs Ny Cutdl N3 M D ng3 octa
C5-C12 1.462(6) N4 C5-C12 116.4(4) & i r—KT Tw—<& o1
C6—N7 1.348(5) N4C5-S1 113.1(3) R oG o s o1z S~y
C6-C11 1.368(6) C12C5-S1 130.4(3) ba %cto oent s C17  c1e
N7—C8 1.326(5) N7C6—-C11 123.0(4) be o1 B
C8-C9 1.386(6) N13-C12-C5 111.5(3) \ )
C9-C10 1.369(6) C1#Cl12-C5 125.6(4) Figure 2. View of the dimeric complex-chlorou-[2,5-bis(2-pyridyl)-
C10-Cl11 1.384(6) C14N13-C12 117.6(4) 1,3,4-thiadiazole] aqua chlorocopper(ll) dichlorocopper(ll).
C12-N13 1.356(5) N13-C14-C15 122.9(4)
C12-C17 1.380(6) C16C15-C14 118.9(4)
N13-Cl4 1.332(5) C15C16-C17 119.7(4) 1-2=3240(1) Aand Cu2:C4 (1-x,2—-y,1- 2
gig:gig igg%% gligll;—cClzﬁ %Zs-g(l‘&) = 3.680(1) A, thus completing the distorted octahedral

. u —CUu .

C16-C17 1.390(6) Cu:N3—N4 127.6(3) around both Cul and Cu2].

Cu2— N4—N3 128.6(4) An attempt at validation of these distant interactions using
a bond valence approach reveals that the contributions of
the distant chloride ions to the valence total are minimal

angles (room temperature)

Cul distance N3 N7 Cla c3 (0.035 and 0.011 for Ck3-Cul and Cl4--Cu2, respectively).
N3 1.983(3) The strongest argument for the validity of these distant
274 g:%ggg l;;'_gg(&g; 99.44(9) interaqtions is seen in the geometry at copper. The copper
Ci3 2.338(1) 87.09(10) 161.57(10)  94.78(4) atom is coplanar with its equatorial plane of NR7—

o1 2.371(3) 85.76(12)  95.71(12) 101.29(8) 92.92(9) CI3—Cl4 and N4-N1—CIl1—CI3 for Cul and Cu2, respec-
tively. It is not displaced from that plane toward the axial
ligand as is typical for square-pyramidal geometry. Further-
more, the angles at copper between the axial ligand and the

angles (100 K)
Cul distance N3 N7 Cl4 CI3
N3 1.979(2)

N7 2.065(2) 77.81(9) distant chloride neighbor [167.5(4) and 160.4(f)r Cul
Cl4  2.2085@8)  172.53(7)  99.30(7) and Cu2, respectively] are appropriate for the distorted-
CI3 2.3336(8) 86.78(7) 161.80(7) 94.78(3) octahedral geometry.
o1 2:339(2) 85.44(8)  95.93(8) 101.78(5) 924005 The dimeric complexes of G(bptd)ClL(HOH) are packed
angles (room temperature) in the unit cell, with copper and bptd ligand lying on the
Cu2 distance N4 N13 cn ci3 (103) planes. Interaction between the dimeric moieties occurs
N4 1.0842(34) between these layers. Water molecules and CI2 atoms are
N13  2.084 (3) 77.33(13) found on intervening (103) planes. Inter- and intracomplex
g:; g-ggggg 122-2;88)) 123-22883 05.6(4) hydrogen bondings occur between the protons of the water
Cl2  2536(1)  9380(10) 9544(9) 10281(4) 96.23¢5) molecule and CI2 [HIACI2 (1—x, 2 —y, =2) = 2.712
A; H1IB—CI2 = 2.337 A]. It is noteworthy that interlayer
angles (100 K) interactions involve two dimeric clusters related by a center
Cu2 distance N4 N13 ci ci3 of symmetry and with Cl4 and CI3 forming links between
N4  1.9800(24) them. The CI2 and Offapical ligands of each cluster point
N13  2.075(2) 77.69(9) away from the neighboring clusters. The interaction between
g:; 3:?222% 132_‘33((;; 12?%% 95.94(3) pairs of neighboring clusters is responsible for the particular
Cl2  2.5342(9) 93.59(7)  95.06(6) 102.50(3) 95.56(3) Magnetic properties described below. Figure 2 shows the

numbering scheme and displays the particular interactions
the terminal chloride atoms Cl4 and CI1 (displacements  that exist within pairs of Cifbptd)CL(HOH) molecules. The
0.231 and 0.640 A, respectively). arrows point out the competing intra- and intermolecular

The two copper atoms are not equivalent because Cu2 isCu—Cu interactions.

axially bonded to CI2 [Cu2CI2 = 2.5358(13) A], whereas Comparison of the powder spectrum calculated on the
Cul is bonded axially to the oxygen of a water molecule basis of the single-crystal structure with the experimental
[Cul-01 = 2.375(3) A]. Considering only these interac- pattern of the powder sample used for other measurements
tions, one would identify the geometry at each copper(ll) shows that the two spectra correspond and thus indicates the
atom to be approximately square pyramidal. However, homogeneity of the powder and its structural identity with
examination of the packing shows the dimeric complex to the single crystal.
have distant CtCl interactions, with a second complex The single-crystal examination at 100 K verified the
related by a center of symmetry [CUiCI3 (1 — x, 2 —y, identity of the low-temperature solid-state structure with that
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Figure 3. Thermal evolution of Cy(bptd)CL(HOH).

seen at room temperature in an identical space group and in
agreement of the atomic positional parameters. The low-
temperature unit-cell dimensiors# 9.244(2) Ab = 9.891-
(2) A, c=10.311(2) A, = 78.976(3), = 81.981(3), 0o 100 2000 2500 3000 3500 ()
= 67.233(3)] compared to the room-temperature cell
dimensions show a maximum contraction of tbeaxis _
(0.97%) compared to the room-temperature cell dimensionsE&Are . 1erd pouder ESR spectum o @pcurion a7
(versus 0.56 and 0.43% farandb, respectively). Shrinkage  power= 5 mw.
of the ¢ axis, which is almost parallel to the intermolecular
stacking axis, leads to a slight shortening of coupled
intercluster distances, while intramolecular covalent bonds
remain nearly unchanged.

Thermal Analysis at Temperatures above the Ambient.
The thermal evolution of CGybptd)CL(HOH) has been
studied both by TGA and high-temperature XRD, using a
Guinier Lenne camera. TGA shows a loss of mass between
room temperature and 348 K (Figure 3); the weight loss of
3.3% accounts for 1 mol of Ofol of complex (HO
theoretical = 3.41%). High-temperature XRD shows a
change in pattern in the same temperature range. TGA shows

Magnetic field in Gauss

SR double integral signal (a.u)

w ]

a second loss of about 7% of the weight of the remaining e,
mass between 348 and 423 K. In this temperature range, the - i "
diffraction pattern is observed to be a superposition of the 100 150 200 250 300
pattern of the dehydrated species seen at 348 K (vanishing) TK

and a new one (forming progressively). This can be Figure 5. Double integral of the ESR signal versiis
interpreted as the loss of 1 mol of Cl/mol of complex
(theoretical= 6.97%). The diffraction pattern of that “new” A. The response of the ESR signal change in temperature
phase is then observed unchanged of up to 523 K, and thishas been studied. The plot of the double integral of the ESR
is verified by a corresponding weight stabilization in the TGA signal versusT displays the profile of a paramagnetic
spectrum. Above 533 K, the diffraction pattern is that of an compound according to the CuridVeiss law (Figure 5).
amorphous material. The TGA plot above 533 K shows a This profile appears to show a change in slope close to 140
significant weight loss corresponding to the ligand decom- K. In as much as the low-temperature single-crystal structure
position, which is accompanied by a strong exothermal effect. appears unchanged, this evolution must represent an elec-
Exothermal activity is completed around 773 K, yielding a tronic rearrangement and not a structural one.
residue (about 18% of the initial weight) identified as CuO  Magnetism (3—300 K). Parts a and b of Figure 6 show
upon cooling to room temperature. A microprobe quantitative respectively the molayT product and they ! versus
analysis of an independent sample heated to 433 K for 12 htemperature plots for G(bptd)CL(OH,). ZFC and FC data
corroborates the loss of 1 mol of,&8 and 1 mol of Cl/mol show a good reversibility. Two linear components separated
of complex, leaving the residual gbptd)Ck at that tem- by a change in slope & = 125 K are observed on the*
perature. plot. Despite the temperature difference, this phenomenon
ESR (50-350 K). Figure 4 displays the ESR spectra of is likely related to the above-mentioned phenomenon ob-
Cuy(bptd)ClL(HOH), measured on crushed crystals at 77 K. served from the ESR data. From room temperaturé&;to
It shows a broad axial symmetrical signal wigh= 2.27 xm L versusT can be fitted by a CurieWeiss law: ym * =
andgp = 2.07, consistent with a2 orbital ground state. (T — Ocw)/Cm, with Cy, = 0.707 K/emu andcw = —166.4
However, no transition resulting from the magnetic interac- K. It leads touer = 2.37 ug/fu matching well with the
tion between the two copper ions was observed even thoughtheoretical 2.44 value in a spin-only approximation. In fact,
crystallographic data agree on a-©0u separation of 3.78  one should consider in this thermal range the progressive
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OH:

ci3

% © Figure 8. View of possible interactions between the dimeric units
- completing the octahedral geometry of the copper atoms. Only the
F Cul—CI3—Cul superexchanges would remain Cu2 paramagnetic at low
3 temperatures.

=3 e = 2.37 bgif.u
,E 4007 8 i a Curie-Weiss law, while a broad plateau is observed above,
£ 300 L which could correspond to dimeric interactions as detailed
0 . -~
-~ ' below. It is noteworthy that an additional weak phenomenon
"2 200 Ler = 1.58 pgff.u -

] I appears around 35 K, which is currently under investigation.
100 - First of all, considering the nearly unchanged crystal

I I structure at 100 K, the observed magnetic behavior is intrinsic
. . . . . . . to the refined model. Thus, intradimer CuCu2 couplings

0 50 100 150 200 250 300 are not observed, i.e., because one of the copper(ll) atoms
Temperature (K) of the dimer retains a paramagnetic character at low
Figure 6. (a)yT and (b)y~ versus temperature for gptd)CL(HOH). temperatures. It is then necessary to involve intermolecular

The solid line in part a corresponds to the calculated values from data of magnetic exchange in good agreement with the particular
the Bleaney-Bowers fit packing involving pairs of dinuclear complexes related by
T T T . 8 the center of symmetry. Considering the-G0u distances
and angles possibly intervening in the magnetic pathway for
intermolecular exchanges, it appears that two different
couplings compete as shown in Figure 8a,b.

i. Cul,—Cuz, (where the a and b indices stand for
two distinct molecules) involves a CuCu distance of
4.283(5) A, which is too long for direct interaction. At least,
the possibility of antiferromagnetic CuCl4—Cu2 and
Cul—CI3—Cu2 exchanges exists considering the engaged
angles (Figure 8a). For symmetrical reasons, two,€CL3,

) and Cu}—Cu2, couplings would occur within pairs of
00 5 - - o o molecules, contradicting the paramagnetic behavior at low
T(K) temperatures.
, - _ _ ii. Cul,—CI3—Cul, superexchanges are more likely to
Figure 7. xacandyac ! versusT, with a null dc offset field Hac = 40

Oe).yac0obeys a Curie Weiss law below 110 K. Thg,c ! plateau at higher occur considering the relatively short distance
temperatures shows the GuCul antiferromagnetic exchange setting. 3.949(8) A] and the two CuiCI3—Cul angles of 90

involved (Figure 8b). It is noteworthy that the maximal
settings of dinuclear interactions, which concern only a part lattice parameter contraction on cooling involves ¢hraxis,
of the copper cations, with the other part remaining para- which corresponds to the intermolecular packing axis. So,
magnetic in the complete temperature range. The negativethe T, is assigned to the intermolecular CuCul antifer-
sign of Ocw indicates antiferromagnetic correlations between romagnetic setting, while the remainifiys of 1.58 ug/fu
CU* ions, but questions remain about the low-temperature is assigned to the Cu2 paramagnetic contribution. This
domain. Effectively, belowl;, ym~* obeys a Curie Weiss coupling involves the Cul magnetic electron existing in the
law with ym™t = T/Cp, yielding C, = 0.315 K/emu fers = dz orbital, while the 77 K ESR spectrum indicates that the
1.58 ug/fu), which is slightly smaller than a single €u paramagnetic Cu2 electron hag ¢ characteristics. The
contribution fierr theoretical= 1.73 ug/fu) in a spin-only square CutCI3—Cul-CI3 path involving only 99 angles
approximation. This phenomenon is also observed in Figure should imply double-correlation superexchanges:pg—
7, which showsyac andyac* versusT with a null dc offset P, —€y, Where p and p’ are two perpendicular orbitals of
field (Hac= 40 Oe,f = 1013 Hz). Below 110 Kyac * obeys the chloride anion.
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Figure 9. 2D HYSCORE spectrum of the powder solid state ob®ptd)CL(HOH) recorded aBy = 332 mT @ region),r = 156 ns, andl = 4.2 K:
(a) full spectrum; (b) onset zoom of the-(+) quadrant.

The 4T data have been fitted according to the Bleaney second copper nucleus, namely, Cul. The strong correlation
Bowers equation that describes dinuclear interactions derivedpattern observed at approximatety4.3, —7.2) and (7.2,

from the H = —2JSS Hamiltonian. This equation was —4.3) MHz in the negative quadrant can be assigned to the
modified considering % of coupled Cé&" (namely, Cul) vaqe Of the 1*N nuclei coupled to Cu2. These frequencies of
assigned tgy and the (1— f) % ratio of paramagnetic Cti 4.3 and 7.2 MHz, respectively, were also observed in the
cations (namely, Cu2) assigneddg diagonal of the positive+, +) quadrant with a cross-peak

correlation pattern. It can be observed in the onset expansion

NA%g,’ 1 -1 (Figure 9b) that these peaks are both formed by a doublet
Im= T 1 13 exp2JkT) () + of two separate frequencies with a difference of 0.4 MHz.
(Nﬂzgzz)(l —f) These results indicate that the foN nuclei surrounding
T+ N, the two copper atoms are nonequivalent in pairs of two,

agreeing with the structural data [N4Bl4 (Cu2) and
N3—N7 (Cul)]. Moreover, an additional correlation pattern
is observed at approximately(.90,—2.2) and {-2.2,—0.9)

Hz in the negative quadrant that can be attributed to the
single quantumvsq. of coupled*N.

2] is the singlet-triplet splitting andN, is the temperature-
independent paramagnetism. A nonlinear regression analysi
on ¥T with g1, g2, J, and N, as the variables roughly

convergedg; andg, have been fixed to 2.05, yieldinfg= ) : , )
40.3(2)%,—J = 180(2) e, Ny = —0.000 04(1) emu, and Computational Chemistry. To verify the lack of in-

4?2 = 2.3 x 10°* Thef deviation from its expected 50% tramolecular cqupling petween 'the two copper ions, theo-
value may be due to the slight divergence between the zEcretical calculations using density fun_ctlonal Fheory have
and FC data. Thé value comforts the strong antiferromag- been performed. C_alculatlons of the single-point energy of
netic coupling between the intermolecular Cul copper bpth singlet and triplet state_s show a very small _smglet
centers. The calculated data are represented by the solid lind"iP!€t 9ap energy of 0.5 cm, in good agreement with our
of Figure 6a. model. Mqreoyer, the spin-density analysis con_ﬁrms tvyo
Pulsed ESR.To confirm the suggested model, the title different S|tuat|ons_ as follows: for Cul, a I.ocallzatllon is
compound was also investigated by pulsed ESR spectroscopy€€n On the # orbital, whereas the Cu2 spin density re-
using a 2D four-pulse HYSCORE sequence at 4.2 K. A four- mains preferentially on the.dy orbital. It also shows
pulse HYSCORE experimeti8 measures the energy split- that the two nitrogen atoms bonding Cul (N3 and N7)
tings of nuclei whose spins interact with the spin of unpaired Nave @ small positive spin-density value, whereas those on
electrons. The 2D contour plot HYSCORE spectrum dis- U2 (N13 and N4) have a strong negative value. These
played in Figure 9a shows a weak proton coupling centered results can be related to the observed HYSCORE correlation
at theH Larmor frequency of 14.5 MHz on ther( +) pattern.
quadrant. ThisH frequency can be easily assigned to the
protons of the HO group bonded to Cul. The weakness of
this coupling is in good agreement with the Cu2-only  The magnetic properties of the title compound contradict
paramagnetism response at this temperature involvingthe behavior observed for a number of related complexes
Cu2-N—N—Cul-OH, bridges. The strong anisotropic with M—N—N—M diazole (or related) bridges in planar
feature observed in the negati¥equadrant is due to the dinuclear molecules, yielding more or less strong antiferro-
- magnetic couplings.
gg :ggz Ef;J'c;m%%r,]'A?eriggén'sfﬁ,r:?%eﬁﬁgﬁw.8c2riem. Phys. Lett A number of such compounds have been characterized
1986 132 279-284. with different ligands and metals. It has been observed that

Discussion and Conclusions
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for diazine or double diazine ligands [3,5-bis(2-pyridyl)- Cu—Cu distance may play a role. In the tetrameric [Gu(
1,2,4-triazole (bpt)/3,5-bis(2-pyridyl)-4-amino-1,2,4-triazole (3-(2-pyridyl)-5-(2-pyrazinyl)-1,2,4-triazole))(HOH{NOs) -
(abpt); 1,4-dicarboxylatopyridazine (dcpz); 1,4-dihydrazi- (HOH):, complex, the anionic triazole ring is coplanar with
nophtalazine (dhph)] the superexchange values are all in thethe substituted pyrazinyl and pyridyl rings, which comprise
orderJey-cu™> Jni-ni > Jeo-co thus reinforcing the particular  the bridging ligand® Copper atoms are displaced 0.11 A
interest in our copper compoudd.Other examples are from the plane of the tetradentate ligand -GTu separations
reported, such as [Gpt)2(SOy)(H20)3](H20)s, with J = —49 are on the order of 4.2684.319 A. Magnetic measurements
cm 130 or a wide series of bigf4-amino-3,5-bis(aminom-  show a weak antiferromagnetic interactidr= —0.5 to—1.0
ethyl)-1,2,4-triazoleN’,N',N?, N''] (aamt) complexes that cm™).

systematically show & ~ —100 cn1?, independent of the Two other structures with bridging chloride atoms allow
identity of the axially bonded molecul&sOne cannotignore  evaluation of the influence of a bridging chloride atom.
the significant effect of the bridging chloride anions on the Polymeric Cu(1,3-bis[3-(5-amino-1,2,4-triazolyl)]triazene)-
magnetic properties. Even if strong antiferromagnetic cou- chioride crystallizes with a triazene linking two amino-
plings are observed for a series of double-bridged coppersypstituted triazole unif$. This planar molecule serves as a
pairs (both diazine and hydroxy bridges) with=£ MIP, tridentate ligand to one copper(ll) atom, and this along
DPPN, PAP, apically bonded by Cle.g.,J = —400 cnt* with bonding to the chloride atom [2.268(2) A] establishes
for Cle(MIP)(OH)Cly(H20)-H,0,%? weakJ values character-  an equatorial plane. The copper is further bonded to the
ize Niz(abpt)gCI2(H20)2CI2'4H20 with double diazine bridges chloride atom of a neighboring copper atqr[Cu—C| =
and apical Ct, J= —12.5 cm,3®and Cuy(transtranspmk)- 2.586(2) A], [Cu-Cu = 3.5874(2) A], [Cu-CI—Cu =

Cls with trans Cu-N—N—Cu bridges}’ J = —26 cnt]. 95.06(7) A}. There is no ligand trans to the axial €GI
Furthermore, bridging chlorides such as CI3 in the title pond.J = —0.5 to —1.0 cnt?, indicating weak antiferro-
compound play a key role. Recently, in monochloro-bridged magnetic coupling between the copper atoms. These authors
complexes [Ci(u-Cl)(L)2](ClO,)s, weak effects are observed  report that the largestvalues are shown by complexes with
[ferromagnetic for L = 1,4-bis(pyridin-2-ylmethyl)-1,4-  |arge Cu-CI—Cu angles and by compounds with large
diazacycloheptane and antiferromagnetic fer= 1,4-bis-  deviations from 180 of the angle X-Cu—L (L being the
(imidazol-4-ylmethyl)-1,4-diazacycloheptarf€].For both  jigand trans to the bridging halide atom). The-G0l—Cu
Compounds, it indicates that the magnetic electrons lie ang|e of 95.08 observed was thought to lead to a poor
perpendicular to the organic plane as observed for Cul ineffective overlap of the .2 magnetic orbitals of the
the title compound. Doubly chloro-bridged copper dimers adjacent units.

such as CiCly(C7H:N3), ** and Cu(medpco-2H)GL*” where Prins et al. have studied three trimeric complexes
medpco= NZN’—bls(ZN,N'—d|met_hylam|noethy.l)pyrldlqe—2,6- ~ [Cus(attny(H:0),Cl5]Cl4(H:0)4, [Cus(attnl(ZnCly)Clo](H20)a,
dicarboxamide, also ;how particular magnetic couplings, with 5 [Cu(attny(H,0)Br]Br(H;0): [attn = 1,9-bis(3-amino-

a weak ferromagnetism for the formel £ 3.5 cn?) and 4H-triazol-5-yl)-3,7-diathianone], with successive pairs of
no magnetic coupling for the latter despite short-u copper atoms bridged by two triazole units and a chloride
separations. The Cl role may be seen as a distorting agentiom3® cu—cu = 3.5426(1)-3.620(3) A, Cu-Cl—Cu

of the bridging geometry from planarity. For example, in _— 80.6(1)-84.013(9) A, and CtCu—trans ligand =
polymeric Cu(bpo)GI® copper atoms are separated by 5.55 164 5(1)-167.07(3) A. The equatorial plane comprised two
A and bridged in series only by bpo ligands. Chloride atoms gyifyr and two nitrogen atoms of the ligand and contains
occupy axial positions in a terminal fashion. The oxadiazole ¢ copper atoms (sum of the angles at copped59.84-

ring is planar (standard deviation 0.0018), but the two- 360 7). |n these complexes, in which the conditions of
and five-substituted 2-pyridyl rings each subtend an angle coplanarity of equatorial ligands and a-€@l—Cu angle of

of 10.# with the central ring. The magnetic behavior of this  |agg than 9bestablish an effective exchange pathway, strong
molecule indicates the absence of interaction between thejniramolecular antiferromagnetic interaction is seén=(

Cu atoms, even if both the nonplanarity and the rather long _7g g t0—75.1 cnmd).
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lack of intramolecular interaction, while intermolecular file of the crystal geometry with selected bond lengths and angles
couplings occur between the Cul cations of pairs of stackedof u-chlorou-[2,5-bis(2-pyridyl)-1,3,4-thiadiazole] aqua chloro-
molecules (from room temperature to 125 K, the compound copper(ll) dichlorocopper(ll). Crystal structure determination has
is paramagnetic, and at lower temperatures, both susceptibil-been sent to the Cambridge Crystallographic Data Center, 12 Union
ity and EPR measurements show the antiferromagneticRoad, Cambridge CB2 1EZ, U.K., as CCDC183341 and can be

coupling of half of the C& ions, while the others stay obtained by contacting the CCDC (quoting the article details and
paramagnetic. the corresponding SUP number). This material is available free of

] ] ) - charge via the Internet at http://pubs.acs.org.
Supporting Information Available: Hydrogen positional and

anisotropic thermal parameters for Laptd)CL(HOH) and a CIF 1C030128S
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