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Chain Compounds Based on Tetranuclear Basic Copper(I) Carboxylate
Clusters and Quadruple Zwitterionic Linkers: Structures and Magnetic
Properties
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Two Cu' complexes with the new zwitterionic ligand 1-carb-
oxymethylpyridinio-3-benzoate (L), [CuyL4(OH),](ClOy),*
8H,O (1) and [CuyL4(OH),]Cl,-8H,0 (2), have been synthe-
sized and characterized crystallographically and magneti-
cally. The two compounds contain isostructural chains, in
which the anionic basic copper(ll) carboxylate clusters

[Cuy(ns-OH),(RCOO)g)?>~ are quadruply interlinked by cat-
ionic organic spacers. Magnetic analyses using a tetranu-
clear model indicate that antiferromagnetic interactions be-
tween neighboring copper(ll) ions are operative through the
double hydroxo bridges and the mixed hydroxo/carboxylato
bridges.

Introduction

Polynuclear and polymeric copper(Il) coordination com-
pounds with carboxylato ligands have attracted much atten-
tion for decades.*¥ For monocarboxylato ligands, the
most common structural motif is the dinuclear “pad-
dlewheel” [Cu,(RCOO),4] core, which has been subjected to
many magnetostructural studies.’l The core also serves as
the secondary building unit in many porous metal-organic
frameworks with di- or tricarboxylato ligands.[?! The struc-
tural diversity of copper(Il) carboxylate systems is much
enhanced by the incorporation of various coligands, either
terminal or bridging. For instance, the co-coordination of
short bridging ligands such as hydroxo,™ alkoxo,l! and
azidol® with carboxylate has led to a great variety of dis-
crete polynuclear molecules or extended coordination poly-
mers with interesting features relevant to magnetostructural
correlations, bioinorganic modeling, or molecular magnets.
The majority of the carboxylato ligands [RCOOH or
R(COOH),, (n = 2 or 3)] used so far bear neutral R groups,
and the carboxylic group is deprotonated to give anionic
ligands upon coordination. The carboxyato ligands that
bear positive R groups (e.g., MesN*CH,-, N-methylenepyr-
idinium) have received less attention.”) The zwitterionic
ligands may lead to new coordination structures with
Cu'l.[1%] Recently, we have demonstrated that the combina-
tion of zwitterionic dicarboxylato ligands and azido co-
ligands could easily form novel coordination networks with
mixed carboxylato and azido bridges, which exhibit inter-
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esting magnetic features.!'l In this article, we report the
synthesis, structure, and magnetic properties of two Cu!l
compounds with a new zwitterionic dicarboxylato li-
gand, 1-carboxymethyl-3-(4-carboxyphenyl)pyridinium (L,
Scheme 1). The compounds are of formula [Cuy(OH),L4]-
X,8H,0 (X = ClO47, 1; X = CI, 2), and are one-dimen-
sional coordination polymers based on the unprecedented
anionic tetranuclear “basic copper(Il) carboxylate” cluster
[Cuu(pns-OH),(RCOO)s)*, which is quadruply interlinked
by cationic organic spacers.

-0

Scheme 1. Chemical structure of L.

Results and Discussion

Description of the Structures

Although crystallized in different space groups, both 1
and 2 are 1D chain compounds that feature tetracopper(II)
clusters linked by L ligands. The asymmetric unit contains
two unique Cu atoms (Cul and Cu2), a hydroxo anion, two
unique L ligands, a perchlorate (1) or chloride (2) anion,
and some solvent molecules. Selected bond lengths and
angles are listed in Table 1.

The tetracopper cluster is depicted in Figure 1 (a). It con-
tains a centrosymmetric [Cu,(OH),]°* core, in which four
Cu'! atoms are linked by two equivalent p;-OH bridges to
form a planar rhombus. The geometry can also be de-
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Table 1. Selected bond lengths [A] and angles [°] for compounds 1
and 2.4

1 2
Cul-O5A 1.929(2) 1.944(2)
Cul-09 1.958(2) 1.962(2)
Cul-O4A 2.027(2) 2.011(2)
Cul-01 2.039(2) 2.026(2)
Cul-O7A 2.159(3) 2.183(2)
Cu2-02 1.938(2) 1.942(2)
Cu2-0O3A 1.974(2) 1.960(2)
Cu2-09 1.983(2) 1.982(2)
Cu2-09A 1.986(2) 1.985(2)
Cu2-08 2.237(2) 2.211(2)
05A-Cul-09 169.95(10) 170.04(10)
05A-Cul-O4A 85.93(10) 85.21(9)
09-Cul-04A 90.17(10) 90.52(9)
05A-Cul-Ol 88.69(10) 89.97(9)
09-Cul-O1 92.86(10) 92.11(9)
04A-Cul-Ol 165.42(11) 166.14(10)
05A-Cul-O7A 93.13(10) 91.33(9)
09-Cul-O7A 96.84(10) 98.48(10)
O4A-Cul-O7A 105.46(11) 105.32(10)
O1-Cul-O7A 88.34(11) 87.75(9)
02 Cu2-03A 89.78(10) 89.53(9)
02-Cu2-09 95.13(10) 94.89(9)
03A-Cu2-09 165.78(10) 166.07(10)
02-Cu2-09A 171.83(10) 171.95(10)
03A-Cu2-09A 93.85(10) 92.92(9)
09-Cu2-09A 79.67(10) 81.00(10)
02-Cu2-08 85.65(10) 86.59(10)
03A-Cu2-08 96.45(10) 96.38(10)
09-Cu2-08 97.22(10) 97.06(10)
09A-Cu2-08 101.18(9) 100.74(9)
Cul-09-Cu2 117.98(12) 118.47(12)
Cul-09-Cu2A 110.79(12) 110.67(11)
Cu2-09-Cu2A 100.33(10) 99.00(10)

[a] Symmetry code: A: —x, -y, —z.

scribed as two CuzO triagonal pyramids that share the
basal edge defined by two centrosymmetry-related and
double hydroxo-bridged Cu2 atoms, with Cu2:-Cu2A
3.048(1) A for 1 and 3.017(1) A for 2. The M—O-M angles
around the p3-OH (09) range from 99.0 to 118.5°. The sum
(329° for 1 and 328° for 2) of the three angles around each
u3-OH is in good agreement with the tetrahedral environ-
ment of the oxygen atom, and the oxygen atom is displaced
out of the Cus plane by 0.65A for 1 and 0.66 A for 2,
thereby defining a rather flat pyramidal shape for CusO.
The tetranuclear [Cuy(ps-OH),]°* core is reinforced by six
carboxylato bridges in the syn—syn coordination mode.
There are two different bridging fashions between Cul and
Cu?2 sites. One is the double-bridging motif that contains a
us-hydroxo and a carboxylato (O1-C-02), with Cul---Cu2
3.378(2) A for 1 and 3.389(1) A for 2; the other is the triple-
bridging motif consisting of a ps-hydroxo and two carbox-
ylato ligands (O3-C-O4 and O7-C-0O8), with shorter
Cul--Cu2A distances of 3.246(2) A for 1 and 3.246(1) A
for 2. The resulting [Cuy(p3-OH),(RCOO)q¢] cluster is remi-
niscent of the well-known clusters [My(p3-O)>(RCOO)c]"*
(n = 0-2, M = Mn, Fe, Cr), which have been extensively
studied for decades due to their great relevance to biological
systems and magnetic materials.'?! Besides the difference in
1250
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the p3 bridge (OH™ vs. O%"), the major difference is that the
previous clusters contain high-valence metals (mixed-valent
MMM or homovalent M),

Figure 1. (a) The tetranuclear cluster in 1 and 2 (thermal ellipsoids
are drawn at 30% probability). (b) The view showing the arrange-
ment of the coordination polyhedra in the cluster. (¢c) The 1D chain
constructed from the clusters.

The coordination geometry of Cu'l in the cluster is worth
further clarification from the viewpoints of coordination
chemistry and magnetochemistry. The Cu2 ion resides in a
square-pyramidal environment. The basal plane is defined
by two ps-hydroxo oxygen atoms (09 and O9A) and two
carboxylato oxygen atoms (O2 and O3), and a third carb-
oxylato oxygen (O8) occupies the apical position. The basal
Cu-O distances (1.94-1.99 A) are significantly shorter than
the apical ones (ca. 2.24 A). The basal atoms deviate from
their mean plane by less than 0.0555(16) A, and Cu2 is out
of the mean basal plane by 0.171(1) A in 1 or 0.173(1) A in
2. The geometry around Cul is also square pyramidal, also
with a carboxylato oxygen (O7) at the apical position, but
the basal plane is completed by a ps-hydroxo oxygen (O9)
and three carboxylato oxygen atoms (O1, O4, and O5).
Again, the basal Cu—O distances (1.93-2.04 A) are shorter
than the apical ones (ca. 2.16 A). The deviations of the
basal atoms from the basal mean plane are less than
0.0425(13) A, and Cul is at 0.2053(13)A (1) or
0.1975(12) A (2) above the basal plane. The basal planes of
Cul and Cu2 have a dihedral angle of 48.00(9)° in 1 or
48.12(8)° in 2. Notably, the O7-C-O8 carboxylato bridge
adopts the apical-apical disposition in Figure 1 (b) (i.e., the
oxygen atoms reside at the apical positions of the two Cul!
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ions it links), whereas the O1-C-02 and O3-C-04 carbox-
ylato bridges are disposed in the basal-basal fashion. The
us-OH bridge lies in the basal planes of all the Cu'! ions it
binds. These features are of particular relevance to the mag-
netic properties. It should be noted that Cul is weakly coor-
dinated by O6 from the O5-C-O6 carboxylato, with a
rather long Cu-O distance of 2.61 A. If this is included, the
05-C-06 carboxylato binds Cul in an asymmetric chelat-
ing mode, and the geometry around Cul may be described
as a highly distorted octahedron. Taking into account the
semichelating carboxylato ligands, the cluster has a stoichi-
ometry of [Cuy(us-OH),(RCOO)g]*. For comparison, the
previous [M4(u3-O)»(RCOO)¢]™* (n = 0-2, M = Mn, Fe, Cr)
clusters!'? have non-carboxylato ligands (usually, the che-
lating 2,2'-bipyridine and its analogues) to complete the co-
ordination geometry. To the best of our knowledge, the an-
ionic “basic carboxylate” Cu'ly motif in 1 and 2 is unprece-
dented. Two different “basic carboxylate” Cu'l, clusters
have been reported elsewhere. One is [Cu(oct)s(OH),(4-
apy)»]"¥ (3; oct = octanoate, 4-apy = 4-aminopyridine),
which contains the neutral [Cuy(ps-OH),(RCOO)g] motif
with terminal N donors (4-apy). An interesting difference
is that the apical-apical syn—syn carboxylato bridge in 1 and
2 is replaced by a monodentate carboxylato bridge in 3,
which uses a [,-O atom to bridge two metal ions (also in
the apical-apical disposition). The other basic tetracopper
carboxylato is [Cuu(tfc)s(OH),(quin)4!'4 (4; tfc = trifluoro-
acetate, quin = quinoline), which also contains the neutral
[Cuy(ps-OH)(RCOO)g] motif with terminal N donors
(quin). However, the bridging network in 4 is different from
those in 1-3. In 4, there are two nonbridging monodentate
carboxylato groups that bind Cu2 atoms. The neighboring
Cul and Cu2 atoms are either triply bridged by two carbox-
ylato bridges in the basal-apical disposition and a us;-OH,
or singly bridged by ps;-OH. Clearly, the formation of the
anionic [Cuy(u;-OH)»(RCOO)g)* clusters in 1 and 2 is facil-
itated by the zwitterionic carboxylato ligand.

The tetranuclear cluster has eight peripheral carboxylato
groups (two in the pseudochelating mode and six in the
syn—syn bridging mode) from different L ligands. The flexi-
ble methylene group and the 3-substituted pyridyl group in
the organic ligand collaborate to define a twisted and bent
bridging conformation for the whole ligand. The ligands in
such conformations serve as quaternate bridges to link the
clusters into an infinite chain along the crystallographic ¢
(1) or a (2) direction. The unusual chain looks like a thick
rope in which four strands join at the clusters. The four
ligands between two neighboring clusters are arranged in
pairs by n—r interactions (Figure 1, ¢). The benzene ring of
a ligand is nearly parallel to the benzene ring of a crystallo-
graphically independent ligand, with evident face-to-face
overlap. For 1, the dihedral angle between the interacting
rings is 5.0°, and the center-to-center distance and the
average atom-to-plane distance are 3.59 and 3.44 A, respec-
tively. The parameters for 2 are similar. In both compounds,
the chains are packed in parallel, and the perchlorate (or
chloride) anions and lattice water molecules occupy the in-
terchain spaces.
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Magnetic Properties

The magnetic susceptibilities () of compounds 1 and 2
were measured on crystalline samples under 1 kOe in the
range of 2-300 K and are shown as y7 and y versus 7T plots
in Figures 2 and 3, respectively. The two compounds show
similar temperature-dependent behaviors. The y7 values per
tetracopper cluster at 300 K are about 1.64 emuK mol!,
comparable with the spin-only value (1.50 emuKmol™!
from g = 2.00) expected for four magnetically isolated Cu'!
ions. As the temperature is lowered, the y7 value decreases
continuously, whereas the y value first increases to a maxi-
mum at 6 K for 1 and 7 K for 2 and then decreases rapidly
towards zero at lower temperature. The data above 50 K
follow the Curie—Weiss law with C = 1.85 emu K mol!' and
0 = -416K for 1, and C = 1.86emuKmol ! and 0 =
-38.2 K for 2. The above characteristics clearly suggest
overall antiferromagnetic interactions between Cu'" ions in
these compounds.
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Figure 2. Thermal variations of y and yT for 1 under 1 kOe. The
solid lines represent the best fit to the van Vleck equation.
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Figure 3. Thermal variations of y and x7 for 2 under 1 kOe. The
solid lines represent the best fit to the van Vleck equation.

Based on the structural data, there are three different
bridging motifs between adjacent Cu'l ions in the tetranu-
clear rhombic cluster: Cu2(OH),Cu2A, Cul(OH)(RCOO)-
Cu2, and Cul(OH)(RCOO),Cu2A. The superexchange
scheme can be represented as shown in Scheme 2.
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Scheme 2. The coupling scheme of the cluster.

The corresponding spin Hamiltonian is H = —2J(S,451
+ SZSI) — 2J2S2AS2 — 2J3(SZAS1 + SZSIA)~ The energy ma-
trix can be solved to give the following six energy levels
with the total spin (S) of 0, 1, and 2.1'%]
El =—J1—J2/2—J3, S=2
E2:J1*J2/2+J3,S: 1
Ey =02+ 12+ (L-2))"2 S=1
Ey= 12 -2+ (s - I, S =1
Es=J,+J3+ Jz/z + [4(.]12 + 132) + J22 *4]1.]3 - 2J2J3 -
2]1]2]1/2, S=0
E6 = J] + J3 + 12/2 — [4(.]]2 + J32) + Jzz — 4]1]3 - 2.]2]3 -
2050172, 8 =0

Applying the energy eigenvalues to the van Vleck equa-
tion yields the following analytical expression of the mag-
netic susceptibility; see Equation (1).

_2Nﬁ2g2é
2= B

()]

A = Sexp(—E\/kT) + exp(—E>/kT) + exp(—E3/kT) + exp(—E4/
kT) and B = Sexp(—E\/kT) + 3exp(—=E»/kT) + 3exp(—E5/kT)
+ 3exp(—Ey/kT) + exp(-Es/kT) + exp(—Eg/kT)

The experimental data for 1 and 2 can be simulated by
the above expression. The best-fit parameters are J, =
-16.2cm™, J, =279cm™!, J; =-13.8cm™!, and g = 2.20
for1;and J, =-153cm™, J, =258 cm ™!, J; =—14.8 cm™!,
and g = 2.21 for 2.

The J, values suggest a moderate antiferromagnetic in-
teraction through the double hydroxo bridge between Cu2
and Cu2A. It is well known that the interaction in the
double-hydroxo-bridged Cu'! systems is sensitive to the Cu—
O-Cu angle. For systems with large bridging angles
(>97.5°), the interaction is antiferromagnetic and the mag-
nitude increases as the angle increases.['>!% The two present
isostructural compounds follow this trend well: 1 has a
larger Cu2-O-Cu2A angle [100.3(1)°] than 2 [99.0(1)°], and
hence exhibits a stronger antiferromagnetic interaction.

The J, and J5 values suggest the interactions through the
mixed triple [(OH)(RCOO),] and double [(OH)(RCOO)]
bridges are also antiferromagnetic. As has been noted, one
of the carboxylato ligands in the triple-bridging motif
adopts an apical-apical disposition between Cu'' ions,
whereas the other bridges are in the basal-basal disposi-
tions. Since the magnetic orbital for Cu'! in axially elon-
gated square-pyramidal fields is of the d,- > type and is
mainly delocalized towards the basal ligands, the magnetic
coupling through the apical-apical bridge should be negligi-
bly small.l'”l Therefore, the apical-apical carboxylato path-
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way in the triple-bridging motif can be neglected from the
magnetic viewpoint, and both the triple and double motifs
have a hydroxo and a carboxylato as effective exchange
pathways. However, the incorporation of the apical-apical
carboxylato may be responsible for the decreased Cu-O-
Cu angle and Cu---Cu distance in the triple motif with re-
spect to those in the double motif, and hence may influence
magnetic coupling in an indirect way. The larger J; param-
eters may be assigned to the double motif, which has a
larger Cu—-O-Cu angle, but the assignment should be re-
garded as being very tentative because the J; and J; values
are very close to each other, especially for 2.

The isothermal magnetization behaviors of 1 and 2 were
measured from 0 to 50 kOe at 2 K (Figure 4). Upon apply-
ing the field up to 25 kOe, the magnetization for both com-
pounds increases slowly and linearly, as expected for anti-
ferromagnetic coupled systems with the S = 0 ground state.
A further increase of the field up to 50 kOe leads to a more
and more rapid increase in magnetization. This behavior
may be explained based on the Zeeman effect in the low-
lying excited states. According to energy expressions and
the Jy, J,, and J; values obtained above, the cluster has the
first excited state with S = 1 at only several cm™! (ca.
6.4cm! for 1 and about 8.5 cm™! for 2) above the S = 0
ground state. The Zeeman effect does not operate on the S
= 0 states but splits the S = 1 state (Figure 5). As the field
increases to a certain value, the crossover between the
ground state and the Mg = —1 (M is the magnetic quantum
number of the spin state) component of the excited state
occurs. The magnetization rise at higher field may be due
to the rapidly increased population of the Mg = —1 level as
the field approaches the crossover point. A similar phenom-
enon has been documented for a trinuclear Mn'! system
and a tetranuclear Ni'l system.['8] The observation that
magnetization of 1 increases more rapidly than that of 2 is
consistent with the smaller zero-field gap between the
ground and first excited states in 1. The smaller energy gap
means that the crossover occurs at a lower field.
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Figure 4. Field-dependent isothermal magnetization curves for
compounds 1 and 2 at 2 K (the solid lines are only a guide for the

eye).
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Figure 5. Energy levels of the low-lying spin states under external
field, calculated according to the best-fit J and g values for 1 (see
the text).

Conclusion

We have described two 1D Cu'! coordination polymers
derived from the new zwitterionic dicarboxylate ligand 1-
carboxymethyl-4-pyridinio-3-benzoate. The compounds
contain the unprecedented anionic basic copper(Il) carbox-
ylate clusters of formula [Cuy(OH),(RCOO)s]*, which are
quadruply interlinked by cationic pyridinium moieties.
Magnetic investigations on the compounds revealed antifer-
romagnetic intra-tetramer interaction through the mixed
hydroxo and carboxylato bridges.

Experimental Section

Materials and Physical Measurements: All the solvents and reagents
for synthesis were commercially available and used as received. The
ligand HL was synthesized according to the literature methods for
similar compounds.['”) Infrared spectra were recorded with a
NEXUS 670 FTIR spectrometer using KBr pellets. Elemental
analysis was carried out with an Elementar Vario El 111 elemental
analyzer. Temperature- and field-dependent magnetic measure-
ments were carried out with a Quantum Design SQUID MPMS-5
magnetometer. Diamagnetic corrections were made with Pascal’s
constants.

{|Cuy(OH),L4](Cl10,4),-8H,0},, (1): In a test tube, a solution of HL
(0.10 mmol, 0.026 g) and Cu(ClOy,),-6H,O (0.10 mmol, 0.037 g) in
methanol/water (1:1, 5 mL) was layered carefully with methanol/
water (1:1, 3mL) and then a solution of HCOONa (0.5 mmol,
0.034 g) in methanol (10 mL). The tube was sealed and left undis-
turbed at room temperature. X-ray-quality green block crystals ap-
peared five days later. Yield 0.026 g, 62% based on Cu(ClOy),
6H,0. Cs¢HssCLCuyN4O3y (1651.95): caled. C 40.61, H 3.53, N
3.38; found C 41.03, H 3.90, N 3.20. IR (KBr): ¥ = 3520 (br), 3083
(w), 1646 (s), 1593 (m), 1398 (s), 1102 (s), 784 (m), 754 (m), 623
(m) cm™.

{|[Cuy(OH),L4C1,-8H,0}, (2): The compound was prepared as
green block crystals by the procedure described above for 1 except
that copper perchlorate hexahydrate was replaced by copper chlo-
ride dihydrate. Yield 0.022g, 58% based on CuCl,:2H,0.
Cs6H53CLCugN, Oy (1523.99): caled. C 44.01, H 3.83, N 3.67;
found C 43.89, H 4.11, N 3.36. IR (KBr): ¥ = 3370 (br), 3066 (w),

Eur. J. Inorg. Chem. 2010, 1249-1254
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1642 (s), 1599 (w), 1401 (s), 1311 (m), 784 (w), 754 (w), 720 (w),
623 (w) cm™!.

Crystal Data Collection and Refinement: Diffraction intensity data
were collected at 293 K with a Bruker APEX II diffractometer
equipped with a CCD area detector and graphite-monochromated
Mo-K, radiation (4 = 0.71073 A). Empirical absorption corrections
were applied using the SADABS program.!*’! The structures were
solved by the direct method and refined by the full-matrix least-
squares method on F2, with all non-hydrogen atoms refined with
anisotropic thermal parameters.?!>?l The hydrogen atoms attached
to carbon atoms were placed in calculated positions and refined
using the riding model, and the hydrogen atoms of the hydroxo
groups were located from the difference maps. The hydrogen atoms
for the lattice water molecules could not be located due to the lim-
ited quality of the datasets. Pertinent crystallographic data and
structure refinement parameters are summarized in Table 2.

Table 2. Crystal data and structure refinement parameters for com-
pounds 1 and 2.

1 2
Formula C56H53C12CU4N4034 C56H58C12CU4N4026
M, 1656.12 1528.18
T [K] 296 296
Crystal system triclinic monoclinic
Space group Pl P2/c
aA] 10.7400(2) 13.9746(13)
b[A] 10.9397(2) 14.9708(14)
c[A] 13.9761(3) 14.3454(13)
a [ 83.2860(10) 90
AN 74.8080(10) 97.5570(10)
7 [°] 81.6720(10) 90
VA3 1562.62(5) 2975.1(5)
zZ 1 4
Deyiea. [gem™] 1.760 1.692
u [mm™] 1.532 1.591
Reflections collected 17408 18349
Unique reflections (R;,,) 6088 (0.0260) 6736 (0.0371)
Ry [I>20(D)] 0.0412 0.0425
WR; (all data) 0.1198 0.1196
GOF 1.039 1.058

CCDC-754932 (for 1) and -754933 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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