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The simultaneous desulfurization of 2-mercapto-5-methyl-1,3,4-thiadiazole with CuCl,-2H,0 via mutual diffusion in
solvents results in the isolation of air-stable dark-green crystals of [Cu(HsC3N,S)Cl,], (~65% yield). The structure
is characterized by a unique one-dimensional copper chain bridged by diazine N—N single bonds rather than
halogens, in sharp contrast with the halide bridging mode in conventional copper halide coordination polymers.
Each Cu(ll) ion shows a square planar coordination geometry featuring a strong Jahn—Teller distortion, as also
supported by EPR data. The phase follows a Curie—Weiss paramagnetic behavior over 6—300 K. However, the
intrachain antiferromagnetic interaction is evident (—2J = 21.1 cm~%). Such magnetic coupling is related to the
interplay between the Cu(ll)-de—y2 and diazine N—-N p-orbitals.

Introduction ligand containing single NN bonds, to produce Ndiazine-
bridged d-d° systems for magnetestructural correlation
studies. The 1,3,4-thiadiazole and its derivatives are versatile
ligands that can bridge over a variety of metal centérs,
but the coordination to copper through the-N azine is
limited mainly to diuclear complexés:® One-dimensional
polymeric structures were found only in [Cu(BPMTD)zt

but without the involvement of the thiadiazole nitrogens in
bonding to copper. To our knowledge, the present structure
is the first example of a polymeric chain with Cu(ll) centers
bridged by diazine NN bonds. More strikingly, the chain
ondensation occurs via the diazine bridges alone even under

Low dimensional metatorganic halide networks have
received increasing attention in recent years for their potential
applications as electronic and catalytic materi&l€opper
is a very attractive framework former because of its readiness
to coordinating with unsaturated bidendate nitrogen ligands
as a result of the scftsoft bonding preferenceOf particular
interest is the superexchange interaction between paramag
netic Cu(ll) ions that is tunable through the control of the
aromatic nature of bridging ligands and their coordination
modes. Numerous dinuclear coordination compounds with
such spin exchange coupling between metal centers have”
been known for decadés.
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the presence of halide ions. Such feature is unique since therable 1. Crystal and Structure Determination Data for
polymerization of copper halide complexes is usually through [€u(H4CsN2S)Clal

halide bridging, presumably due to steric effetts.In formula Cu(HCsN25)Cly
contrast with the antiferromagntic or ferromagnetic ordering AL o8
commonly observed in related dinuclear compotieithe cryst color dark green
present one-dimensional structure shows a Cufeiss cryst size, mm 0.26¢ 0.20x 0.10
. : . a A 8.1546(5)
paramagnetic behavior down to 6 K. However, the antifer- b, A 11.9203(8)
romagnetic interaction is evident. In this sense, the present c, A 7.1098(4)
compound provides a unique one-dimensional example for 6 %939 g§i71357((72))
the magneterstructural study involving NN bonds. In this space group P2,/
article, we report the synthesis, structure, spectroscopy, and é s 3287
; ; i i i ; , glc .
magnetic properties of this one-dimensional polymeric ”(XMO Koo, et 41.95
compound, [Cu(HC3N2S)Ch] . Ra 0.0353
WR2 0.1062
s GOF 0.893
HaC~”"~Nc—SH (ApP)max (A)min, /A3 +0.574,—0.626
N
N—N 2R = 3|IFo| — IFl/SIFol. PWR2 = [SW(F — FAUSW(FAIY.

L crystals appropriate for single-crystal X-ray diffraction studies. Air-

stable dark-green crystals of the title compound were isolated from
deposit after 20 days with a yield 0f65%. The deposit also
Physical MeasurementsThe elemental analysis was performed contains blue crystals of Cug@H,0, which was also confirmed
using a German Elementary Vario EL Ill instrument. The FT-IR by the single-crystal X-ray diffraction. An effort designed to
spectra were recorded on a Nicolet Magna 750 FT-IR spectrometersynthesize the Zn analogue was not successful. Anal. Calcd for
using KBr pellets (4008400 cn1t). The UV—visible spectra were Cu(H,C3N,S)ChL: C, 15.35; H, 1.637; N, 11.76; S, 13.48. Found:
obtained on a Shimadzu UV-2450PC spectrophotometer andC, 15.35; H, 1.705; N, 11.94; S, 13.64. IR (KBr, cht 3122 s,
emission spectra on a Shimadzu RF-5300 fluorescence spectro-3003 m, 2972 m, 2926 m, 1483 s, 1460 s, 1439 m, 1423 vs, 1381
photometer in the CBCN solution at 298 K. Optical diffuse s, 1248 m, 1221 vs, 1045 m, 1120 s, 1007 m, 930 vs, 841 s, 818
reflectance spectra were also measured using an integrating spheren, 717 s, 704 s, 592 m. UV/vis (GBN, nm): 255 (sh), 310 s,
attachment on a solid sample with BaS@s reference. The 461 s, 556-800 (br). UV/vis (solid, nm): 303 w, 357 (br), 530
absorption spectrum was calculated from reflection spectra by the 850 (br). The broad band from 530 to 850 nm is associated with
Kubelka—Munk function: /S = (1 — R)%2R, in which o is the d—d transitions and accounts for the deep-green color observed.
absorption coefficientSis the scattering coefficient, aritlis the No luminescence was detected up to 900 nm from either the solid
reflectance. EPR spectra of the complex were recorded at X-bandor solution sample in CECN at room temperature.
frequencies with a Bruker ER-420 spectrometer at 293 K for the  Single-Crystal Structure Determination. A tetragonal prismatic
solution in CHCN and at 293 and 78 K for the polycrystalline  dark-green single crystal for the title compound was selected and
sample mixed with MgO. Magnetic susceptibility measurements mounted on a Siemens Smart CCD diffractometer with graphite-
on polycrystalline [Cu(HHC3N2S)Ch], (30 mg) were performed with monochromated Mo ¥ radiation § = 0.710 73 A). Intensity data

Experimental Section

a Quantum Design SQUID magnetometer at a fidld a over were collected in they[126 scan mode with 5< 20 < 51° at 293
the range of 6300 K. The raw data were corrected for the K and corrected for Lorentzpolarization as well as for absorption
diamagnetic contribution of the cores 113.9 x 106 cm®mol) by the SADABS program? The assignment of the space group

from Pascal’s constarifsand for the magnetization of the sample P2;/c was made on the basis of systematic absences, statistical
holder. Nevertheless, the temperature-independent paramagnetismanalyses of intensity distribution, and subsequent successful refine-
of 60 x 106 cm¥mol per Cu(ll) is not applied to the correction. ments. A total of 1196 independent reflections were collected, in

Materials. The 2-mercapto-5-methyl-1,3,4-thiadiazole ligand was which 995 reflections were viewed as observed(20(1)) and
purchased from ACROS, and Cu@H,0O, from the Fourth Factory used in subsequent structural determination and refinements. The
of Shanghai Reagent. All chemicals and solvents were of reagentstructure was solved by the direct methods and refined by full-
grade and used as received. matrix least-squares fitting de? by SHELX-97%3 All non-hydrogen

Synthesis of [Cu(H,C3N,S)Cl],. A U-shape tube with the atoms were located by a series of least-squares cycles and difference
middle filled with CH,CI, was used for the reaction and crystal Fourier syntheses and refined anisotropically. Hydrogen atoms were
growth of the title compound. Cug€PH,0 (0.17 g, 1 mmol) was located at geometrically calculated positions. Crystallographic data
dissolved in CHCN (10 mL), and the resultant solution was added and refinement residuals are summarized in Table 1. Important bond
slowly drop by drop into one end of the tube, while a solution of distances and angles are listed in Table 2. Positional coordinates
the mmtz (0.06 g, 0.5 mmol) in THF (10 mL) was added dropwise and isotropic and anisotropic thermal displacement parameters as
to the other end. The reaction occurs through the mutual diffusion well as other crystallographic details are available from a CIF file
of the reactants. The concentration gradient built up from this slow in Tables S+S4 as the Supporting Information for [CWEEN,S)-
diffusion process results in the formation of high-quality single Cl],.

(9) Hernandez-Molina, M.; Gonzalez-Platas, J.; Ruiz-Perez, C.; Lloret, (12) SADABS, Bruker Smart and Bruker Shelxtl Packdgeiker AXS

F.; Julve, M.Inorg. Chim. Actal999 284, 258-265. GmbH: 1998.
(10) Graham, P. M.; Pile, R. D.; Sabat, M.; Bailey, R. D.; Pennington, W. (13) (a) Sheldrick, G. MSHELXS-97Program for X-ray Crystal Structure
T. Inorg. Chem.200Q 39, 5121-5132. Solution Géttingen University: Gttingen, Germany, 1997. (b)
(11) Boca, R.The Theoretical Foundations of Molecular Magnetism Sheldrick, G. M.SHELXL-97 Program for X-ray Crystal Structure
Elsevier: Amsterdam, 1999; pp 85855. RefinementGaottingen University: Gaingen, Germany, 1997.

Inorganic Chemistry, Vol. 42, No. 6, 2003 2137



Table 2. Important Bond Lengths (A) and Angles (deg) in
[Cu(H4C3N2S)Ch] 2

Cu(L)~-N(1) 2.058(3) NWi—Cu(1)-N(2) 171.1(1)
Cu(1)-N(2) 2.058(4) NWi—Cu(1)-CI(1) 93.2(1)
Cu(1)-Cl(1) 2.266(1)  N(2-Cu(1)-Cl(1) 87.3(1)
Cu(1)-Cl(2) 2.271(1) N@i—Cu(1)-CI(2) 87.1(1)
S(1)-C(2) 1.697(5)  N(2-Cu(1)-Cl(2) 91.7(1)
S(1)-C(3) 1.709(4)  CI(IyCu(l-Cl(2)  175.18(5)
N(2)—C(2) 1.298(6)  C(2rS(1)-C(3) 87.8(2)
N(2)—N(1) 1.382(5)  C(2-N(2)—N(1) 112.7(4)
N(1)—C(3) 1.311(5) C(2FN(@)-Cu(l)  122.0(3)
N(1)—Cu(1) 2.058(3) N(1}N(@2)-Cu(l)  125.1(3)
C(3)-C(1) 1.487(6)  C(3¥N(1)-N(2) 111.3(3)
N(1)-C(3)-S(1)  113.9(3) CE¥N(L)-Cu(l)  129.9(3)
C(1)-C(3)-S(1)  121.1(4) N@2N@Q)-Cu(l)  117.9(2)
N@2)-C(2)-S(1)  114.1(3) N(1)-C(3)-C(1) 125.0(4)

a Symmetry transformations used to generate equivalent atores:-y,
—1/2,z+ 1/2; i, x, -y — 1/ 2,z — 1/2.

Figure 1. One-dimensional chain of the square-coordinated Cu complex
[Cu(H4CsN2S)Ch]n.

Results and Discussion
Structure. The unique structural feature of the title

Song et al.
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Cl (2.266(1)-2.271(1) A) distances comparable to those in
related dicopper chloridég and Cl-bridged chain%.For
example, CerN = 1.984(3)-2.027(3) A and CuCl =
2.233(1)-2.265(2) A in dinuclear [CPAHAP),CI;8 Cu—N

= 2.030(7)-2.037(8) A and CuCl = 2.259(3)-2.291(3)

A in chainlike Cu(bipy)C).? However, the local symmetry
of approximateD,, for the present CupCl, moiety is in
sharp distinction from the rough,, symmetry of the Cul¥

Cl, unit in the dinuclear CiPAHAP),Cl, compleX¥2and Cu-
(bipy)Cl, chain? the latter two having G+Cu—Cl and
N—Cu—N angles close to J0rather than the 180in the
present structure. Each copper atom is in a nearly planar
square coordination geometry, typical of a Cu(ll) ion with a
strong Jahn Teller distortion. Alternatively, the coordination
can be described as a4 2 octahedral geometry, if two
additional weak axial contacts with C{2.800(1) and 3.099-
(1) A, respectively) are included. The copper chain is not
exactly linear but slightly zigzag running along the (001)
direction. The intrachain CuCu separation is 3.5689(2) A,
shorter than the corresponding distance in thgRAHAP),-

Cls complex (3.845(1) Arand Cu(bipy)Cl chain compound
(4.010(3) A)? Nevertheless, the observed distance is well
above the single-bond distance of 2.34 A and thus suggests
no direct metat-metal bonding interactions. Figure 2 shows

compound is the formation of one-dimensional copper chains how isolated parallel chains are held together by the weak

through the bridging of dinitrogen NN units rather than

halide ions, as shown in Figure 1. Similar bridging modes
were previously reported but limited to only dicopper
units>”8In a copper halide system with both organic bridging
ligands and halide ions, the polymerization into one-

hydrogen-bonding network of €H---Cl (3.474(1) A) and
van der Waals interactions. The observed hydrogen-bond
distance is comparable to those in the Cu(bipy)&iain
(3.215(9)-3.616(9) A)? It is worth reiterating that the present
reaction has the effect of desulfurization; the side-sulfur atom

dimensional, two-dimensional, or three-dimensional struc- of the mmtz ligand is stripped off and then oxidized to yield

tures is usually via the halogen bridgihé The formation

of the present structure is presumably related to the simul-

taneous downsizing of the mmtz ligand to 5-methyl-1,3,4-
thiadiazole (mtz) through desulfurization. Such desulfuriza-
tion is known to occur for thiols in the aqueous solution,
particularly in the presence of metals (e.g., Ni, Fe, Cu) or
metal complexe¥! The additional blue precipitate of CugO
4H,0 in the products leads us to speculate the following
process of desulfurization followed by the slow oxidation
of & to $* in air:

The downsizing of mmtz to mtz ligands results in a smaller
steric effect for the desulfurized ligand, which, together with
the soft-soft bonding preference of Cu to N atoms, leaves
halide ions in merely terminal coordinating modes. The
CuN,Cl, moiety has nominal CuN (2.058(3) A) and Cu

(14) (a) Oswald, A. A.; Wallace, T. LOrganic Sulfur Compounds
Pergamon Press, Inc.: New York, 1966; Vol. Il, Chapter 8. (b) Reid,
E. E. Organic Chemistry of Bialent Sulfur CompoungdsChemical
Publishing Co.: New York, 1960; Vol. Ill. (c) Minisci, F.; et &cc.
Chem. Res1983 16, 27—32.
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the blue byproduct of CuSO

The N—N distance in the thiadiazole of the title compound
is 1.382(5) A, the same as the distance in the free mmtz
ligand'® but only slightly smaller than the NN distance of
1.411(4) A in [Cy(PAHAP)CI and the single-bond
distance of 1.40 A. As a result, the copper ions are connected
by essentially N-N single bonds. The €N bond distances
range from 1.298(6) to 1.311(5) A, sufficiently short to
suggest double-bond character. The&bond distances are
in the range of 1.697(5)1.709(4) A, slightly shorter than
the value of 1.77 A for a C(gp-S single bond. Conse-
quently, the desulfurized mtz ligand, though almost planar
(root-mean-square deviatiosr 0.023 A), remains as a
nonconjugate system or with minor conjugation, if any. The
dihedral angle between the ligand plane and the Cu coor-
dination plane (rms deviatios 0.058 A) is 60.80(7). The
dihedral angle between neighboring Cu planes is 43.73(6)

(15) Song, J.-L.; Zhou, W.-B.; Zeng, H.-Y.; Dong, Z.-&cta Crystallogr.
2002 E58 01045-01047.
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Figure 2. Packing of parallel one-dimensional chains along the (001) direction with weak-CCI hydrogen bonds illustrated.

1000 y , ! : 2.0 the 1.73ug predicted for a single spin, indicating the presence
, o~ Effective magnetic moment of one localized unpaired electron associated with each Cu-
: (I1) (d®) ion. The existence of Cu(ll) centers is also supported
115 by the EPR signal of a nearly isotropiefactor of 2.116 in
f_’ / the CHCN solution, which falls in the range of 2:@.3
expected for Cu(ll) due to its large spiorbital coupling®
Although Cu(ll) ions have no zero-field splitting effects due
to its electronic spin of only 1/2, thg-factors are often
D slightly anisotropic. This is again verified for the present
0.5 compound. The EPR data from the solid sample diluted with
200 / PrvR— MgO gave the following anisotropig-factors: g/gn =
Non-linear fit 2.2375/2.0990 at 295 K and 2.2339/2.0927 at 77 K,
» ; . 0.0 respectively. The observed trendgyf> gp is characteristic
0 50 100 150 200 250 300 of a tetragonal Cu(ll) complex with aady2 ground state,
Temperature (K) indicating the occupation of the unpaired d electron in the
Figure 3. Plot of 1fw versusT over 6-300 K showing a Curie Weiss de-y orbital. The measured EPR data are in good agreement
paramagnetic behavior. The gradual but significant decreaggrafpon with the observed square planar geometry around Cu(ll) with
cooling indicates the presence of an antiferromagnetic interaction. its dx2_y2 orbital directed toward two in-plane chlorine donors
with a Cu—N—N-—Cu torsion angle of 17.5(4) These and two nitrogen donors.
coordination modes together with the nature of the hetero- The present compound does not show any antiferromagntic
cyclic ligand and the NN bonding character play important  or ferromagnetic ordering dow 6 K that was commonly
roles in the spin exchange interaction between the Cu(ll) observed in dinuclear compountis® Nevertheless, the
centers of the title compound. presence of antiferromagnetic interactions between the Cu-
Magnetic Properties. The neutrality requirement for [Cu-  (1I) centers is evident in terms of both the smaligy value
(H4C3N2S)Ch], and the square-planar coordination around relative to the theoretical single spin and the relatively large
copper strongly suggest a formal oxidation statet-@f for negative Weiss constant. Such antiferromagntic interaction
copper ions. Such a single-spin picture for Cu(ll) is is clearly reflected in thews—T plot of Figure 3 with the
confirmed by the temperature-dependent magnetic suscepeffective magnetic moment decreased significantly upon
tibility measurement. A Ji-T plot in Figure 3 shows that  cooling (e is defined as 2.828(T)Y2 ug).
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the phase is paramagnetic over®0 K. A nonlinear fit A good approximation to the antiferromagnetic coupling
viaym = CI(T — ©) + yo to the data above 60 Kreveals a  of anN-member chain is that only the intrachain interaction
Curie—Weiss behavior with the Curie constddt= 0.342-  f the adjacent pairs contributes to the short-range order.

(1) cm? mol™ K and Weiss constai® = —22.9(2, leading  The present structure can be treated as a uniformly spaced
to an effective magnetic moment of 1.65¢4g) for each Cu

L 4
center. (The baCkground sysceptlbltgt){: 4.5 10. cnv/ (16) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
mol.) The observed effective magnetic moment is close to Transition lons Oxford University Press: New York, 1970.
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Figure 4. Molar magnetic susceptibility plotted as a function of temper-
ature. The curves are the best fit to the data via the BorlRisher model

(eq 1). The broad maximum around 20 K for the one-dimensional chain
model is evident, which is characteristic of one-dimensional intrachain
antiferromagnetic interactions.

regular linear chain of spirr 1/2, with the magnetic coupling
between Cu(ll) ions mediated by the diazine bridges. To
figure out how strong the intrachain interaction is, the data
of the total molar magnetic susceptibility were fitted as
follows with the inclusion of a small fractionp] of a
magnetically dilute impurity:

Xiot = (L = 0)Xeg T Pimp

Here the impurity contributiofyimp = [Ng2us?S(S + 1))/
3KT, with ge = 2 and S = 1/2, while the important one-
dimensional intrachain antiferroamgnetic interaction is simu-
lated by the BonnetrFisher modél using the following
polynomial expressioff

_ NgB® _ 0.25+ 0.1499% + 0.30094°
KT 1+ 1.986X+ 0.68854 + 6.0626¢C

X1d (1)
In this expressionx = |J|/KT (2J is the singlettriplet
splitting energy or the exchange integral in the spin Hamil-
tonianH = — 2Jss;) and other symbols have their usual
meaning. The results of the best fit are shown in Figure 4
for g = 2.10,|J)/k = 15.2K (-2J = 21.1 cmY), andp =
0.0267. The small coupling constant-621.1 cnt* indicates
a weak intrachain antiferromagnetic interaction. This value
is smaller than that in the related dinuclear,(MK)Cl,
(—2J = 52 cnT!)’2 and anhydrous GIPAHAP),Cl, (—2J
= 44 cnT1)®put larger than that in the Cl-bridged Cu(bipy)-
Cl, chain compound-2J = 2.3 cn1?).°

It is known that the intrachain interaction will not lead to

long-range ordering for one-dimensional Heisenberg sys-

(17) Bonner, J. C.; Fisher, M. Phys. Re. 1964 A135 A640—A658.
(18) Hall, J. W. Ph.D. Dissertation, University of North Carolina, 1977.
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tems!”1°The lack of long-range order dowa 6 K signifies

a weakinterchaininteraction, which is probably mediated
through the G-H---Cl hydrogen-bonding network. Neverthe-
less, such interchain interaction, no matter how small it is,
will become important at certain lower temperature as one-
dimensional systems (e.g., Cu(})s80,-4H,0%%) will ulti-
mately interact and undergo a three-dimensional phase
transition, leading to long-range magnetic ordering. As
expected for a paramagnetic material, the field dependence
of magnetization 86 K shows no hysteresis effects.

Given the long separation between neighboring Cu(ll) ions
(3.57 A), the spin exchange is unlikely to originate from
direct (through-space) orbital coupling between Cu(ll) ions
but rather mediated via the-\N diazine bridges. Since the
exchange integral between tiacalizedmolecular orbitals
is always ferromagnetic in character and is negligible in the
present compound for Cuady?, the net spin coupling
depends on the extent of antiferromagnetic interactions
mediated through the diazine bridgeslagnetic exchange
in the dinuclear complexes has been found to correlate with
the angle between the copper magnetic planes and the extent
of p-orbital overlap along the NN single bond and is
dominated byo-interactions® Despite the small CaN—
N—Cu torsion angle of 17.5(4) the twist angle between
the magnetic planes with thezd ground state is 43.73-
(6)°, which leads to the misalignment with the adjacent
p-orbitals in the diazine bridge. Such poor overlap and
alignment between the Cyzdyz and N-p orbitals is probably
responsible for the weak intrachain antiferromagnetic inter-
action observed. Sophisticated theoretical calculations will
help to gain insights into the magnetic exchange interaction.
On the other hand, further tuning of the size and bonding
character of ligands may modify the twist between magnetic
planes and produce low-dimensional structures with interest-
ing magnetic orderingt
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