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ABSTRACT: Two acentric, i.e., noncentrosymmetric, mononuclear complexes, Co(S- 004
ATZ),Cl, 1, and Cu(5-ATZ),Cl,, 2, where 5-ATZ is the monodentate S-amino-1-H- 0.03 |
tetrazole ligand, have been prepared and characterized. Both complexes crystallize in the o o, :
tetragonal system with the P4nc space group, a member of the polar non- 2
centrosymmetric 4mm class, and thus both 1 and 2 can exhibit ferroelectric and =
nonlinear optical properties. Magnetic studies indicate that 1 is a paramagnetic high-spin
cobalt(II) complex with a rather extensive spin—orbit coupling, modeled as a zero-field .
splitting parameter, D, of +91(3) cm™" and with very weak long-range antiferromagnetic
exchange interactions. Direct current (dc) and ac magnetic studies indicate that 2 is a ;
paramagnetic copper(Il) complex that exhibits weak ferromagnetic exchange — 003 E
interactions below 15 K. Both 1 and 2 exhibit ferroelectric hysteresis loops at room

olarization,

P
S
S

temperature with remanent polarizations of 0.015 #C/cm?* and coercive electric fields of A6 M2 B 4 04 8 R

5.5 and 5.7 kV/cm, respectively.

B INTRODUCTION

Ferroelectric coordination complexes are of interest because of
their promising applications in a variety of new technologies,
such as electric devices, information storage, and nonlinear
optical devices." For a complex to exhibit ferroelectricity, the
complex must crystallize in one of the 10 polar non-
centrosymmetric crystal classes, namely, 1, m, 2, mm2, 3, 3m,
4, 4mm, 6, and 6mm crystal classes.”™

Multifunctional materials are especially attractive for
technological applications because their properties can be
controlled through two external parameters, i.e., in the case of a
multiferroic complex, an applied electric field and an applied
magnetic field.

Fortunately, the 10 polar noncentrosymmetric crystal classes
listed above offer the possibility of multifunctionality” as the 1,
2, 3, 4, and 6 crystal classes can exhibit a combination of
chirality, enantiomorphism, optical activity, ferroelectricity, and
piezoelectricity, whereas the m and mm2 crystal classes can
exhibit optical activity, ferroelectricity, and piezoelectricity, and
the 3m, 4mm, and 6mm crystal classes can exhibit only
ferroelectricity and piezoelectricity. Further, if a complex
contains transition metal jons with unpaired electrons, a
combination of the resulting magnetic properties with the
above properties may induce novel functions and may possibly
lead, for instance, to a multiferroic complex exhibiting the
coexistence of both ferromagnetic and ferroelectric properties.®
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Although a great deal of progress has been made in the
syntheses of ferroelectric complexes,'>® challenges still remain
in the systematic engineering’ of crystalline complexes that
exhibit polar order.

Because of the close relationship that exists between chirality
and ferroelectricity in the 1, 2, 3, 4, and 6 crystal classes, one
efficient synthetic strategy to prepare ferroelectric complexes is
to use chiral organic ligands that form a homochiral structure,’
i.e, a geometric arrangement in a crystal in which all the chiral
ligands show the same dextrorotary or levorotary chirality.
Another more challenging synthetic strategy”® is to use achiral
organic ligands. Such ligands may be included® in chiral
coordination polymers by spontaneous resolution, polymers
that may also exhibit ferromaégnetism. In other cases, an achiral
organic ligand may induce® chirality in the complex because
of its flexibility or simply lead to a complex crystallizing in a
noncentrosymmetric crystal class. Many of these complexes
exhibit ferroelectric and/or nonlinear optical properties.

The S-amino-1-H-tetrazole ligand, herein referred to as S-
ATZ, is a potentially multidentate ligand whose tetrazole ring
nitrogens may bridge between transition metal ions in various
coordination modes; a few recent examples of S-ATZ
coordination complexes have been reported.” However, these
studies have mainly concentrated on either their novel
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topological architectures or their photoluminescent properties
and so far rarely concern the development of their magnetic
and ferroelectric properties.

Herein, we report the syntheses, structures, and magnetic
and ferroelectric properties of two polar noncentrosymmetric
mononuclear coordination complexes, Co(5-ATZ),Cl,, 1, and
Cu(5-ATZ),Cl,, 2, complexes that represent the first examples
of polar noncentrosymmetric complexes based on the achiral S-
ATZ ligand.

B EXPERIMENTAL SECTION

Chemical reagents and solvents were purchased commercially and
used as received without further purification. The crystals of 1 and 2
are very stable in air at ambient temperature and are insoluble in water
and common organic solvents.

Synthesis of Co(5-ATZ),Cl,, 1. A mixture of CoCl,-6H,0 (0.24 g,
1.0 mmol) and 5-ATZ (0.34 g, 4.0 mmol) was dissolved in 40 mL of
distilled water by stirring for 4 h at 80 °C. Red block-shaped single
crystals were obtained as the solvent slowly evaporated at ambient
temperature over a period of S days. The yield was 75% based on Co.
Elemental analysis caled for CoC,H;,N,,Cl,: C, 10.22%, H, 2.57%,
and N, 59.59%. Observed: C, 10.16%, H, 2.60%, and N, 59.63%.
Infrared absorptions in cm™! measured in KBr: 3444s, 3339s, 3225w,
1642s, 1577w, 1462w, 1396w, 1297m, 1135m, 1056m, 997m, 712w,
628w, and 444w.

Synthesis of Cu(5-ATZ),Cl,, 2. A mixture of CuCl,-2H,0 (0.17 g,
1.0 mmol) and 5-ATZ (0.34 g, 4.0 mmol) was dissolved in 40 mL of
distilled water by stirring for 4 h at 80 °C. Blue block-shaped single
crystals were obtained as the solvent slowly evaporated at ambient
temperature over a period of 5 days. The yield was 64% based on Cu.
Elemental analysis caled for CuC,H,N,,Cl,: C, 10.12%, H, 2.55%,
and N, 59.01%. Observed: C, 10.10%, H, 2.60%, and N, 59.03%.
Infrared absorptions in cm™! measured in KBr: 3424s, 3332s, 3141w,
1641s, 1578w, 1466m, 1300m, 1141m, 1059m, 1000m, 726w, and
461w.

Physical Methods. Elemental analyses were performed by using a
Perkin-Elmer Model 240 CHN elemental analyzer. Infrared spectra
were obtained between 4000 and 400 cm™" in KBr pellets by using a
Nicolet Magna-IR 560 infrared spectrometer.

Electric Studies. Electric hysteresis loops have been measured at
ambient temperature by using a Premier II ferroelectric instrument.
The ambient temperature electric polarization of 0.1 cm thick pressed
pellets made from polycrystalline samples of 1 and 2 was measured at
+300, +600, +900, +1200, and +1500 V or in applied fields of +3, +
6, + 9, + 12, and +15 kV/cm. The accuracy on the measured electric
polarization is 0.001 ,uC/cmz.

Magnetic Studies. Magnetic studies were performed on samples
of 1 and 2 anchored in eicosane by using either a Quantum Design
MPMS superconducting quantum interference magnetometer or a
Maglab 2000 magnetometer. The dc magnetic susceptibility of 1 was
measured during field cooling from 270 to 2 K in a 0.1 T applied field.
The dc magnetic susceptibility of 2 was measured during field cooling
from 300 to 2 K followed by field warming to 300 K in a 0.1 T applied
field; between 1S and 300 K the cooling and warming results were
essentially identical and have been merged. The dc magnetization of 2
was subsequently measured at 2 K between +4 T. Subsequently, the ac
magnetization of 2 was measured in a = 3 Oe ac field at seven
frequencies between 311 and 2311 Hz during warming from 2 to 30 K
in a zero dc bias field. Next, the ac magnetization of 2 was measured in
a =+ 3 Oe ac field at 11 frequencies between 111 and 9011 Hz during
warming from 2 to 30 K in the presence of a 0.1 T dc bias field.
Finally, the ac magnetization of 2 was measured in a +3 Oe ac field at
14 frequencies between 311 and 9011 Hz during warming from 2 to
20 K in the presence of a 0.2 T dc bias field. Diamagnetic corrections
of —0.000214 and —0.000215 emu/mol, obtained from tables of
Pascal’s constants,'® have been applied to all the measured molar
magnetic susceptibilities of 1 and 2, respectively. The errors associated
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with the various magnetic fits reported below are the statistical fitting
errors; the actual errors are probably 2—3 times larger.

X-ray Crystallographic Studies. Suitable single crystals of 1 and
2 were selected and mounted in air on thin glass fibers. Accurate unit
cell parameters were determined by a least-squares fit of 26 values, and
the intensity data were measured at 153(2) K for 1 and 294(2) K for 2
by using a Rigaku R-axis Rapid IP area detector with 0.710 73 A Mo K,,
radiation. The intensities were corrected for Lorentz and polarization
effects as well as for empirical absorption by using the multiscan
technique.'" All structures were solved by direct methods and refined
by full-matrix least-squares fitting on F* by using the SHELX-97
code.'* All non-hydrogen atoms were refined with anisotropic thermal
parameters. The positions of the hydrogen atoms bound to the
nitrogen of a tetrazole ring and to the amino group were calculated
theoretically. The refined Flack parameter' is 0.036(15) for 1 and
0.023(15) for 2, values that indicate that the absolute structures are
well-defined.

B RESULTS AND DISCUSSION

Single Crystal Structural Results. Single-crystal X-ray
structural studies indicate that 1 and 2 are isostructural and
crystallize in the tetragonal system with the P4nc space group, a
member of the polar noncentrosymmetric 4mm class, and thus
both Co(5-ATZ),Cl,, 1, and Cu(S5-ATZ),Cl,, 2, can exhibit
pyroelectric and ferroelectric properties as well as second
harmonic generation nonlinear optical properties.> The unit
cells of 1 and 2 have Z = 2 and thus there are two molecules of
the complex per unit cell, one of which resides near the center
of the unit cell and the second lies on four c-edges of the unit
cell. Although an isolated molecule of 1 and 2 would be chiral,
see Figure 1, in the crystalline solid state both 1 and 2 are

Figure 1. The X-ray structure of Cu(S-ATZ),Cl, 2, obtained at
294(2) K, left, and its chirality as an isolated molecule, right.

achiral because of the symmetry operations associated with the
space group that generate the two symmetry related molecules
found in the unit cells.

Details of the crystal and structural refinement are given in
ref 14, and selected bond distances and angles are given in
Table 1.

Complexes 1 and 2 are isostructural and both are self-
assembled from the achiral S-amino-1-H-tetrazole, 5-ATZ,
ligand. Because of the close similarity of the two structures,
only the structure of 2 will be described in detail. The
asymmetric unit of 2 consists of one copper(Il) cation, two
chloride anions, and one 5-ATZ ligand. The molecular
structure of 2 is shown in Figure 1 and that of 1 is shown in
Figure S1 in the Supporting Information.

The copper(Il) ion in 2 is six-coordinate with four
coordinated nitrogen atoms from four 5-ATZ ligands forming
the equatorial plane and two trans chloride anions in the axial
positions to vyield the trans-CuN,Cl, pseudo-octahedral
structure. The copper(Il) ion exhibits a “classic” Jahn—Teller
distortion, with two significantly different copper(Il) to
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Table 1. Selected Bond Lengths (A) and Bond Angles (deg) for 1 and 27

complex 1
Co(1)—CI(1) 2.4332(10) N(4)no.1-Co(1)—N(4)no.2 89.956(3) N(4)no.2—Co(1)—CI(1) 91.59(5)
Co(1)-ClI(2) 2.5411(10) N(4)—Co(1)-N(4)no.2 89.956(3) N(4)no.3—Co(1)—CI(1) 91.59(5)
Co(1)—-N(4) 2.1265(11) N(4)no.1—Co(1)—N(4)no.3 89.956(3) N(4)no.1-Co(1)—CI(2) 88.41(5)
Co(1)—N(4) no.1 2.1265(11) N(4)—Co(1)-N(4)no.3 89.956(3) N(4)—Co(1)-CI(2) 88.41(5)
Co(1)—N(4)no.2 2.1265(11) N(4)no.2—Co(1)—N(4)no.3 176.82(10) N(4)no.2—Co(1)—CI(2) 88.41(5)
Co(1)—-N(4)no.3 2.1265(12) N(4)no.1-Co(1)—CI(1) 91.59(5) N(4)no.3—Co(1)—Cl(2) 88.41(5)
N(4)no.1-Co(1)—N(4) 176.82(10) N(4)—Co(1)—-CI(1) 91.59(5) CI(1)—Co(1)—CI(2) 180.0

complex 2
Cu(1)-N(4) 2.0217(15) N(4)—Cu(1)-N(4)no.2 175.40(13) N(4)no.2—Cu(1)—ClI(2) 92.30(7)
Cu(1)-N(4)no.1 2.0217(15) N(4)no.1—Cu(1)—N(4)no.2 89.908(5) N(4)no.3—Cu(1)—ClI(2) 92.30(7)
Cu(1)—-N(4)no.2 2.0217(15) N(4)—Cu(1)-N(4)no.3 89.908(5) N(4)—Cu(1)-CI(1) 87.70(7)
Cu(1)-N(4)no.3 2.0217(15) N(4)no.1-Cu(1)—N(4)no.3 175.40(13) N(4)no.1-Cu(1)—CI(1) 87.70(7)
Cu(1)—CI(1) 2.8099(12) N(4)no.2—Cu(1)—N(4)no.3 89.908(5) N(4)no.2-Cu(1)—CI(1) 87.70(7)
Cu(1)-ClI(2) 2.6076(13) N(4)—Cu(1)-CI(2) 92.30(7) N(4)no.3—Cu(1)—CI(1) 87.70(7)
N(4)—Cu(1)-N(4)no.1 89.908(5) N(4)no.1—Cu(1)—Cl(2) 92.30(7) Cl(2)—Cu(1)-CI(1) 180.0

“Symmetry operations: for 1, no.l —y, x, z; no.2 —«, —y, z; n0.3 y, —x, z. For 2, no.1 —x + 2, =y + 2, z; no.2 y, —x + 2, z; n0.3 —y + 2, x, z.

chloride trans bond distances of 2.8099(12) A for the Cu—ClI1
bond and 2.6076(13) A for the Cu—CI2 bond; the four
equatorial Cu—N4 bond distances are significantly shorter at
2.0217(15) A. The copper(II) ion is 0.0815 A above the center
of the plane of the four equatorial coordinated N4 nitrogens in
the direction of CI2. Further, Cl1 is 2.7284 A and CI2 is 2.6891
A from the center of the plane formed by the four equatorial
N4 coordinated nitrogens. However, it should be noted that the
four NS atoms of the four S-amino groups on the 5-ATZ
ligands are all above the plane of the N4 atoms and thus are all
found in the direction of CI2; the distance of CI2 to the four
HSA hydrogens of these amino groups is 2.848 A. Because of
steric crowding one might expect the Cu—CI2 distance to be
longer than the Cu—Cl1. However, this is not the case and it
seems that CI2 is pulled closer to the copper(II) ion than is Cl1
by weak bonding interactions of CI2 with the HSA hydrogen of
the S-amino group on the four 5-ATZ ligands.

A very similar bonding situation occurs in Co(5-ATZ),Cl,, 1,
although the actual bond distances are rather different, i.e., the
cobalt(1I) ion is only 0.0586 A above the center of the plane of
the four equatorial coordinated N4 nitrogens and the Co—Cl1
and Co—CIl2 bond distances are 2.541 and 2.433 A,
respectively. At this point, the reader must note that numbering
of the chloride ions is inverted in the two structures, see Figure
1 and Figure S1 in the Supporting Information.

The tetrazole rings of the four 5-ATZ ligands in 1 and 2 are
not coplanar but rather they are arranged like the blades of a
propeller, see Figure 1, with an adjacent dihedral angle of
59.79°% the trans tetrazole-rings are almost perpendicular to
each other with a dihedral angle of 89.67°.

In 1 and 2 the eight shortest intermolecular Co—Co and
Cu—Cu bond distances are 8.070(8) and 8.0521(8) A,
respectively; there are no significant intermolecular contact
interactions between the molecules. In 2 the shortest hydrogen
bonds are the N5—HSA---N2 bond of 3.339(3) A and the N5—
HSB-N3 bond of 3.277(3) A; in this case, these weak
intermolecular hydrogen bonds may be negligible but could
possibly lead to long-range magnetic exchange at very low
temperatures.

Magnetic Properties of Co(5-ATZ),Cl,, 1. The temper-
ature dependence of yyT of 1, which has been measured upon
cooling from 270 to 2 Kin a 0.1 T applied field, indicates both
that yyT decreases continually between 270 and 2 K and that

4864

1/yy is virtually linear between S0 and 270 K. The temperature
dependence of 1/yy;, see the inset to Figure 2, has been fit
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Figure 2. Temperature dependence of yyT of Co(5-ATZ),ClL, 1,
obtained upon cooling from 270 to 2 K in a 0.1 T applied field and fit
for S = 3/, with g = 2.655(6), D = 91(3) cm™, and z] = —0.614(6)
cm™". Inset: the inverse molar magnetic susceptibility, 1/, of 1 with
a 50—270 K Curie—Weiss law fit.

between 50 and 270 K with the Curie—Weiss law and yields a
Weiss temperature, 8, of —38(1) K, a Curie constant, C, of
347(1) emu K/mol, a corresponding effective magnetic
moment, f.g of 5.268(4) ug and, for S = 3/, a g-factor of
2.720(2).

The 270 to 2 K temperature dependence of yyT for 1 has
been fit'”'® by including the influence of spin—orbit coupling
on the cobalt(II) ion ground state, an influence that is treated
as a zero-field splitting for an S = */, cobalt(I) ion in the
presence of the approximately axially distorted octahedral
coordination environment found in 1. Preliminary fits with this
approach indicated that the yT observed at lower temper-
atures was lower than is possible with this model. Indeed, the
lower values indicate the presence of weak long-range
antiferromagnetic order that becomes most important at low
temperatures. Thus the yyT for 1 has been fit with the
expression

dx.doi.org/10.1021/ic300394c | Inorg. Chem. 2012, 51, 4862—4868
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where y,, is the molar susceptibility in the presence of the zero-
field splitting mentioned above and z] approximates the
contribution of the molecular exchange field. The result of
this fit is shown by the solid curve in Figure 2, where the best fit
with S = 3/, yields a zero-field splitting, D, of +91(3) cm™, a g-
value of 2.655(6), and zJ = —0.614(6) cm™". In this approach,
the cobalt(II) orbital moment has been incorporated in part
into the large but reasonable'”"® value of D = +£91(3) cm™. In
the absence of the magnetization curve obtained at 2 K, it is not
possible to determine the sign of D.

An alternative fit discussed in detail by Lloret et al." that
would apply only to a strictly octahedral coordination
environment is shown in Figure S2 in the Supporting
Information. This somewhat poorer fit of yyT for 1, which
directly incorporates the cobalt(II) spin—orbit coupling, 4, and
an orbital reduction factor, e, with S = 3/, and g=2,yields a =
1.30(1), A = —=120(3) cm ™' and zJ = —0.49(1) cm™". The rather
small but obvious misfit observed between 50 and 150 K may
be due to the axial distortion of the pseudooctahedral
coordination environment found in 1.

The results of these fits indicate that 1 is basically a
paramagnetic high-spin cobalt(II) complex with a rather
extensive spin—orbit coupling, coupling that may be
modeled'”'® as extensive zero-field splitting, and very weak
long-range antiferromagnetic exchange interactions at low
temperatures with zJ = —0.614(6) cm™. The closest
intermolecular cobalt(II)—cobalt(II) distance of 8.070(2) A is
found between the two cobalt(II) ions in a unit cell. Although
each chloride ion is hydrogen bonded to a neighboring
tetrazole ring, it seems that the most likely long-range exchange
pathway involves overlap between two tetrazole rings on
adjacent molecules, rings that are separated by ~4 A. Thus a
given cobalt(I) ion is exchange coupled through its four
tetrazole ligands to four adjacent cobalt(II) ions with z = 4 and
an average J = —0.153(2) cm™". This rather small J-value seems
to be consistent with such an exchange pathway but other
pathways are surely possible.

Magnetic Properties of Cu(5-ATZ),Cl,, 2. The temper-
ature dependence of yT of 2 has been measured upon cooling
from 300 to 2 K in a 0.1 T applied field, see Figure 3; a
subsequent warming from 2 to 300 K revealed a small thermal
hysteresis between 2 and 15 K. Between 15 and 300 K the
cooling and warming results were, as expected, virtually
identical and have been merged. Upon cooling and subsequent
warming from 300 to 15 to 300 K, yT increases gradually
from 0.420(1) emu K/mol at 300 K to 0.456(2) emu K/mol at
15 K; the corresponding y.¢ values are 1.833(S) pp at 300 K
and 1.910(5) pg at 15 K.

The temperature dependence of 1/yy; of 2 is linear between
100 and 300 K, and a fit with the Curie—Weiss law, see the
right inset to Figure 3, yields a Weiss temperature, 6, of 12.1(3)
K, a Curie constant, C, of 0.4063(6) emu K/mol, a
corresponding ¢ of 1.803(2) pg and, for S = '/,, a g-factor
of 2.082(2), values that are reasonable for a copper(I) ion in a
pseudooctahedral coordination environment.

Upon cooling from 15 to 2 K, the yy T of 2 clearly reveals a
small increase followed by a decrease upon subsequent
warming from 2 to 15 K and an associated small but obvious
hysteresis, see the left inset to Figure 3. At first one might
assign these changes to a trace of ferromagnetic impurity, but

YT
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Figure 3. Temperature dependence of yyT of Cu(5-ATZ),CL, 2,
obtained upon cooling from 300 to 2 K and subsequent warming to
300 Kin a 0.1 T applied field. Left inset: the T of 2 obtained upon
cooling from 15 to 2 K, blue, and subsequent warming to 15 K, red.
The black points are the average of the cooling and warming results.
Right inset: the inverse molar magnetic susceptibility, 1/yy;, of 2 with a
100—300 K Curie—Weiss law fit shown in red.

this seems unlikely for several reasons. The most obvious
impurity would be a trace of copper(Il) chloride, which is not
ferromagnetic but rather is antiferromagnetic below ~5 K.*°

As a consequence of the observed increase in T below 15
K, the 2 K magnetization and the ac susceptibility of 2 have
been measured, and the results, see below, are rather
inconsistent with the presence of any ferromagnetic impurity.

The molar magnetization of 2 has been measured at 2 K in
an applied field of +4 T; there is no detectable coercive field
and hence no detectable hysteresis in the magnetization loops,
see Figure S3 in the Supporting Information. Further, there is
no detectable indication of any soft or hard ferromagnetic
impurity present in 2.

As is shown in Figure 4, a fit of the molar magnetization of 2
obtained in a separate measurement between 0 and 5 T at 2 K
with a Brillouin function and S = '/, and g = 2.294(2) is
excellent as would be expected for a paramagnetic copper(II)
complex. Further, a linear fit of the 2 K molar magnetization of
2 between 0 and 10 000 Oe, see the inset to Figure 4, yields yy,
=0.234(2) emu/mol and yy, T = 0.468(4) emu K/mol at 2 K, a
corresponding pg = 1.94(1) py and, for S = '/,, a g-factor of
2.23(1). All of these results are in excellent agreement with the
results obtained at 2 K for 2 in a 0.1 T applied field, see above
and Figure 3.

The molar magnetic susceptibility of 2 has been measured at
several frequencies first upon warming from 2 to 30 K in a +3
Oe ac field in a zero Oe bias field and then in a 1000 Oe dc bias
field and, subsequently, upon warming from 2 to 20 K in a 2000
Oe dc bias field.

In the presence of a zero Oe bias field and a +3 Oe ac field,
the observed y,/ molar magnetic susceptibility of 2 is
independent of frequency between 311 and 2311 Hz and, as
expected for a paramagnetic complex that relaxes rapidly on the
measurement time scale of ~0.5 ms, yy,” is always zero within
experimental error. Thus, the top of Figure 5 shows only the
susceptibilities obtained at 311 and 2311 Hz; the values at the
remaining frequencies are virtually identical. A plot of 1/, for
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Figure 4. The field dependence of the molar magnetization of Cu($-
ATZ),Cl,, 2, obtained at 2 K with a fit, solid curve, with a Brillouin
function with S = '/, and g = 2.294(2). Inset: the molar magnetization
of 2 and a linear fit between 0 and 10 000 Oe, the slope of which at 2
K yields yy = 0.234(2) emu/mol and T = 0.468(4) emu K/mol.

the seven frequencies is linear from 2 to 30 K and yields a Curie
constant, C, of 0.442(2) emu K/mol and 8 = —0.1(5) K, where
the +0.002 emu K/mol and 0.5 K errors are the standard
deviation in C and 6 for the seven frequencies with a C that
ranges from 0.439 to 0.444 emu K/mol; the corresponding p.4
= 1.880(6) up and, for S = '/,, g = 2.17(1). These values agree
well with those obtained from the dc magnetic susceptibility
measurements, see above.

As might be expected from the increase in yT observed
below 15 K for complex 2, see the left inset to Figure 3, the
xm' T obtained in a zero Oe bias field also shows a small increase
in magnitude of the slope obtained between 2 and 15 K as
compared to that observed between 15 and 30 K; this increase
is present at all the seven frequencies studied, an increase in
magnitude that is presumably associated with the onset or near
onset of long-range weak ferromagnetic exchange coupling.

In contrast to the results obtained in the absence of a bias
field, in the presence of a 1000 and 2000 Oe bias field, yy" is
not negligible, see the two lower portions of Figure S. In the
presence of the bias field, energy must be provided to the
complex to facilitate its relaxation especially in the presence of
the onset of weak ferromagnetic coupling. This transfer of
energy is evidenced by the peak that develops in the
temperature dependence of yy,”, see Figure S. The frequency
dependence of this relaxation is most easily seen in the
temperature dependence of y,"T observed in the presence of a
1000 Oe bias field, see Figure 6, and in the presence of a 2000
Oe bias field, see Figure S4 in the Supporting Information. At
311 Hz and a 1000 Oe bias field, both y\,/T and yy'T are
constant and the latter is essentially zero between 15 and 30 K.
However, below 15 K, y\'T increases slightly even as the
temperature decreases and y,T decreases substantially. In the
presence of the bias fields, as the +3 Oe ac field frequency
increases from 311 to 2311 and 9011 Hz, the temperature of
the peak in y)," increases, see Figure S. Further, as the bias field
increases from 1000 to 2000 Oe, the temperature of the peak in
v also increases, see Figure 5. Such behavior suggests a
decrease in the rate of magnetic relaxation in 2.

Ferroelectric Properties. As is shown in Figure 7, both
Co(5-ATZ),Cl,, 1, and Cu(5-ATZ),Cl,, 2, exhibit ferroelectric
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Figure S. Temperature dependence of the ac molar magnetic
susceptibilities, y,,, solid points, and y\", open points, for Cu(5-
ATZ),Cl,, 2, obtained upon warming from 2 to 30 or 20 Kin a 3 Oe
ac field and a 0, 1000, or 2000 Oe dc bias field. The black points have
been obtained at 311 Hz, the red points at 2311 Hz, and the blue
points at 9011 Hz. In the upper portion of the figure showing the
results obtained in a zero dc field, the 311, 2311, and 9011 Hz data
points all virtually overlap and only the 311 and 2311 Hz data are
shown.

behavior presented here as electric hysteresis loops with
remanent polarizations, P,, of 0.015 uC/cm? for 1 and 2 and
coercive fields, E_, of 5.5 kV/cm for 1 and 5.7 kV/cm for 2. The
saturation of the spontaneous polarizations, P, of 1 and 2 are
0.034 and 0.031 uC/cm? respectively, both of which are
smaller than the 025 uC/cm? observed”' for Rochelle salt,
NaKC,H,O44H,0, a typical ferroelectric compound. The
terroelectric Properties of 1 and 2 most likely result from the
off-centering © of the metal cation between the two axial
chloride ligands, an off-centering that creates a spontaneous
electric dipole moment. However, a simple electrostatic model,
which assumes one negative elementary point charge on each
chlorine and two positive elementary point charges on the
metal cation at the positions determined from the X-ray
diffraction patterns at 153 and 294 K, leads to an expected
saturation polarization of 0.8 and 0.4 C/cm? for perfect single
crystal samples of 1 and 2, respectively. The observed
saturation polarizations are much smaller partly because they
are measured on pressed pellets, whose volumes differ from the
volume of crystalline samples. The small observed polarizations
indicate that a point charge model is a poor approximation of
the electronic distribution about the metal cation and its two
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Figure 6. Temperature dependence of yy'T, solid points, and yy"T,
open points, for Cu(5-ATZ),Cl,, 2, obtained upon warming from 2 to
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have been obtained at 311 Hz, the red points at 2311 Hz, and the blue
points at 9011 Hz.

axial chloride ligands. Both 1 and 2 belonglc to the class of
three-dimensional framework ferroelectrics and their remanent
and saturation polarizations and coercive fields are within the
broad range of values observed'®” for many ferroelectric
metal—organic complexes.

B CONCLUSIONS

Two acentric mononuclear complexes, Co(S-ATZ),Cl, 1, and
Cu(5-ATZ),Cl,, 2, where 5-ATZ is the monodentate S-amino-
1-H-tetrazole ligand, have been synthesized and their structural,
magnetic, and ferroelectric properties have been studied. Both
complexes crystallize in the P4nc space group, a member of the
polar noncentrosymmetric 4mm class, a class that may exhibit
both ferroelectric and nonlinear optical properties. The
tetrazole rings of the four 5-ATZ ligands in 1 and 2 are not
coplanar but rather they are arranged like the blades of a
propeller and, although an isolated molecule of 1 or 2 would be
chiral, the symmetry operations associated with the P4nc space
group make 1 and 2 achiral. In agreement with the properties of
the polar noncentrosymmetric 4mm class, 1 and 2 show
ferroelectric hysteresis loops at room temperature with
saturation polarizations of 0.034 and 0.031 xC/cm?, remanent

polarizations of 0.015 xC/cm? and coercive electric fields of
5.5 and 5.7 kV/cm, respectively. This ferroelectric behavior is
likely to result from the off-centering of the metal cation
located between its two axial chloride neighbors. Hence, it
would be interesting to follow the changes in the crystal
structure as the temperature increases above the ferroelectric
Curie temperature of these complexes, a temperature that has
not been determined herein and may well be above the
decomposition temperature of these complexes.

Magnetic studies indicate that 1 is a paramagnetic high-spin
cobalt(II) complex with a rather extensive spin—orbit coupling,
modeled as a zero-field splitting parameter, D, of +91(3) cm™
and with very weak long-range antiferromagnetic exchange
interactions. Direct current and ac magnetic studies indicate
that 2 is a paramagnetic copper(II) complex that exhibits weak
ferromagnetic exchange interactions below 15 K. Unfortu-
nately, neither compound exhibits a ferromagnetic hysteresis
loop above 2 K, and the search for a multiferroic metal organic
complex is still open.
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