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Abstract: A new crystalline polymorphic phase of tetrakis(u.-benzoato-O, O')-bis(dimethyl sulfoxide)dicopper-
(I1) was obtained by direct synthesis, in space group P2:/n. The copper coordination is in a slightly distorted
square pyramidal geometry with an intramolecular Cu-++Cu distance of 2.6494(8) A. The Cu—O distances
of the two copper in a dimer are different, giving different chemical environments for each Cu ion. The
crystal structure is built up of well-separated stacking columns oriented along the b-axis, with units uniformly
spaced, producing a one-dimensional (1-D) zigzag chain through Cu(ll)—S---S—Cu(ll) interdimer interactions

[S-+-S separation: 3.975(2) A]. Magnetization measurem

ents in the range 2—300 K indicate two magnetic

orderings, at low temperature (T < 10 K) a weak ferromagnetic ordering is observed, and above this
temperature an antiferromagnetic behavior takes place. ESR spectra at 300 and 77 K of a polycrystalline
sample show the characteristic signal of zero-field with D = 0.354 cm™2, consistent with a ferromagnetic

Cu---Cu exchange interaction at low temperature.

1. Introduction

Structural characteristics of binuclear copper complexes, such

as dimeric copper(ll) species, have been reported in the past.

They proved difficult to obtain, particularly when unpaired
electrons should be located in orbitals with orthogonal
interactions.~8 The magnetic behavior in these compounds is
strongly related to the CuCu distance, bond angles, neighbor-
ing atoms, local symmetry, and bridging aton8.Heintz et

al. found that the coupling leading to a parallel alignment of
spins is so weak that it hardly could persist at room tempera-
ture? this implies that the synthesis of materials with ferro-
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magnetic ordering is a difficult task from the chemical point of
view. From the physical side, it is important to mention that
one-dimensional solids also present distortions in the crystalline
state, due to effects related to Peierls transitions, as spin density
waves or charge density wavEs15 These processes in some
compounds may be important if the magnetic ordering is related
to a distortion due to a spin density wave.

In the present work we report studies on the synthesis, crystal
structure, and magnetic characteristics of a new polymorph of
a well-known material, namely tetrakistbenzoatd®,0")-bis-
(dimethyl sulfoxide)dicopper(ll)la. The most interesting aspect
is that this phase exhibits a magnetic transition related to
ordering at low and at high temperatures. We propose a
mechanism for the magnetic ordering, based on magnetic
exchange of the copper ions bridged by sulfur atoms of
symmetry-related molecules, or by an antiparallel spins align-
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ment of the two copper(ll)-homonuclear units through the
intramolecular eight oxygen bridging atoms belonging to the
four benzoato ligands.

2. Experimental Methods

2.1.Electronic spectra were measured with a Shimadzu UV-
3100S spectrophotometer on ca=4® chloroform solutions
at 298 K ¢ = 200-2200 nm). A Nicolet Magna-IR 750

spectrophotometer was employed to monitor the infrared spectra,

using KBr and polyethylene pellets. ESR spectra at X-band
frequency were obtained with a JEOL JES-RES 3X spectrom-
eter, from 300 to 77 K, on polycrystalline powder samples.

Magnetic measurements were performed in gelatin capsule using

a Quantum Design magnetometer. The calculated Péscal
constant for compounda is about 264x 10°% emu and was
not taken into account, owing to its small value as compared

with the measured data. Measurements were performed in small

magnetic fields, from 20 to 180 G, and in the range3R0 K,
in zero field-cooling (ZFC) and field-cooling (FC) modes.

2.2. The synthesis ofla was carried out using the direct
synthesis metho#f. Equimolar amounts (0.3143 mmol) of
copper(0), €)-sparteine (sp), benzoyl bromide, and dimethyl
sulfoxide (DMSO) (0.85 mL) were placed in a flask, and the
mixture was stirred at 76C for 24 h. The mixture was then
filtered at 70°C and the resulting solution cooled to room
temperature, allowing the separatiorlefas dark-green crystals
suitable for X-ray crystallography (yield: 5%l)p, which was
identified as the phase previously reported for the same
compound (yield: 64%3,and other products identified as:
[(Br)(PhCQ)(sp)ICu(ll),*® [Brz(sp)]Cu(ll);"® [Br2(DMSO)]Cu-
(11),20 and [(PhCQ),(sp)]Cu(ll)2 1a mp 268-270 °C dec
UV —vis /ICHCk Amade (nm/M~1 cm™Y): 273/2479, 667/731,;
IR/KBr, PET v (cm™b): » (COO) 1633st. asymm v (COO)
1406st. symm v(DMSQO) 1024,v (Cu—0) 495; ESR (powdered
sample) at 300 and 77 Kg; = 16.966,9, = 3.508,g9; = 2.287,
gs = 1.953,05 = 1.417,g¢ = 1.385.

2.3. X-ray diffraction data were collected at 296 K on a P4
diffractometer using Mo k& radiation ¢ = 0.71073 A) and
following standard procedurésRelevant crystallographic data
are listed in Table 1. Data were collected at 0.84 A resolution
and corrected for absorption effects on the basis of Ztans
(transmission factors in the range 0.648774). The structure
was solved and refined using routine meth&®$H atoms were
placed in idealized positions and constrained to ride on their
carrier C atoms. In the last difference map, two high residuals
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Table 1. Crystallographic Data of 1a
formula G2H3:Cw010S2
fw 767.78
crystal system monoclinic
space group P2:/n
Z,Z 4,1
a A 12.0407(9)
b, A 17.0916(13)
c, A 17.2680(15)
B, deg 103.062(6)
vV, A3 3461.7(5)
Peale g.CNT3 1.473
m, mmt 1.402
R, R, 2 0.0540, 0.0840
GOF2 1.016
a
SIIFyl = IFdl SWF,’ — FS)’ \/ SWF, — F)’
R="2——"wWR=,/5"—>—F"— S=,/——°~
ZIF YW(F,) m—n

to model S atoms with disordered sites, although slightly
improving R indices, were unsatisfactory, since they produced
prolate thermal ellipsoids and did not converge to a sensible
geometry for the minor parts of disordered sites. Highest
residuals probably reflect thermal motions for S atoms rather
than actual disorders.

3. Results and Discussion

3.1. Synthesis.The direct synthesis method, based on the
use of zerovalent metals as starting materials, provides a suitable
environment for the synthesis of different complexes of copper-
(II) as many ligands are present in the reaction medium. The
control of the reaction conditions (temperature, reaction time,
and solvent) allows increasing the yield of the complex of
interest without residual salts. The absence of residual salts
greatly favors the formation of pure phases, which may be easily
separated from the reaction medi@min the present work, this
methodology was essential for the isolation of two polymorphs
for the complex [(PhCg@4(DMSO)]Cu,, 1la and 1b, one of
which, 1a, is obtained with 5% vyield.

3.2. Solid-State Structure. The asymmetric unit ofla
consists of one binuclear Cu(ll) complex in general position,
including four bridging benzoato ligands and two coordinated
DMSO molecules (Figure 1). The geometry around each Cu-
(Iy ion in the dimer unit may be described by a slightly distorted
square pyramid, consistent with small geometrarameters:
260,026 A for Cul and 0.100 A for Cu2. Four O atoms of the

are observed close to S atoms of DMSO molecules. Attemptsfour benzoato moieties conform the square base’ with Qu
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bond lengths spanning the small range 1.947(3984(3) A
(Table 2). DMSO molecules are axially coordinated to the
metallic centers through their O atoms, at expected distances,
2.137(3) and 2.157(3) A. The bridging networks-6D—C—
O—Cu are planar and give a €eCu separation of 2.6494(8)

A. This is shorter than some distances previously repeti&d’ 29

but comparable to the mean value of 2.661 A, computed from
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Figure 1. Molecular structure and numbering scheme for the binuclear
unit complex inla Thermal ellipsoids for non-H atoms are drawn at the
30% probability level.

Table 2. Selected Bond Distances and Angles for 1a (A, 6 deg)
Bond Distances

Cul-09 1.971(3) Cut019 1.972(3)
Cul-029 1.985(3) Cut039 1.962(3)
Cu2-01 1.964(3) Cuz2011 1.949(3)
Cu2-021 1.947(3) Cu2031 1.984(3)
Cu2-041 2.157(3) Cut0O51 2.137(3)
Bond Angles
09-Cul-019 90.45(15) 09Cul-029 167.05(14)
09-Cul-039 89.16(15) 09Cul-051 96.32(13)
019-Cul-029 89.02(15) 019Cul-039 167.54(15)
019-Cul-051 94.25(15) 029Cul-039 88.59(15)
029-Cul-051 96.62(13) 039Cul-051 98.17(15)
01-Cu2-011 90.75(16) 0%Cu2-021 168.34(14)
01-Cu2-031 89.35(15) 0%Cu2-041 95.16(14)
011-Cu2-021 88.36(16) 01%1Cu2-031 167.75(14)
011-Cu2-041 89.70(15) 021Cu2-031 89.07(15)
021-Cu2-041 96.47(15) 031Cu2-041 102.49(14)
Torsion Angles
C43-S42-041-Cu2  55.7(5) C44S42-041-Cu2 —47.3(5)
C53-S52-051-Cul 175.7(3) C54S52-051-Cul —80.0(4)

432 entries found in the CSD including a tetrakisbenzoato-
O,0")dicopper(ll) fragment.

This geometry for the central core béis very close to that
previously described for the polymorgh, crystallizing in space
groupC2/c, with a Cu--Cu separation of 2.627(3) AHowever,

a comparison of the molecular structures for both polymorphs
shows different conformations for one of the two DMSO
molecules with respect to the central core; this DMSO molecule
is rotated by ca. 180around the formad bond Cu-O(DMSO).

In the case ofla, C—S—0O—Cu torsion angles describesd—
scandap/—scconformation for DMSO molecules coordinated
to Cu2 and Cul, respectively (Table 2), while in the case of
1b, these descriptors show the DMSO molecules toHse/'—
scandap/+sc(scstands fosynclinal or gauche, andp stands

for anti-periplanar or trans). In other words, DMSO molecules
are arranged cis with respect to the-€GQu line in 1a, and
almost trans intLb.

16314 J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005

Figure 2. View of the infinite 1-D zigzag chains parallel to the
crystallographid-axis. Dashed lines represent-GCu separations within
dimers and intermolecular -8S magnetic interactions generating the
supramolecular structure. For the sake of clarity, H atoms have been omitted.

This free rotation for DMSO, along with a symmetry
modification, is reflected in essentially different crystal structures
for laandlb. In the former case, dimer units are joined through
S---S contacts and form zigzag chains oriented parallel to the
[010] axis. It is worth noting that a single-'SS separation is
observed in this one-dimensional (1-D) supramolecular structure,
characterized by a single distance;*S = 3.975(2) A [sym-
metry code: ()%, — x, =42 + Y, ¥, — Z]. In the same way,
zigzag chains are built up on a single angle, for instance 84.39
the angle between consecutive-€Cu vectors along the chain
(Figure 2). The steric demand of benzoato groups avoid
significant contacts between neighboring chains in the crystal,
such as hydrogen bondka may be thus considered, at least at
296 K, as an actual 1-D system of the typeA—A—A--- where
A is the dimer unit. In the case dfb, a short S-S contact is
also observed between two symmetry-related molecules in the
unit cell (3.718 A). However, the supramolecular character of
1bis limited to these dimers of dimers, since the conformation
of DMSO molecules and intermolecular distances do not allow
linking these units to form a polymeric structure. As a result,
the crystal structure ofla makes this system potentially
accessible to a Peierls transition at low temperature, while such
a transition is very unlikely to occur for polymorgtb.

3.3. UV=Vis and IR Spectroscopy. The UV/vis, NIR
spectrum showsr—s* transitions at 273 nm witke = 2479
M~ cmt and at 667 nm withe = 731 M1 cm1.20 |t is
possible to observe the characteristic band assigned-tb d
transitions for distorted square-pyramidal copper(ll) centers, in
agreement with the X-ray structure determinafiéhThe IR

(30) Du, M.; Guo, Y.-M.; Chen, S.-T.; Bu, X.-H.; Ribas, ldorg. Chim. Acta
2003 346, 207—-214.
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Figure 3. Thermal dependence of the magnetization at different magnetic Figure 4. Isothermal magnetization measuremevitsH from 2 to 15 K.
field intensitiesH. Note the change of the magnetization from low to high At 2 K and 3 kG the saturation magnetization valuavis~ 0.012 ng.
field. At about 80 G the behavior is clearly ferromagnetic. The inset shows
M—T curve measured from low to room temperature at 100 G in the FC
mode. It seems that the magnetization is increasing from about 60 K to
above, indicating a magnetic ordering persisting at room temperature, with
a maximum at ca. 260 K.

0 - 'L "

spectrum shows thecoo at 1633 cmil, and a vibration 20 |- e
characteristic of DMS®&3132at 1024 cm?. Far-infrared spec- 3
trum shows the characteristic vibratiog,—o at 495 cn1'.33
3.4. Magnetic MeasurementsMagnetization vs temperature
(M—T) measurements are presented in Figure 3, wivkrie
the molar magnetization of the binuclear unit in both ZFC and
FC measurements. For the sake of clarity, only #eT curves 20 .
at different field strengths are depicted in Figure 3. It should ]
be noted that all the curves present two branches at low "
temperature; at a given field, the low branch is the ZFC part,
whereas the upper branch corresponds to FC measurement. Thi | | | | | |
irreversibility decreases as the magnetic strength increases, ant
at about 180 G the irreversibility almost disappears. As the
magnetic strength is increased, the maximum observed in ZFC
is displaced at lower temperatures, approximately in a linear
form. At low field, 20 G, the maximum is at about 8 K, and

decreases to 2.5 K with a field of about 180 G. This behavior 4t 5 K with measurements performed up to 4000 G. However
of the magnetization curves clearly indicates a weak ferromag- 55 the temperature is increased, the saturation is not longer
netism:*3The inset in Figure 3 shows the magnetic ordering reached. At 15 K, a small hysteresis is observedirH curves

at high temperature, starting from about 12 K to above. This pt his is larger than the hysteresis at 10 and 12 K measure-

behavior may be related to an antiferromagnetic ordering due ments, indicating an antiferromagnetic behavior due to canted
to uncompensated spin alignment. The maximum on this curve 5 uncompensated spin alignment.

is found atT = 260 £ 6 K, which means that using a Bonner
and Fisher fit would result id < 0; the susceptibility passes
through a rounded maximum at a temperaflrgy defined by
KTma/|J| = 0.641, giving a valugd = —282 + 6 cn 134 35

400 0
H(G)

Figure 5. Isothermal magnetizatioMl—H data at 2 K, in the rang&400
G. Note the coercive field with value of about 72 G.

-400 -300  -200 100 200 300 400

In Figure 5 for example, we preselt—H data measured at
2 K. The curve shows the coercive field, and in Figure 6 we
present those values, extracted from data of Figure 4. Dots

. o represent the experimental values of the coercive field, and the
To understand more about the magnetic characteristita,of  gashed line is a fit to the equatiordc(T) = H(0)( 1 — (T/

we studied thé—H isothermal measurements in the range-1.7 To)¥2, up to about 10 K; above this temperature, the coercive
15 K (Figure 4). A magnetization close to saturation is observed fiq|d starts to increase again, and the fit no longer holds.
However, the fit gives the following parameters: Curie tem-
perature,Tc = 9.0 K; Hc(0) = 60 G. The fit looks adequate,
indicating the onset of different uncompensated spin ordering
above 10 K. AtT > 10 K the signature of the spin-uncom-
pensated antiferromagnetism is observed, showing a rising small
coercive field.

Data ofM—H measuredta2 K show that the magnetization
increases rapidly up to 1100 G, and reach saturatidvisat

(31) Alcantara-Flores, J. L.; Vaquez-Bravo, J. J.; Gutiez-Peez, R.; Rarinez-
Rosales, D.; Berie S.; Ranmez Bokhimi, J. G.; Zamorano-Ulloa, R.;
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(33) Li, D.; Zheng, L.; Zhang, Y.; Huang, J.; Gao, S.; Tang, Warg. Chem.
2003 42, 6123-6129.

(34) Boillot, M.-L.; Journaux, Y.; Bencini, A.; Gatteschi, D.; Kahn, [@org.
Chem.1985 24, 263-267.
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Figure 6. Coercive field vs temperature. The fit to the equatitg(T) =
H(OY{1 — (T/T)¥3 gives values:Hc(0) = 60 G, andTc = 9.0 K. Above

10 K the coercive field increases, indicating an uncompensated antiferro-
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Figure 7. ESR spectra at 77 and 300 K of a powdered sampleaof

7500

binuclear copper(ll) complexes. Hence, the Cu(ll) ions should

magnetic behavior. The bars indicate the uncertainty of the measurement.be ferromagnetically coupled.

0.012 ng, assuming @ Landefactor of 2. Using the saturation
magnetization equatioMs = |NgugSotal, We estimateSoa =
0.00636:37

The orbital coupling due to Cul ion is mainly of s.dz
type, extended along the coordination withorbitals of the
oxygen benzoato atoms. On Cu2 ion, the orbital is mainlya d
type orbital, extended along the coordination with therbitals

The spin Hamiltonian characterizing the triplet ground state,
with total spinS= 1 is: H = (8HgS)+ D[Sz — YsS + 1)]
+ E(Se — Sp), whereD is the crystal field terms with spi§
= 1 and with axial crystal field. The eigen-energies of this
subsystem under an axial field,= 0, E = 0,33 is adequate to
rationalize the experimental ESR signals. From the ESR spectra,
D is approximately 0.354 cri. In the AMg = 42 region, no

of the other oxygen atoms in the same benzoato ligand. EachSignals are detected. There is a poorly resolved signal at 2091.99

benzoato group being coordinated to the two copper(ll) ions in
each dimer unit, the whole structure is distorted and the-Cul
O—C—0—Cu2 plane may be rotated in such a way that
magnetic orbitals are located in tlg-plane and that both are
accidentally orthogonal at low temperatdfé8 This structure
implies that magnetic orbitals of each copper iog-d and

dyy, are parallel and rotated by about°4% one another. The
magnetic orbital position is only slightly overlapped, resulting
in a weak ferromagnetic ordering. The effect of temperature is

an important factor that changes the interaction between orbitals

at room temperature the overlap integ&lis small, but at low
temperature thé value is close to zerbThis value changes

because positive zones of the overlap density compensate fo

the negative zones. Finally, it is important to mention that
another possibility for the magnetic interactions is through
dimeric unit interaction by means of axially coordinated DMSO
molecules.

3.5. ESR StudiesThe powder X-band ESR spectrald at
300 and 77 K show four transitions (Figure 7). Spectra are
typical of a triplet state which exhibits six features arising from
—1 — 0 and 0— +1 transitions, each witlx, y, and z
components:3%-42 There is a feature at 395.85 G+ 16.966)
which corresponds to the zero field split for a triplet state in

(36) Bonner, J. C.; Fisher, M. Phys. Re. A 1964 135, 640-658.
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G (g = 3.508). Other clear features are observed at 3300.00 G
(g = 2.287); at 3375.82 Gg(= 1.953) two more features are

in the region of 4635.20 Gg(= 1.417) and at 4741.75 @ &
1.385). Attempts for obtaining a more complete interpretation
about this magnetically complex system from the ESR spectra
were unsuccessful.

4. Conclusions

From these magnetic studies reported here, we conclude that

'the observed weak ferromagnetic behavior is related to a

ferromagnetic exchange interaction via CufQu(ll) at low
temperatures. This is consistent with the presence of a ground
triplet state observed by the zero-field signal in the ESR spectra
at 300 and 77 K, although the signals of the ESR spectrum at
77 K are smaller than those at 300 K. It is important to mention
that the behavior at low temperatures may also be related to
uncompensated antiferromagnetic ordering due to canted spins.
In line with results described by Comarmond et’ah,a weak
interaction, the two spin levels are thermally populated at room
temperature in such a way thagw, will be the sum of the
negative antiferromagnetidar and positive ferromagnetidr
contributions Jiota = Jar + Jg, With Jap = —2ASandJg = 2C
(whereSis the overlap integral between magnetic orbitals and
C is the two-electron exchange integral). An additional aspect
related to the influence of a Peierls distortion in this compound,
and which may be related to the observed magnetic effects in
this material, is that spin coupling influences the formation of
a spin density wave at abb@ K (see Figure 6). Thus, the
changes from antiferromagnetic behavior at high temperature
to ferromagnetism at low temperature could be related to that
distortion. The low value of the saturation magnetizatiwl,
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at 2 K, implies that the Cu(ll) electrons have canted spins. At cidén Superior and Vicerrect@ide Investigacio y Estudios de
higher fields, a parallel spin alignment would give rise to a Posgrado from BUAP, project No. || 163-04/NAT/G.

higher magnetization value; this assumption explaingMker

behavior observed when the external field is increased, changing Supporting Information Available: X-ray crystallographic
the antiferromagnetic behavior to a ferromagnetic ordering in file of 1a (CIF). This material is available free of charge via
the 1-D molecular polymeta. In conclusionlais a molecular the Internet at http://pubs.acs.org. The CIF file is also available
solid featuring structural characteristics suitable for the coexist- on application to the Cambridge Data Centre, 12 Union Road,
ence of both magnetic phases in the bulk material. Cambridge CB21EZ, U.K. (Fax: H44) 1223-336-033. E-
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