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Two new Cu' linear trinuclear Schiff base complexes, [Cus(L)2(CH3CO0).] (1) and [Cus(L)2(CFsCOQ),] (2), have
been prepared using a symmetrical Schiff base ligand HoL [where HoL = N,N'-bis(2-hydroxyacetophenone)pro-
pylenediimine]. Both of the complexes have been characterized by elemental analyses, Fourier transform IR, UV/
vis, and electron paramagnetic resonance spectroscopy. Single-crystal X-ray structures show that the adjacent Cu"
ions are linked by double phenoxo bridges and a u2—»"n' carboxylato bridge. In each complex, the central
copper atom is located in an inversion center with distorted octahedral coordination geometry, while the terminal
copper atoms have square-pyramidal geometry. Cryomagnetic susceptibility measurements over a wide range of
temperature exhibit a distinct antiferromagnetic interaction of J = —36.5 and —72.3 cm™" for 1 and 2, respectively.
Density functional theory calculations (B3LYP functional) and continuous-shape measurement (CShM) studies have
been performed on the trinuclear unit to provide a qualitative theoretical interpretation of the antiferromagnetic

behavior shown by the complexes.

Introduction

Schiff base complexes of transition metals have been
widely employed in the development of heterogeneous
catalysis,' molecular electronics, single-molecule-based mag-
netism, and photochemistry.”™ Their physical, optical, and
electronic properties have been explored in different coor-
dination environments with organic chelators, blockers, and
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suitable bridging units.®® Exchange-coupled polynuclear Cu™"
Schiff base complexes have gained particular attention
because of their novel structural and magnetic properties, in
addition to being considered as potential biomimic models
for a number of key biosystems.’'° The H,salen-type [N,N'-
bis(salicylidene)ethane-1,2-diamine] Schiff bases have proved
themselves as useful chelators in the synthesis of transition-
metal complexes because of their synthetic accessibility,
structural diversity and varied denticity."'
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Although the field of magnetically important Cu" com-
plexes has been extensively studied, fewer Schiff base
complexes containing a linear trinuclear array of copper
centers have been reported. One approach for the synthesis
of multinuclear complexes of copper is the introduction of
tri- or tetradentate Schiff base ligands with suitable donor
sets capable of holding together two or more metal ions.'?
The reactions of Hpsalen or related ligands with metal ions
yield complexes in which the oxygen atoms of the depro-
tonated Schiff base can bridge another metal ion to form
multinuclear (homo- or heteronuclear) complexes.'*'* An
additional bridging anionic ligand like carboxylate is needed
to provide the required rigidity and stability of the poly-
nuclear structure.'® Interestingly, most of the trinuclear
complexes reported so far are of salpn [salpn is the dianion
of N,N’-bis(salicylidene)propane-1,3-diamine] and contain the
additional anion bridge. It is well-known that a carboxylate
group can bridge metal ions to give rise to a wide variety of
polynuclear complexes ranging from discrete entities to three-
dimensional systems.'® Carboxylate groups can adopt dif-
ferent kinds of bridging conformations, the most important
being syn—syn, syn—anti, anti—anti, and oxo. The rich
chemistry of these complexes has been applied to the
investigation of magnetic exchange interactions between
metal ions. The predominant magnetic interaction between
metal centers in the commonly known polynuclear Cu!
complexes is antiferromagnetic, as observed in the antifer-
romagnetically coupled metal centers present in the active
sites of multicopper enzymes,'’ whereas ferromagnetic
interactions in linear trinuclear Cu'' Schiff base complexes
are comparatively rare.'®!® Magnetostructural correlations
in multinuclear Cu' complexes bridged by pairs of alkoxide
or phenoxide groups show that the major factor controlling
spin coupling (J) between the metal centers is the Cu—O—Cu
angle (®) and is also simultaneously related to the bridging
conformation adopted by the carboxylate group present in
these polynuclear systems.?!

In a continuation of our earlier studies*® on the phenoxo-
bridged multinuclear Cu' Schiff base complexes, this paper
contains systematic structural and magnetic studies of two
new linear trimeric Cu" Schiff base complexes with bridging
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carboxylates in a syn—syn fashion. Density functional theory
(DFT) calculations and continuous-shape measurement
(CShM) studies have also been performed on the trinuclear
functional unit to reveal the most plausible mechanism of
the antiferromagnetic interaction.

Experimental Section

Materials. All of the chemicals and solvents used for the syn-
theses were of high-purity analytical grade. Cu,(CH3COO),*
2H,0, 2-hydroxyacetophenone, 1,3-diaminopropane, and triethyl-
amine were purchased from Aldrich Chemical Co. Inc. and used
without any further purification. Hydrated copper(Il) trifluoroacetate
was prepared by the treatment of basic copper(Il) carbonate,
CuCO;+Cu(OH), (AR grade, E. Merck, India), with 60% trifluo-
roacetic acid (AR grade, E. Merck, India), followed by slow
evaporation on a steam bath. It was then filtered through a fine
glass frit and stored in a CaCl, desiccator.

Physical Measurements. The Fourier transform IR (FT-IR)
spectra were recorded on a Perkin Elmer Spectrum RX I FT-IR
system with a KBr disk in the range 4000—200 cm™!. The elec-
tronic spectra were recorded on a Perkin Elmer Lambda 40 UV/
vis spectrometer using high-performance liquid chromatography
grade methanol in the range 200—800 nm. Elemental analyses (C,
H, and N) were carried out using a Perkin Elmer 2400 II elemental
analyzer. Electron paramagnetic resonance (EPR) spectra of 1 and
2 were recorded on polycrystalline samples or in CH3CN and N,N-
dimethylformamide (DMF) solutions with an X-band Bruker EMX
spectrometer at 298 and 120 K. The spectra were simulated with
the computer program Bruker WinEPR SimFonia. Cryomagnetic
susceptibility measurements for the two complexes were carried
out on polycrystalline samples with a Quantum Design SQUID
MPMS-XL susceptometer apparatus working in the range 2—300
K under a magnetic fields of approximately 500 G (2—30 K) and
1000 G (35—300 K). Diamagnetic corrections were estimated from
Pascal’s tables.

Syntheses of the Schiff Base Ligand and Complexes.
N,N’-Bis(2-hydroxyacetophenone)propylenediimine (H,L). The
Schiff base hgand (OH)C6H4(CH3)C=N(CH2)3N=C(CH3)C6H4-
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Synthesis of Two New Linear Trinuclear Cu' Complexes

Table 1. Crystal Data, Data Collection, and Refinement Parameters of 1
and 2

1 2
formula C42H46CU3N403 C42H40Cu3F(,N4Og
fw (g mol™!) 925.48 1033.43
cryst size (mm?) 0.35 x 0.20 x 0.12 0.30 x 0.25 x 0.10
cryst syst monoclinic monoclinic
space group P2,/c (No. 14) P2,/n (No. 14)
a (A) 10.6100(6) 12.4695(12)

b (A) 19.3364(12) 10.6836(9)
c(A) 9.9334(5) 14.9603(13)
f (deg) 116.350(2) 97.393(5)
V (A3) 1826.19(18) 1976.4(3)

Z 2 2

Pealed (g cm™3) 1.683 1.737

Ao Ko (A) 0.71073 0.71073

T (K) 100 100

u (mm~1) 1.795 1.689

O mins Omax (deg) 2.1, 30.2 3.0, 26.0
total data, unique data 13 645, 4715 75072, 3888
obsd data [I > 20(D)] 3530 2561

R* 0.0367 0.0422

R’ 0.0804 0.1020

S 1.02 1.01

Apmax (e A73) 0.53 0.47

Apmin (e A73) —043 —0.69

R =3JIF, — FMZIF). " RY = {X[w(F, — F)2/Z[WIF, 2]} "2

(OH), or H,L, was prepared by the reflux condensation of
2-hydroxyacetophenone (0.272 g, 2 mmol) and 1,3-diaminopropane
(0.074 g, 1 mmol) in 20 mL of methanol for 1 h. The resulting
solution yielded shiny yellow crystals of the ligand upon slow
evaporation. They were dried and stored in vacuo over CaCl, for
subsequent use. Yield: 0.263 g (85%). Anal. Calcd for C19H22N,0,
(M =310.39 gmol™!): C, 73.52; H, 7.14; N, 9.03. Found: C, 73.41,
H, 7.11; N, 9.01. Characteristic IR absorptions (KBr, cm™'): 1623 s
(ve=n). UV/vis (4, nm): 241, 371.

[Cu3z(L)2(CH3COO),] (1). The appropriate quantity of solid
Schiff base ligand HyL (0.621 g, 2 mmol) was dissolved in 20 mL
of methanol. A solution of Cu,(CH3COO)4+2H,0 (0.653 g, 3 mmol)
in 10 mL of methanol was added to this solution. The mixture was
refluxed for 45 min at 65 °C. The resulting deep-green solution
was then filtered and kept undisturbed. After 2 days, green block-
shaped X-ray diffraction quality single crystals were separated out
from the filtrate. Yield: 0.821 g (89%). Anal. Calcd for
CiHy6CusN4Og (M = 925.47 g mol™'): C, 54.51; H, 5.01; N, 6.05.
Found: C, 54.48; H, 4.99; N, 6.01.

[Cu3(L)2(CF3C0OO0);] (2). The complex was prepared following
the same procedure as that described above for 1 except that
copper(Il) trifluoroacetate and the Schiff base were taken in the
proportion of 0.977 g, 3 mmol, and 0.621 g, 2 mmol, respectively.
Deep-green prismatic single crystals were obtained from the reaction
mixture after 3 days. Yield: 0.910 g (90%). Anal. Caled for
C40H46CU3F6N403 (M = 1015.44 g molfl): C, 47.31; H, 4.57; N,
5.52. Found: C, 47.29; H, 4.55; N, 5.49.

Crystallographic Data Collection and Refinement. Intensity
data were collected on single crystals of 1 and 2 at 100 K on a
Bruker X8 Apex 2 CCD diffractometer equipped with a graphite
monochromator and Mo Ko radiation (A = 0.71073 A) using the
Bruker Apex2 software.”* Multiscan absorption correction was
applied using SADABS.>*" All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of the aromatic rings and the
methyl, methylene, and imine (CH=N) groups were constrained
to ideal geometry and treated as riding on the bound atom. All of
the crystallographic computations were carried out using
SHELXTL,” PLATON 99,>** and ORTEP>** programs. Further
crystallographic data are summarized in Table 1.

Results and Discussion

FT-IR Spectroscopy. A strong sharp absorption band
around 1623 cm™! in the spectrum of the Schiff base ligand
may be assigned for the imine stretching frequency. This
band is shifted to the lower wave numbers upon complex-
ation with the metal by 20—40 cm™!, which can be attributed
to the coordination of the nitrogen atom of the imine group
to the metal ions.'">3* The phenolic v, in the free ligand
exhibits a strong band at 1201 c¢cm~!. However, in the
complexes, this band also shifts to the lower frequency region
at about 1181—1186 cm™!, providing evidence for coordina-
tion to the metal ions through the deprotonated phenolic
oxygen atoms.”*® Sharp bands appearing at nearly 420 and
375 cm™! correspond to the Cu—N and Cu—O stretching
frequencies, respectively, in the complexes. In 1, vibrationally
active acetate ligands display asymmetric and symmetric
stretching vibrations at 1564 and 1413 cm™!, respectively.
Moreover, complex 2 exhibits the typical trifluoroacetate
vibrations v,sm(COO™) at 1600 cm™! and vym(COO™) at
1450 cm™!. The difference between v45ym(COO™) and Vym-
(COO™), Av, in the complexes is about 150 cm™!, which is
smaller than 164 cm™! observed in free acetate and trifluo-
roacetate ion, indicating the presence of a deprotonated
carboxylate group coordinated to the metal centers in a
bridging bidentate fashion.?**

Electronic Spectra. In the complexes, the bands in the
465—335 nm range may be assigned for the n — x*
transition of the imine group?* and the bands at higher
energies (300—210 nm) are associated with the aromatic 7
— mr* intraligand charge-transfer transitions. The spectra of
the complexes also show intense bands at 305—375 nm,
attributable to ligand-to-metal charge-transfer transitions from
the coordinated unsaturated ligand to the metal ion.>> A broad
band in the range 620—650 nm can be correlated to the d—d
transition, which is typical for a Cu™ Schiff base complex.?

Description of the Crystal Structures. A perspective
ORTEP view with the atom-labeling scheme of the trimeric
asymmetric unit of 1 is presented in Figure 1. The molecular
structure of 2 exhibits very similar features and is shown in
Figure 2. Selected bond lengths and angles for complexes 1
and 2 are given in Table 2. Both of the centrosymmetric
complexes show a linear trinuclear array of three Cu' ions,
where two u-phenolato oxygen atoms of the deprotonated
Schiff base ligand L?~ and one bidentate bridging (u*—n':
7'y CX3;COO™~ anion (where X = H and F for 1 and 2,
respectively) bridge each terminal copper atom to the central
copper atom. Both of the carboxylates bridge the terminal
Cul and central Cu2 centers in a syn—syn fashion but are
mutually trans to each other, owing to inversion symmetry.
The IR spectra of the complexes provide useful information

(24) Golcu, A.; Tiimer, M.; Demirelli, H.; Wheatley, R. A. Inorg. Chim.
Acta 2005, 358, 1785.

(25) Tiimer, M. Synth. React. Inorg. Met.—Org. Chem. 2000, 30, 1139.

(26) Dieng, M.; Thiam, I.; Gaye, M.; Sall, A. S.; Barry, A. H. Acta Chim.
Slov. 2006, 53, 417.

(27) (a) Comprehensive Coordination Chemistry; Hathaway, B. J., Wilkin-
son, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: New York,
1987; Vol. 5, p 607. (b) Addison, A. W.; Rao, T. N.; Reedijk, J.; Van
Rijn, J.; Verschoor, G. C. J. Chem. Soc., Dalton Trans. 1984, 1349.
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Figure 1. ORTEP view of 1 with an atom-labeling scheme. Ellipsoids are
at the 50% probability level. Hydrogen atoms have been omitted for clarity
(symmetry code: A = —x, —y, —2).

Figure 2. ORTEP view of 2 with an atom-labeling scheme. Ellipsoids are
at the 50% probability level. Hydrogen atoms have been omitted for clarity
(symmetry code: A = —x, —y, —2).

Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for 1
and 2

bond length 1 2 bond angle 1 2

Cul—N1 1.980(2)  1.995(3) N1—Cul—N2 92.86(9) 97.70(13)
Cul—N2 1.984(2)  1.990(3) NI—Cul—03 88.23(9) 89.94(12)
Cul—03 1.9267(18) 1.903(2) N2—Cul—04 89.45(8) 88.24(12)
Cul—04 1.9810(2) 1.984(3) O3—Cul—04 87.57(8) 82.98(10)
Cul—02  2.2305(18) 2.312(3) N1—Cul—04 155.80(8) 169.43(12)
Cu2—-01 1.9317(18) 1.981(2) N2—Cul—03 175.01(8) 168.61(13)
Cu2—04  2.0002(18) 1.987(2) O2—Cul—03 91.90(7) 90.20(11)
Cu2—03  2.454(2) 2.331(3) 02—Cul—04 86.15(7) 85.90(10)
Cl-01 1.277(3)  1.269(5) N1—Cul—02 117.80(8) 102.02(12)
CI—-02A“ 1.247(3) 1.222(5) N2—Cul—02 91.89(7) 96.41(12)
N1-C9 1.292(3)  1.312(5) O1—Cu2—04 91.02(8) 91.46(10)

01-Cu2—03 87.80(7) 84.36(9)
03-Cu2—04 73.98(7) 72.77(9)

“ Symmetry code: A = —x, —y, —z.
about the bridging mode of the bidentate carboxylate. The
separation value between v,,ym(COO™) and vy (COO™), Ay
~ 150 cm™, is a clear indication of the bidentate syn—syn
bridging mode of the carboxylate.?®

The coordination geometry of the central Cu'! ion has
typical Jahn—Teller distortion, as is expected for a Cu' d°
system, from ideal octahedral geometry. The equatorial plane
of the central Cu2 is constructed by two bridging phenoxo
oxygen atoms (O4 and its symmetry-related counterpart
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04A) from two Schiff base ligands and two oxygen atoms
(Ol and O1A) from the two bridging carboxylates, while
the apical positions of the octahedron are occupied by the
two bridging phenoxo oxygen atoms O3 and O3A. Be-
cause the central Cu2 atom is located on an inversion center,
all three trans angles are 180°. In the coordination sphere of
Cu2 in complex 1, the equatorial Cu2—O(phenoxo) and
Cu2—0O(acetate) bond lengths are distinctly shorter than the
axial Cu2—O(phenoxo) distances (Table 2). Similarly, in
complex 2, the central Cu2 ion forms four short bonds in
the equatorial plane. Again the longest Cu—O bond is to
the bridging phenoxo oxygen along the axial direction, but
this is significantly shorter than the corresponding bond in
complex 1 (Cu2—03 = 2.454(2) and 2.331(3) A for
complexes 1 and 2, respectively).

In both complexes, two terminal copper atoms are
pentacoordinated, bearing identical environments, owing
to the crystallographic inversion symmetry. The coordina-
tion number 5 for Cu™ is very common, where it may
possess either square-pyramidal (SP) or trigonal-bipyra-
midal (TBP) geometry. For a pentacoordinated metal
center, the distortion of structure from TBP to SP can be
evaluated by the Addison distortion index, 7, defined as
the ratio of the mean in-plane Cu—L bond distance to the
out-of-plane Cu—L bond distance,?’® v = [10 — ®I/60],
where 0 and @ are the two largest coordination angles
and 7 = 0 for perfect SP and 1 for ideal TBP.?’" In
complexes 1 and 2, the calculated 7 values are 0.32 and
0.01, respectively, as is found for the terminal copper
atoms. This clearly suggests a distorted SP geometry for
the terminal copper atoms in complex 1, while it is a
perfect SP one in the case of complex 2. The equatorial
plane of each of the two equivalent terminal copper atoms
is formed by the two imine nitrogen atoms (N1 and N2)
and two phenolic oxygen atoms (O3 and O4). The apical
position is occupied by an oxygen atom from the bridging
carboxylate group (O2). Cul is displaced from the mean
equatorial plane constructed by two imine nitrogen atoms
and two phenolic oxygen atoms of the Schiff base ligand
by 0.244(3) and 0.139(2) A in complexes 1 and 2,
respectively, toward the axial oxygen. The two six-
membered CuONC; chelate rings are found to possess
half-chair conformations, while the CuN,C3 chelate ring
has a pronounced boat conformation. In the first complex,
the Cul —imine nitrogen and Cul —phenolic oxygen bond
distances are in the ranges observed for similar sys-
tems.”®° Similarly, in the later one, Cu—O equatorial
distances around the terminal Cul ions [1.903(2)—1.984(3)
A] are shorter than the axial Cul—02 bond distance of
2.312(3) A. The Cul—N distances [1.990(3) and 1.995(3)
A] are also comparable to those observed in similar
systems.?® The bridging carboxylate group coordinates to
the central Cu2 along the equatorial plane, while it

(28) (a) Chakraborty, J.; Samanta, B.; Pilet, G.; Mitra, S. Inorg. Chem.
Commun. 2007, 10, 40. (b) Majumder, A.; Rosair, G.; Mallick, A.;
Chattopadhyay, N.; Mitra, S. Polyhedron 2006, 25, 1753.

(29) Blackman, A. G. Polyhedron 2005, 24, 1.

(30) Mukherjee, A.; Saha, M. K.; Nethaji, M.; Chakravarty, A. R.
Polyhedron 2004, 23, 2177.
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Figure 3. X-band EPR spectra recorded on the polycrystalline sample of
1: (a) 298 K and (b) 120 K.
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Figure 4. X-band EPR spectra recorded on the polycrystalline sample of

2: (a) 298 K and (b) 120 K.
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occupies the axial site of the terminal Cul atom. Both of
these equatorial and axial Cu—O(acetate) distances are
significantly shorter in the case of complex 1, as compared
to similar bonds present in complex 2. Considering that
the only difference between the two complexes is the
—CHs; group in the first one and the —CF; group in the
later, the greater electron-withdrawing effect of the —CF3
group appears to be responsible for the elongation of the
equatorial Cu2—O1 and axial Cul —O2 bonds in complex
2. In complex 1, H11a of the saturated portion of the Schiff
base is 2.49 A from 02 (acetate) and is the closest
C—H—O contact. The same feature is found in complex
2 also where O2 (trifluoroacetate) is 2.34 A away from
HI11b.

EPR Measurements. The trimeric polycrystalline solid
complexes exhibit a single isotropic feature with g values
of 2.218 and 2.210 at 298 and 120 K, respectively, for
complex 1 (Figure 3). The corresponding values are 2.222
and 2.231 for complex 2 (Figure 4).

Such isotropic absorptions are usually the results of
intramolecular spin exchange, probably due to the strong spin
coupling among the paramagnetic ions, thereby broadening
the lines. Measurement at temperatures lower than 298 K
shows the reduction of the line width (cf. parts a and b of
Figure 3 and parts a and b of Figure 4).

The EPR spectrum of 1 dissolved in CH3;CN and DMF at
120 K shows the characteristic resonances of monomeric Cul'
species and an axial symmetry with a well-resolved hyperfine
(hf) structure (Figure 5). The signals attributable to the
solvated Cu" ions are found to be absent, indicating the
possible dissociation of the polymeric entity to yield a 1:1

T T T T T T T 1
2500 2700 2900 3100 3300 3500
Magnetic field / Gauss

Figure 5. X-band EPR spectrum of 1 dissolved in CH3CN or DMF at 120
K.

species with a square-planar geometry. Such a possibility
has been reported for other trimeric Cu" complexes.®' The
spectral parameters g = 2.242 and A, = 188.2 x 10™*cm™!
in CH3CN and g = 2.240 and A = 192.6 x 10~* cm™! in
DMF show good agreement with those reported for square-
planar Cu" complexes formed by salicylaldiimine or related
salen derivatives.>*

A superhyperfine (shf) structure is also visible in the first
parallel absorption and in the perpendicular region of the
spectrum (Figure 5), which may be attributed to the interac-
tion of the unpaired electron on the Cu™ ion with the two
N equivalent nuclei (/ = 1). In similar cases, a higher
number of lines than the five expected has been explained
as a further shf coupling with two distant imine "H nuclei (
=1/,).323% The absence of these protons in 1 and 2 suggests
that another factor such as the presence of other isotopes of
copper (**Cu and ®Cu) could be responsible for this effect,
enhancing the number of absorptions. The mean value of
15 x 107* ecm™! for Ay is in good agreement with that
reported in the literature.>> After dissolution in DMF, 2 shows
a spectrum comparable to that of 1 and similar to those of
other Cu" salen complexes: EPR parameters are g = 2.240
and Ay = 188.0 x 107* cm™!. On the other hand, complex
2 is poorly soluble in CH3CN and is characterized by an
unresolved spectrum similar to that observed in the solid
state.

Cryomagnetic Susceptibility Studies. The global feature
of the ymT vs T curves in 1 and 2 is a characteristic of
antiferromagnetic interaction of linear trinuclear Cu™ with
very slight differences. The value of ym7 at 300 K is 1.248
cm® K mol™! for 1 and 1.208 ¢cm?® K mol ™! for 2 (Figure 6),
which is close to that expected for three uncoupled Cu'" ions
(1.240 cm® K mol™! per three Cu" with g = 2.1). This value
decreases gradually (more quickly in the case of 2 than 1),
reaching 0.453 cm® K mol~' at 9.2 K for 1 and 0.461 cm® K

(31) Strinna Erre, L.; Garribba, E.; Micera, G.; Pusino, A.; Sanna, D. Inorg.
Chim. Acta 1997, 255, 215.

(32) Maki, A. H.; McGarvey, B. R. J. Chem. Phys. 1958, 29, 35.

(33) Hasty, E. F.; Colburn, T. J.; Hendrikson, D. N. Inorg. Chem. 1973,
12,2414,

(34) Charles, E. H.; Chia, L. M. L.; Rothery, J.; Watson, E. L.; McInnes,
E. J. L.; Farley, R. D.; Bridgeman, A. J.; Mabbs, F. E.; Rowlands,
C. C.; Halcrow, M. A. J. Chem. Soc., Dalton Trans. 1999, 2087.

(35) Klement, R.; Stock, F.; Elias, H.; Paulus, H.; Pelikdn, P.; Valko, M.;
Mazir, M. Polyhedron 1999, 18, 3617.

(36) Kita, S.; Hashimoto, M.; Iwaizumi, M. Inorg. Chem. 1979, 18, 3432.
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Figure 6. Plot of observed ymT vs T: (@) for complex 1 and (M) for

complex 2 (the molar value refers to three copper atoms). Solid lines

correspond to the best fit.

Figure 7. Structural representation with exchange coupling constants of
complex 2. Multiband cylinder bonds indicate the longer Cu--+O distance
(~2.3 A).

mol ! at ~25 K for 2. In the two cases, a plateau is observed
between these temperatures and 2 K.

The analysis of the experimental susceptibility data has
been performed?’ by the use of eq 1, considering two equal
J exchange couplings as indicated in Figure 7.

Ng2ﬁ2 1+eJ/kT+ loeSJ/ZkT
M7 gk

1+ AT 4 9 AT (1=p)+p (D
The energy values can be obtained using the Kambe
method?” from the Hamiltonian:

H=-J(S,S, + 5,55

In eq 1, we have taken into account a proportion of a
monomeric impurity (p), for which the susceptibility is
assumed to follow the Curie law y = (Ng?p*kT). The
parameters N, g, 3, and k in eq 1 have their usual meanings,
where J = doublet—quartet splitting. Least-squares fitting
of all of the experimental data leads to the following
parameters: J = —36.5 + 0.3 cm™!, p = 0.013, and g =
2.19 for complex 1 and J = —72.3 & 0.5 cm™!, p = 0.021,
and g = 2.20 for complex 2. The agreement R = Y,(}T; catca
= XTiexp)*!(xTiexp)* in both cases is less than 1075

(37) Kambe, K. J. Phys. Soc. Jpn. 1950, 5, 48.
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DFT Calculations (B3LYP Functional) and CShM
Studies. In order to examine the above results and understand
the mechanism of magnetic coupling, DFT calculations have
been performed using the atomic coordinates of the whole
trinuclear functional unit of the complexes, as revealed from
their single-crystal X-ray structures. The calculated J values
(described in the Computational Methodology section) are
found to be —10 and —26 cm™! for 1 and 2, respectively.
These values though appear to be less than the experimentally
fitted ones but are quite able to give a good qualitative
agreement: (i) the sign and the moderate antiferromagnetic
interaction; (ii) the relatively low exchange coupling in the
case of complex 1 compared to that of complex 2. From the
DFT calculations, the distortion in the metal ion geometry
and the extent of orbital mixing are reflected in the difference
of J values between the two complexes.

It is well-known that the magnetic behavior of divalent
copper complexes bridged equatorially by a pair of phenox-
ide®® oxygen atoms is highly dependent on the Cu—O—Cu
bridge angle. Additionally, the Cu—O(bridge) distance, the
Cu--+Cu separation, the geometries around the copper center,
and the bridging oxygen atom can also influence the coupling
even though in smaller measure. In our cases too, the
exchange coupling (J) can be explained in terms of the
geometrical distortions that affect the copper coordination
spheres, the geometry of the bridges, and the planarity of
the bridge core. In the case of complexes 1 and 2, the
equatorial planes containing the d,2—,2 orbitals are rotated,
leaving a relatively perpendicular orientation. This situation
is comparable to dinuclear Cu" complexes with double
phenoxo bridges, where the overlap between the Cu de-,
orbital and the p orbital of the oxygen atom of the phenoxo
group decreases if one of the equatorial planes that contain
the d,2—> orbital rotates versus the other one along an axis
other than the bonding axis. This also causes one of the two
Cu—O(phenoxo) distances to become large, as observed in
the case of complexes 1 and 2 (Figure 7). For complexes 1
and 2, the relatively perpendicular orientation of the do-,
orbitals reduces the extent of overlap between the magnetic
orbitals, thereby decreasing the antiferromagnetism, although
there is sufficient overlap of each d.-,2 orbital with the
phenoxide oxygen p orbital to generate negative J values of
intermediate magnitude®® (Figure 8). It is necessary to
indicate here that the difference found in the J values between

(38) (a) Gupta, R.; Mukherjee, S.; Mukherjee, R. J. Chem. Soc., Dalton
Trans. 1999, 4025. (b) Adams, H.; Bailey, N. A.; Campbell, I. K.;
Fenton, D. E.; He, Q.-Y. J. Chem. Soc., Dalton Trans. 1996, 2233.
(c) Block, D.; Blake, A. J.; Dancey, K. P.; Harrison, A.; McPatlin,
M.; Parsons, S.; Tasker, P. A.; Whitlaker, G.; Schréder, M. J. Chem.
Soc., Dalton Trans. 1998, 3953. (d) Sunatsuki, Y.; Nakamura, M.;
Matsumoto, N.; Kai, F. Bull. Chem. Soc. Jpn. 1997, 70, 1851. (e)
Vaidyatham, M.; Viswanathan, R.; Palaniandavar, M.; Balasubrama-
nian, T.; Prabhaharan, P.; Muthiah, T. P. Inorg. Chem. 1998, 37, 6418.
(f) Sangeetha, N. R.; Baradi, K.; Gupta, R.; Pal, C. K.; Manivannan,
V.; Pal, S. Polyhedron 1999, 18, 1425. (g) Galy, J.; Jaud, J.; Kahn,
0O.; Tola, P. Inorg. Chim. Acta 1979, 36, 229. (h) Tandon, S. S.;
Thompson, L. K.; Bridson, J. N. Inorg. Chem. 1993, 32, 32. (i) Dutta,
S. K.; Florke, U.; Mohanta, S.; Nag, K. Inorg. Chem. 1998, 37, 5029.
(j) Thompson, L. K.; Mandal, S. K.; Tandon, S. S.; Bridson, J. N.;
Park, M. K. Inorg. Chem. 1996, 35, 3117. (k) Xie, Y.; Jiang, H.; Chan,
A. S. C.; Liu, Q.; Xu, X.; Du, C.; Zhu, Y. Inorg. Chim. Acta 2002,
333, 138.
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Figure 8. Spin-density distribution for complex 2 corresponding to the S
= 1/, ground-state single-determinant B3LYP solution. Positive and negative
values are represented as white and dark surfaces, respectively. In some
bridging oxygen atoms, there are two lobes with spin densities of different
sign that appear because of the presence of neighboring Cul' cations with
opposite spin densities; probably this spin density is an artifact due to the
single-determinant wave function considered.

the two complexes is not due to the bridge angles, but it is
the distortion in the geometry of the terminal Cul ions that
is responsible for that fact because these Cu—Op,—Cu angles
are more or less similar in both complexes: 103.11° and
89.93° for 1 and 103.87° and 94.67° for 2. In complexes 1
and 2, the calculated 7 values are 0.32 and 0.01, respectively,
suggesting a distorted SP geometry for the terminal copper
atoms in 1, while it is a perfectly SP in the case of 2. This
implies that in complex 2 the d.-,» magnetic orbital is
majorly located in the basal plane in order to ensure a more
efficient overlap, resulting in a relatively larger J value,
whereas in 1, a small distortion of the SP geometry toward
the TBP geometry allows the magnetic orbital to acquire
some d_ character, causing a diminution of the magnetic
coupling. This explains well the relatively lower value of
the experimentally found J in 1 compared to that in 2, a fact
that has also invariably been corroborated by the theoretically
calculated J value.

To give a deep insight, we have further studied the
geometry of the terminal copper atoms of the trinuclear
system using the CShM studies proposed by Avnir and
Alvarez and co-workers.***! According to this theory, if a
structure Q is fully coincident in shape with reference
polyhedron P, then So(P) = O [the expression of Sq(P) is
given under the Computational Methodology section]; devia-
tion of the value from O measures the departure from the
ideal shape of the P polyhedron.

To compare the measures obtained for SP and the
distortion to TBP, we have made a shape map (Figure 9a).
This plot also represents the minimal distortion interconver-
sion path between these two reference polyhedra considered.
We may also consider the vacant octahedron (VOC) having

(39) Choudhury, C. R.; Dey, S. K.; Karmakar, R.; Wu, C. D.; Lu, C. Z.;
El Fallah, M. S.; Mitra, S. New J. Chem. 2003, 27, 1360.

(40) Zabrodsky, H.; Peleg, S.; Avnir, D. J. Am. Chem. Soc. 1992, 114,
7843.

(41) Alvarez, S.; Avnir, D.; Llunell, M.; Pinsky, M. New J. Chem. 2002,
26, 996.
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Figure 9. Minimal distortion path between (a) TBP and SP and (b) TBP
and VOC. The open circles indicate the positions of two ideal shapes. The
solid points indicate the positions of 1 and 2, which are identified with the
shape measures S; and S, respectively.

angles of 90° as an ideal shape. Therefore, the shape map
of the minimal distortion interconversion path TBP/VOC is
also represented in Figure 9b. The CShM values obtained
in each case are listed in Table 3. The lowest CShM values,
S(SP) = 1.8 and S(SP) = 1.0 for 1 and 2, respectively,
relative to the reference polyhedron suggest that the best
structure to describe the geometry of the terminal copper
atoms is SP instead of the VOC or the TBP. The results
indicate that 1 and 2 are deviated more than 25% from the
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Table 3. CShM for 1 and 2 Considering Three Reference Geometries
(VOC, TBP, and SP)

S(VOC) S(TBP) S(SP)
1 2.4 3.8 1.8
2 1.2 6.3 1.0

Scheme 1. Scheme Showing the Conversion of the Orbital Geometries
of the Terminal Cu'! Tons

Turned S quare Pyramid

Lost Overlap

[

J

Lost Overlap

Trigonal Bipyramid

minimal interconversion path. In the case of 1, it is clear
that the geometry of the copper center is more distorted from
SP than that in 2. Consequently, the relatively weak
antiferromagnetic interaction can be ascribed to the unfavor-
able overlaps of the magnetic orbitals for the distorted SP
terminal Cu" ions in 1, compared to that of 2. In this
distortion, the contribution of the d.-,» orbital diminishes
mainly through the pathway described in Scheme 1, and the
d.2 orbital contribution grows in the perpendicular direction,
reducing the net orbital overlap and therefore the antiferro-
magnetic interaction.

Computational Methodology

DFT Calculations. The exchange coupling constants in
the reported linear trinuclear Cu complexes have been
calculated using the following computational methodology,
described previously in the literature.**™*> Using a phenom-
enological Heisenberg Hamiltonian H = —3.J;S;S, (where i
labels the different kinds of coupling constants, while j and
k refer to the different paramagnetic centers) to describe the
exchange coupling between each pair of transition-metal ions
present in the polynuclear complex, the full Hamiltonian
matrix for the entire system can be constructed.

(42) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J. J. Am. Chem. Soc. 1997,
119, 1297.

(43) Ruiz, E.; Rodriguez-Fortea, A.; Cano, J.; Alvarez, S.; Alemany, P.
J. Comput. Chem. 2003, 24, 982.

(44) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. J. Comput. Chem. 1999,
20, 1391.

(45) Ruiz, E. Struct. Bonding 2004, 113, 71.
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To calculate the exchange coupling constants for any
polynuclear complex with n different exchange constants,
at least the energy of n + 1 spin configurations must be
calculated. In the case of the studied trinuclear complexes,
the exchange coupling value J was obtained by taking into
account the energy of two different spin distributions: HS
(high spin) with S = 3/, and LS (low spin) with § = /5.

The following equation has been employed to calculate
the exchange coupling constant,

Eys—Eg=-2J @)

The hybrid B3LYP functional*® has been used in all
calculations as implemented in Gaussian 03,*” mixing the
exact Hartree—Fock-type exchange with Becke’s expression
for the exchange functional®® and that proposed by Lee—
Yang—Parr for the correlation contribution.** Such an
exchange functional provides calculated J values usually in
qualitative, sometimes almost quantitative, agreement with
the experimental values.**>*3! The use of the nonprojected
energy of the broken-symmetry solution as the energy of
the LS state within the DFT framework provides more or
less satisfactory results because it avoids the cancellation of
the nondynamic correlation effects.” Basis sets proposed by
Schaefer et al. have been employed throughout: triple-C
quality and two p-type polarization functions for the copper
atoms™ and double-¢ for the main-group elements.>* The
guess functions were generated with Jaguar 6.0.°° All of
the energy calculations were performed including 1078
density-based convergence criterion.

CShM. These measures provide a method of quantitative
evaluation of the shape of a given structure, to estimate the
degree of distortion of a particular coordination polyhedron
from a chosen ideal polyhedron. The calculation of CShM
of the coordination sphere of a given atom (polyhedron Q),

(46) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin,
A.J.; Cammi, R.; Pomelli, C.; Ochterski, J.; Ayala, P. Y.; Morokuma,
K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.;
Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.;
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Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu,
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Scheme 2. Coordination Sphere of a Given Atom (Polyhedron Q),
Relative to an Ideal Polyhedron P

q P1

Pa

Qs Ex

relative to an ideal polyhedron, P (Scheme 2), requires
knowledge of the N vectors ¢; describing the 3N Cartesian
coordinates g;, as well as the corresponding vectors contain-
ing the coordinates p; of the ideal polyhedron. The ideal shape
is then rotated, translated, and scaled in such a way as to
minimize the distance function in eq 3, which then gives
the shape measure of the investigated structure, Q, relative
to the ideal shape P as So(P).

N
N G- pl

i=1

So(P) =min v
)
2 lg; — qol
i=1

In eq 3, qo is the position vector of the geometric center
of Q. According to the definition of CShM, if two shapes
are identical, then Sq(P) = 0, and the more different the
shapes are, the larger the CShM values will be. Stereochem-
ical studies of polyhedral structures having between four and
nine vertices on the basis of CShM have been published by
Alvarez et al.®

x 100 3)

(56) (a) Alvarez, S.; Alemany, P.; Casanova, D.; Cirera, J.; Llunell, M.;
Avnir, D. Coord. Chem. Rev., and references cited therein. (b) Ruiz-
Martinez, A.; Casanova, D.; Alvarez, S. Chem. Eur. J. 2007, 14, 1291.

Conclusion

In this paper, we report two new Cu® linear trinuclear
Schiff base complexes. DFT calculations based on the single-
crystal X-ray structures have been used to model the
exchange process, leading to the exchange integrals being
qualitatively comparable to the experimentally determined
values that reveal a moderate antiferromagnetic interaction.
The relatively low exchange coupling in the case of complex
1 compared to that of complex 2 has been attributed to the
small distortion toward TBP, which diminishes the contribu-
tion of the d,2—,2 orbital, causing unfavorable overlaps of the
magnetic orbitals. Additionally, CShM studies have been
performed to quantitatively evaluate the loss of shape or
symmetry, so as to estimate the degree of distortion in the
Cu®! coordination polyhedron from an ideal polyhedron.
Overall, a reasonable theoretical interpretation of the mag-
netic behavior shown by the complexes has been provided
from the results of these studies.

Acknowledgment. S.T. gratefully acknowledges the Coun-
cil of Scientific and Industrial Research, New Delhi, India,
for the award of a Research Fellowship (CSIR Sanction
No0.09/096(0519)/2007-EMR-I). J.C. is thankful to the Uni-
versity Grants Commission, New Delhi, India, for a Senior
Research Fellowship. Spanish (Grants CTQ2006-01759/BQU
and CTQ2005-08123-C02-02/BQU) and Catalan (Grants
2005SGR-00593 and 2005SGR-00036) financial support is
also acknowledged. J.T. is grateful to the Centre de Com-
putacié de Catalunya (CESCA), with a grant provided by
Fundaci6 Catalana per a la Recerca (FCR) and the Universitat
de Barcelona.

Supporting Information Available: X-ray crystallographic files
including the structural data for complexes 1 and 2 in CIF format.
This material is available free of charge via the Internet at
http://pubs.acs.org.

1C8001459

Inorganic Chemistry, Vol. xx, No. x, XXXX [



