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ABSTRACT: Based on the solvent-induced effect, three new
azido-copper coordination polymers—[Cu(2-na)(N,)] (1),
[Cu(2-n2)(N;)] (2), and [Cu(2-n2)(N;)(C,H;OH)] (3)
(where 2-na = 2-naphthoic acid)—have been successfully
prepared. Structure analysis shows that the Cu(II) cations in
compounds 1—3 present tetra-, penta-, and hexa-coordination
geometries, respectively. Compound 1 is a well-isolated one-
dimensional (1D) chain with the EO-azido group, while 2 is an
isomer of 1 and exhibits a two-dimensional (2D) layer
involving the EE-azido group. Thermodynamically, density
functional theory (DFT) calculation reveals that 2 occupies

the stable state and 1 locates in the metastable state. Compound 3 consists of a 1D chain with triple bridging mode, which is
derived from 1, and undergoes a single-crystal-to-single-crystal transformation by soaking in ethanol solvent; the powdery
product of 1, namely 1b, could be yielded after the dealcoholization of compound 3. Magnetic measurements indicate that
compounds 1—3 perform strong intrachain ferromagnetic interactions, experiencing long-range magnetic ordering and slow

magnetic relaxation. Compound 1 features the metamagnetic behavior with a transition temperature of 15 K, while

2 and 3

display spin glass behavior with the phase transition temperatures of 15 and 12 K, respectively. Magneto-structure relationships

are investigated as well.

B INTRODUCTION

Structural design and magnetic properties of coordlnatlon
polymers (CPs) are presently of considerable interest." In
particular, the advancements of low-dimensional magnetlc CPs,
for instance, smgle -molecule magnets (SMMs),” single-chain
magnets (SCMs),> and others displaying low dimensional
magnetic characteristics such as metamagnetism. * As observed,
single-chain compounds exhibit slow magnetic relaxation
resulting from significant uniaxial anisotropy, as well as large
intrachain and weak interchain magnetic interactions. Coordi-
nation chemistry acts as a potent tool for approaching chainlike
compounds in which short bridging ligands (CN~, SCN™, N*7,
etc.) are often employed to bridge paramagnetlc metal ions and
then to transmit magnetic exchange.® As a basic spin carrier, the
Cu(II) cation has received attention as a desired candidate for
exploiting advanced molecule-based magnetic materials, further
for comprehending the basal principle of magnetic interaction
and the relatlonshlp between structure and magnetism in
molecular system.® The versatile bridging ligand, N, is able to
bridge metal centers in end-on (EO) mode, end-to-end (EE)
mode, or other modes, leading to a number of low-dimensional
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(one-dimensional (1D)” or two-dimensional (2D)®) materials
(see Scheme 1), with abundant structural variety and a series of
diverse magnetic behaviors.” It is well-determined that the end-

Scheme 1. Coordination Modes of Bridging Azido
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Scheme 2. Syntheses of Compounds

to-end mode generally transmits antiferromagnetic (AF)
coupling while the end-on mode encourages ferromagnetic
coupling, although the interaction between Cu(lIl) cations
linked by EO modes could be antiferromagnetism in the
presence of co-ligands. Meanwhile, geometrical parameters
such as Cu—N—Cu angle and Cu—Cu distance have also
important influence on the magnetic exchanges.'® Obviously, it
is effective strategy to introduce the co-ligands tuning the
structures and, thus, the magnetic behaviors of azido-copper
systems.'" The carboxylate group becomes a well-known co-
ligand that can bridge Cu(II) cations to generate multitudinous
compounds and adopt different bridging conformations (syn—
syn, anti—anti, etc.) to transmit diverse magnetic properties.12
In the present work, we research the use of 2-naphthoic acid (2-
na) with rigid structure as co-ligands into azido-Cu(II) systems.

Beyond that, tuning the structures and properties of CPs still
remains the significant challenge that is derived from some
experimental conditions such as solvent, pH, and temperature
exert important impacts on the structures of compounds.13 Oof
particular concern is that the solvents usually affect the
coordination behaviors of metal cations, which may determine
the connection and dimension of the structural framework.
Many reports concerning structure and magnetism fine-tuned
by solvent have been performed,'* in which the single-crystal-
to-single-crystal (SCSC) transformation induced by solvent
have attracted great interest, because of their intrinsic structural
features.'> The SCSC transformations contain mainly two types
of structural changes: (i) interposition/deletion of guest
molecules'® and (ii) alteration in the coordinated environment
of metal cations.'” The latter type is rare because it involves the
rupture of chemical bonds and generation of new products. All
in all, the special phenomenon of SCSC is often impeded, as
the loss of single crystal integrity during the transformation is
frequent. To date, only a handful of cases have been reported,
much less in metal azido systems.

Fortunately, we successfully prepared three azido Cu(II)
compounds based on 2-naphthoic acid as the co-ligand.
Noteworthily, two isomeric compounds, [Cu(2-na)(N;)] (1)
and [Cu(2-na)(N,)] (2), are synthesized in specific solvents
under hydro(solvo)thermal conditions, forming different
structures of 1D chain and 2D layer, respectively. The
thermodynamical stabilities of 1 and 2 are evaluated by DFT
calculation. In particular, 1 undergoes a SCSC transformation
to yield compound 3 with the formula of [Cu(2-na)(N,)-
(C,H;OH)], which structurally exhibits a triple-bridged 1D
chain including the ethanol solvent molecule bridges adjacent
Cu(Il) cations. As we expected, the dealcoholization of 3
produces the powder phase of 1. For three compounds, the
structural formations are effected by using different solvent,
resulting in diverse magnetic properties which have been

systematically characterized. The correlations of structure and
magnetism are also discussed.

B EXPERIMENTAL SECTION

Physical Measurements. The FT-IR spectra were recorded in the
range of 400—4000 cm! using KBr pellets on an EQUINOXSS FT/
IR spectrophotometer. Elemental analysis (C, H, N) was implemented
on a Perkin—FElmer 2400 CHN elemental analyzer. The phase purity
of the bulk or polycrystalline samples were confirmed by powder X-ray
diffraction (PXRD) measurements executed on a Rigaku RU200
diffractometer at 60 kV, 300 mA, and Cu Ka radiation (4 = 1.5406 A),
with a scan speed of 5° min™" and a step size of 0.02° in 26. Magnetic
measurements were accomplished on polycrystalline samples (10.17
mg for 1, 1421 mg for 2, 11.69 mg for 3) using a Quantum Design
MPMS-XL7 SQUID magnetometer at temperatures between 1.8 and
300 K for direct current (dc) applied fields with the applied field of 1
kOe (restrained in eicosane to prevent torqueing at high fields).
Alternating current (ac) susceptibility experiments for compounds
were performed using an oscillating ac field of 3.5 Oe with the
frequencies of 1, 3, 10, 33, 100, 333, and 1000 Hz. Magnetization
versus field (M/H) variations were measured between 7 and —7 kOe
at different temperatures. The measured susceptibilities were corrected
for the diamagnetism of the constituent atoms (Pascal’s tables).

General Procedures and Materials. All reagents and solvents
were purchased and used without further purification.

CAUTION! Azido compounds are that of potentially explosives.
Only a small amount of the title compounds should be prepared and
handled with care.

Synthesis of [Cu(2-na)(N;)], (1). A mixed aqueous ethanol (8
mL, 1:1) of Cu(NO;),-3H,0 (0.072 g, 0.3 mmol), 2-na (0.019 g, 0.1
mmol) and NaNj; (0.013 g, 0.2 mmol) was heated in a Teflon-lined
bomb (15 mL) at 120 °C for 3 days, slowly cooled to room
temperature (5 °C h™') (seee Scheme 2). Green flaky crystals of
compound 1 were collected (yield 62%, based on Cu). Anal. Calcd for
CuC,;H,N;0, (276.74): C, 47.70; H, 2.53; N, 15.18%. Found: C,
47.67; H, 2.51; N, 15.13%. Main IR (KBr, cm™): 2100 (s), 1593 (m),
1541 (s), 1410 (s), 1274 (w), 1112 (m), 911 (w), 788 (m), 614 (m).

Synthesis of [Cu(2-na)(N3)], (2). The compound 2 was obtained
from the following two ways:

(i) The method described above for 1, but with the mixed aqueous
ethanol with aqueous solution (Scheme 2). Green flaky crystals
of compound 2 were collected. (yield 83%, based on Cu). Anal.
Caled for CuC,H.N;0, (276.74): C, 47.70; H, 2.53; N,
15.18%. Found: C, 47.63; H, 2.46; N, 15.10%. Main IR (KBr,
cm™): 2083 (s), 1632 (s), 1527 (s), 1472 (s), 1415 (s), 1295
(m), 1111 (m), 866 (w), 780 (m), 604 (m).

(ii) The aqueous solution (8 mL) of compound 1 was heated in a
Teflon-lined bomb (15 mL) at 120 °C for 3 days, slowly cooled
to room temperature (5 °C h™'), the crystals of compound 2
were also obtained (Scheme 2).

Synthesis of [Cu(2-na)(N;)(C;HsOH)],, (3). Single crystals of
compound 1 (1.0 mmol, 0.277 g) were soaked into ethanol solution
(30 mL), which yielded green stripe crystals of 3 within 7 days at room
temperature (Scheme 2). Anal. Calced for CuC,3H,3N;0; (322.80): C,

dx.doi.org/10.1021/ic5010769 | Inorg. Chem. 2014, 53, 8088—8097



Inorganic Chemistry

48.33; H, 4.03; N, 13.01%. Found: C, 48.28; H, 3.98; N, 12.06%. Main
IR (KBr, cm™): 3418 (s), 2974 (m), 2088 (s), 1620 (m), 1582 (w),
1546 (s), 1503 (w), 1469 (m), 1413 (s), 1307 (m), 1079 (m), 1040
(m), 872 (m), 787 (s), 604 (m).

Synthesis of [Cu(2-na)(N3)], (1b). 3 was put into a drying tube
furnace and heating was maintained at 140 °C for half an hour under
N, atmosphere (Scheme 2). Green powders of 1b were obtained.
Anal. Calcd for CuC;H,N,0, (276.74): C, 47.70; H, 2.53; N, 15.18%.
Found: C, 47.64; H, 2.50; N, 15.15%. Main IR (KBr, cm™"): 2090 (s),
1586 (m), 1543 (s), 1418 (s), 1270 (w), 1107 (m), 913 (w), 788 (m),
612 (m).

Crystallographic Data Collection and Refinement. The single-
crystal X-ray experiment was performed on a Rigaku SCX mini CCD
diffractometer equipped with graphite-monochromatized Mo Ka
radiation (4 = 0.71073 A) using ® and ¢ scan mode. The data
integration and reduction were processed with SAINT software.
Absorption correction based on multiscan was performed using the
SADABS program.'®® The structures were solved by the direct method
using SHELXTL and refined by means of full-matrix least-squares
procedures on F* with SHELXL-97 program.lgb All nonhydrogen
atoms were refined anisotropically. Other details of crystal data, data
collection parameters, and refinement statistics are given in Table
1.The selected bond lengths and angles are listed in Table S1 in the
Supporting Information.

Table 1. Crystal Data and Structure Refinement Details for
Compounds 1-3

1 2 3

empirical CuC,;H,N;0, CuC,H,N;0, CuC3H3N;0,
formula

formula weight 276.74 276.74 322.80

crystal system monoclinic orthorhombic monoclinic

space group P2(1) /c P2(1)2(1)2(1) P2(1)

a (A) 9.249(2) 5.0621(17) 7.6816(14)

b (A) 6.7980(16) 6.579(2) 6.3608(11)

¢ (A) 16.707(4) 31.087(10) 14.582(3)

a (deg) 90 90 90

B (deg) 100.275(5) 90 102.898(3)

7 (deg) 90 90 90

Vv (A%) 1033.6(4) 1035.3(6) 694.5(2)

V4 4 4 2

u (mm™) 2.103 2.100 1.582

unique 1812 2097 1951
reflections

observed 4926 5629 3463
reflections

Ry 0.0887 0.1170 0.0606

Final R indices [I R, = 0.0563, wR, R, =0.0662, wR, = R, = 0.0562, wR,
> 26(D)] = 0.0725 0.1392 = 0.1006

R indices (all R, =0.1037, wR, R,=0.1541,wR,= R, = 0.0904, wR,
data) = 0.0837 0.1977 =0.1123

B RESULTS AND DISCUSSION

Crystal Structure of 1. X-ray determination reveals that
compound 1 is composed of 1D azido-Cu chains. Cu(Il)
cations located at the inversion center adopts a square-planar
geometry occupied by two azide nitrogen atoms (N1 and N1A)
and two carboxylate oxygen atoms (O1 and O1A). The Cu—N
and Cu—O distances are 1.974, 1.971, 1918, and 1.933 A,
respectively (Figure 1a). Adjacent Cu(II) cations are bridged by
an azido group with y-1,1-(EO) mode and a carboxylate group
with syn—syn mode, yielding a formally EO-azido/carboxylate
hybrid-bridged 1D chain (Figure 1b). The distance of adjacent
Cu(1I) cations is 3.433 A in the 1D chain, while the Cul—N1—
CulA bond angle is 120.9°, which are in the normal range of

EO bridging mode.”” The 1D chains are connected by
hydrogen bonding, forming the three-dimensional (3D)
network in the lattice (see Figure Sl in the Supporting
Information). The closest distance of interchain Cu(II) cations
is 8.155 A.

Crystal Structure of 2. In 2, the 2D layer can be
considered as the integration of 1D chains in 1. Unlike 1, the
Cu(Il) cations in 2 exhibit a penta-coordinated environment
occupied by three azide N atoms and two carboxylate O atoms
[Cul—N1 = 1.981 A, Cul-N1A = 2.001 A, Cul-O1 = 1917
A, Cul-02 = 1923 A, and Cul—N3 = 2.608 A] (Figure 2a),
producing a slightly distorted tetragonal pyramidal geometry.
Adjacent two Cu(II) cations are bridged by a carboxylate group
with syn—syn mode and the azido group with x-1,1,3 mode,
giving a formally EO-azido/carboxylate hybrid-bridged 1D
copper chain like 1 (Figure 2b), then the 1D copper chains are
combined by p-(1,1,3)-N; to form a 2D layer (Figure 2c). The
noncoplanar case occurs between the carboxylate group and
naphthalene ring with the angle of 16°. The Cu—N—Cu and
Cu—N3—-N2 bond angles are 111.7° and 115.1°, respectively.
The distances of three Cu(Il) cations linked by one azido
group are 3.295, 5.062, and 5.893 A, respectively. Each azido
links three Cu(II) cations when each Cu(II) cation coordinates
with three azido groups in 2. A simplified graphic of the 2D
layer is shown in Figure 2d. The structural network of 2 can be
represented as well-insulated layers of penta-coordinated
Cu(II) cations in the unit cell.

Crystal Structure of 3. X-ray determination reveals that 3
is composed of isolated 1D azido-copper chains including the
same syn—syn carboxylate and EO (u-1,1)-azido bridging
modes existed in 1. Unlike 1, the solvent ethanol molecule is
introduced as the third bridging ligands via 2 mode to
coordinate with the adjacent Cu(ll) cations, generating the
triple bridging azido/carboxylate/ethanol Cu(II) chain in 3.
One crystallographic Cu(Il) cation located at the inversion
center forms the hexa-coordinated environment through an
N,O, group in which two azido N atoms and two carboxylate
O atoms [Cu—N1 = 1.988 A, Cu—O1 = 1.952 A, Cu—NIA =
1994 A, and Cu—02 = 1935 A] occupy the equatorial
positions, while two oxygen atoms from two ethanol molecules
locate in apical positions [Cu—O3 = 2.525 A, Cu—03A = 2.449
A] (Figure 3a). Cu(II) cation presents a stretched octahedral
geometry that was due to the typical Jahn—Teller distortion.
Adjacent Cu(Il) cations are linked by a carboxylate and an
azido bridge, as well as an ethanol bridge, forming the 1D
Cu(II) chain (Figure 3b). The coordination of ethanol shorten
the intrachain separation between adjacent Cu ions [Cul—
CulA = 3.182 A] than the Cu—Cu distance in 1. As shown in
Table S1 in the Supporting Information, the Cul-N—CulA
angle (106.0°) is in the normal range of EO bridging mode.
The 1D chains are connected by interchain hydrogen-bonding
between the ethanol molecule and azido anion [O3—H---N3A]
(Figure S2 in the Supporting Information), which might
transmit magnetic interactions. The closest distance of
interchain Cu(II) cations is 7.682 A.

Thermogravimetric Analysis of 3. According to the
structural distinction of two types of 1D azido-Cu chians in
compounds 1 and 3, the thermal decomposition of compound
3 has been investigated with a small quantity of milligrams,
because of the explosibility of azides. As shown in Figure S3 in
the Supporting Information, 3 first undergoes a weight loss of
13.92% during the temperature interval from 93 °C to 140 °C,
the weight loss corresponds to ethanol molecules (14.25%).
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Figure 1. (a) Coordination environment of the Cu center in 1. (b) Chain with mixed carboxylate and azido bridges for 1. (Hydrogen atoms are

omitted for the sake of clarity.)

©

@

Figure 2. (a) Coordination environment of Cu center in 2. (b) 1D chain with carboxylate and azido bridges for 2. (c) 2D layer linked by EE-azido
groups for 2. (d) Simplified graphic of the 2D layer for 2. (Hydrogen atoms are omitted for the sake of clarity.)

Furthermore, there is a continuous stable stage from 140 °C to
220 °C upon removing all ethanol molecules, which shows that
the remainder structure probably remains consistent with the
1D azido-Cu chain existing in 1. Following this observation, we
continued to heat 3 at a constant temperature of 140 °C for
half an hour and yielded the green homogeneous powders of
dealcoholization product as compound 1b. IR spectroscopy
analysis reveals that, compared to 3, the absence of the peaks at
~3418, 2974, and 1079 cm™! indicates that there are no
coordinated ethanol molecules in 1b. The measured PXRD
patterns of 1b and 1 closely matches that simulated from single-
crystal diffraction data of 1, indicating the azido-Cu chain
structure maintenance upon ethanol removal (see Figure S4 in
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the Supporting Information). Turning back to the TG curve, it
is seen that the intermediate displays a weight loss of 63.02%
from 220 °C to 268 °C, which is due to the completely
decomposition of compound 3. The final residual mass is
23.06% of the initial mass, coincident with the calculation value
of CuO (24.78%) determined by PXRD (Joint Committee for
Powder Difraction Standards (JCPDS) File Card No. 05-0661).

Magnetic Property. Magnetic measurements have been
performed on polycrystalline samples of compounds 1-3, the
phase purity of the bulk materials are confirmed by PXRD
(Figure S4 in the Supporting Information). Based on the
experimental results, the dominant ferromagnetic coupling
between Cu(Il) cations in compounds 1—3 can be proposed.

dx.doi.org/10.1021/ic5010769 | Inorg. Chem. 2014, 53, 8088—8097
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(b)

Figure 3. (a) Coordination environment of the Cu center in 3. (b) The chain with mixed ethanol oxygen, carboxylate, and azido bridges for 3.

(Hydrogen atoms are omitted for clarity.)

However, in the low-temperature range, three compounds
present distinguishing magnetic behaviors because of different
structures, as discussed below.

Magnetic Property of 1. Magnetic susceptibility data of 1
is obtained in the range of 1.9—300 K (Figure 4). The room-
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Figure 4. yT vs T and 1/y,, vs T plots for 1; the solid line is the fit to
the experimental data and the fit to the Curie—Weiss law, respectively.

temperature y,,T value of 1 is ~0.56 cm® K mol™’, which is
higher than the spin-only value (0.375 cm® K mol™) for an
magnetically isolated Cu(II) cation. Upon cooling, the yyT
value increases to 4.48 cm® K mol™ at 5 K, suggesting
ferromagnetic interaction between Cu(II) cations and finally
drops to 1.67 cm® K mol™ at 1.9 K. The yuT vs T curve
illustrates that strongly coupled ferromagnetic system accom-
panies with AF interaction between the azido-Cu(II) chains in
the compound 1, noticeable only at low temperatures. The
best-fit parameters through the Curie—Weiss law above 70 K
are C = 0.50 cm® K mol™! and © = 38.62 K, the ® value
supports strong ferromagnetic interaction in 1 (Figure 4).
Using Baker’s equation for the 1D chain of S = !/, spins,*° the
experimental data can be simulated based on the Hamiltonian
H= —]ZS,-S',-. As shown in Figure 4, the best fit obtains the
following parameters: g = 2.27, ] = 63.76 cm™’, and R = 6.72 X
10_4 (R = Z[(){MT)obsd - (){MT)calcd]z/z[(ZMT)obsd]z)' The
large ] value demonstrates strong ferromagnetic coupling
between the Cu(Il) centers. It seems that AF coupling would
be predicted for 1 due to the carboxylate group with syn—syn
mode and the EO-azido with the Cu—N—Cu angle of 120.9°.*!
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However, according to the proposition from Thompson et al.
and Escuer et al,, the countercomplementarity function derived
from two types of ligands may expound the strong
ferromagnetic interaction, not just the total of the two isolated
components.”> The field dependence on the magnetizations
M(H) is measured at 2 K and the fields up to S T for 1. As
shown in Figure 5, the curve rapidly reaches the saturation

i —— e
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0.8 00"9
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- S 0.4 .
-~ ? p
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H/ kQOe

Figure 5. Magnetization vs H plots for 1. Inset shows the
magnetization vs H plots in the fields of 0—3 kOe.

value (1.0 NJ3) for 1, which is consistent with one Cu(II) cation
at the higher fields. Notably, the S-shaped curve emerges with a
critical field of 1500 Oe at low field (Figure S, inset), indicating
the interchain AF exchange and 1 is of a metamagnet.
Magnetization hysteresis is another important characteristic of
the magnetic bistability of magnet, so the dc magnetization is
determined at 2.5, 4, and 6 K within +7 kOe (see Figure SS in
the Supporting Information). When the temperature goes
down to 2.5 K, a narrow-fissured hysteresis loop emerges with
tiny coercive field and remnant magnetization (Figure SS in the
Supporting Information, inset). The ZFC/FC plots indicates
the occurrence of spontaneous magnetization below 18 K for 1
(see Figure S6 in the Supporting Information), illustrating the
appearance of the ferromagnetic state.

Under the oscillating field of 3.5 Oe, the zero-field AC
susceptibility experiments were determined in the range of 2—
18 K and frequencies of 1, 3, 10, 33, 100, 333, and 1000 Hz, as

dx.doi.org/10.1021/ic5010769 | Inorg. Chem. 2014, 53, 8088—8097
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Figure 8. (a) Hysteresis loop of 2 at 14 K with an enlargement of the low-field region. (b) Hysteresis loop of 3 at 2.5 K with an enlargement of the

low-field region.

shown in Figure S7 in the Supporting Information, exhibiting
the occurrence of the magnetic ordering in 2. A strong out-of-
phase signal appears at 15 K, as the diminution of the in-phase
signal arises, proving the performance of long-range ordering
and slow magnetic relaxation in the system, but there is no out-
of-phase peak until the temperature decreases to 2 K.
Magnetic Properties of 2 and 3. In the low-temperature
range, the magnetism of 2 and 3 shows spontaneous
magnetization. As shown in Figure 6, the y\T values are
observed as 0.50 cm® K mol ™" and 0.55 cm® K mol ™ 'for 2 and 3
at 300 K, respectively, larger than the spin-only value (0.375
cm® K mol™) for an isolated Cu(II) cation (S = '/,). As the
temperature decreasing, the yyT values increase gradually, the
pronounced rises are observed until below 30 K for 2 and 50 K
for 3, respectively. The maximal values arrive at 14 K for 2 and
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16 K for 3. As shown in Figure 6, the parameters fitted by the
Curie—Weiss law above 100 K are obtained to be C = 0.42 cm?®
Kmol™ and ® = $8.87 K for 2 and C = 0.47 cm® K mol™! and
® = 451 K for 3. The positive © values suggest strong
ferromagnetic interaction between the Cu(II) cations in 2 and
3. The experimental data of 2 can be fitted based on the
intrachain coupling J (H = —JY.8S,) together with the mean-
field approximation™ for interchain coupling zJ'. The best fit
leads to g = 2.01, ] = 135.08 cm™’, zJ' = —0.09 cm™’, and R =
1.38 X 10_4 (R = Z[QMT)obsd - ()(MT)calcd]z/z[(/’L/MT)obsd]z)
above 25 K (see Figure 6a). Considering the mean-field
approximation,” the magnetic data of 3 was also simulated.
The best fit leads to g = 2.28, ] = 65.27 cm™’, zJ' = —=2.06 cm ™,
and R = 732 X 10_4 (R = Z[QMT)obsd - (XMT)calcd]z/
S [(mT)obsa)®) (see Figure 6b). The 2]’ value is considered to

dx.doi.org/10.1021/ic5010769 | Inorg. Chem. 2014, 53, 8088—8097
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be the interlayer and interchain interactions. However, the
interlayer interactions are very weak because of the layers are
well-separated. The field dependent on the magnetizations
M(H) at 2 K exhibits spontaneous magnetization to the
saturation point of 0.98, which illustrates the existence of
ferromagnetic order in 2 (see Figure S8a in the Supporting
Information). For 3, magnetization increases smoothly as the
field rises and tends to saturation (1.04 NfS) until S T at 2 K
(see Figure S8b in the Supporting Information), which may be
due to the antiferromagnetic-to-paramagnetic transition. A
slightly twisted curve is observed at low field indicating the
interchain AF coupling (Figure S8b in, inset the Supporting
Information).

Moreover, the ZFC/FC curves for 2 and 3 display
spontaneous magnetization below 20 K (Figure 7a) and 21 K
(Figure 7b), respectively, illustrating the appearance of
ferromagnetic state. The dc magnetizations of 2 and 3 are
measured within +7 kOe at different temperatures (see Figure
S9 in the Supporting Information). A butterfly-shaped
hysteresis loop emerges when the temperature are 14 K for 2
and 2.5 K for 3 (Figure 8), with the coercive fields of 10 and 31
Oe, and the remnant magnetizations of 0.047 N and 0.002
Np, respectively. Compounds 2 and 3 are considered as
ordered magnets.

The experiment of the ac magnetic susceptibility was also
carried out for 2. The y”\; vs T plots at 15 K show a strong out-
of-phase signal with weakly frequency dependent, showing slow
dynamics of magnetization and occurrence of long-rang
ferromagnetic ordering (Figure 9). The peak temperatures
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Figure 9. y'y; and y”y vs T vs plots for 2.

(T,) in x"y shift from 923 to 11.61 K with frequency
increasing from 1 Hz to 1000 Hz. The parameter ® = (ATy/
Tp)/A(log f) = 0.09 reveals the slow magnetic relaxation and
deviates from the typical range (01 < ® < 03) of the
superparamagnetic materials.”* Plotting In 7 against 1/T has
been fitted following the Arrhenius equation 7 = 7gexp(AE/
ksT) (7 is the relaxation time) (Figure 9, inset). The calculated
7o (1.4 X 107" 5) clearly indicates that 2 shows the typical spin
glass (SG) behavior™ rather than superparamagnetic behavior
(107 to 107").' The AC magnetic susceptibility plots of 3
indicates a strong out-of-phase y”) signal at 12 K lower than
that of 2 (Figure 10). The maximum positions of out-of-phase
signal are dependent on frequency slightly, determining the
existence of slow magnetic relaxation. The peak temperatures
(T,) of the out-of-phase curve moves from 6.96 to 7.35 K as
the frequency shifts from 1 to 1000 Hz. The @ value is
obtained as 0.02, which is consistent with the values of spin
glass (@ < 0.08)>° and indicates a weakly slow magnetic

8094

yve 0.12
3Hz
10Hz [0.10
33 Hz
- 100Hz | 008
‘s - 333Hz =D
£ —+— 1000 H S
o, “loos 3
£ 3
o w
E +0.04 CB_)
-0.2- =
-0.02
-0.4
T T T T T T T T 1_0'00
2 4 6 8 10 12 14 16 18 20
T/K

Figure 10. y'y; and " T plots for 3.

relaxation. The frequency dependence of T, on the out-of-
phase signal has also been modeled by the Arrhenius equation
(Figure 10, inset), like 2, the rather small value of 7, (1.7 X
lO_SZSS) obviously indicates the characteristic of SG phase as
well.

Thermodynamics of 1 and 2 with DFT. To better
understand the formations of two isomeric compounds on the
base of essential principle in chemical thermodynamics, we
have employed the DFT approach to explore the thermody-
namic stability of compounds 1 and 2. To begin with, the
calculations of structural optimization were performed using
Generalized Gradient Approximation (GGA- PBE) method
with CASTEP software package.”® The stable state energies of
1 and 2 were calculated as —730.8530768 and —730.8597720
hartree, respectively, the difference values of 0.0066952 hartree
(17.6 kJ mol™") between two compounds is shown in Figure
11. Thermodynamically, it is obvious that compound 2 stands

Metastable state

17.6 kJ/mol

“_Y__Stable state
2

Figure 11. Stable state energies for 1 and 2.

in the stable state and 1 can be considered as the
thermodynamical metastable state, which corresponding the
different solvent systems during the synthetic process.
Discussion. Two isomeric Cu(II) compounds—1 and 2—
are synthesized with azido and 2-Hna ligands in different
solvents, probably due to different vapor pressures in the
hydro(solvo)thermal treatment (429.92 kPa for ethanol
solution and 198.48 kPa for aqueous solution at 120 °C), as
well as 2 either could be obtained from 1 in the aqueous
solution at 120 °C. As the product of higher pressure, 1 is
identified as thermodynamical metastable state with 1D
carboxylate/EO-azido copper chain, while 2 is stable state
with 2D layer-like structure extended by EE-azido bridging. The
interesting structural feature of two compounds is that the 2D
layer in 2 is a combination of the 1D chain in 1. Notably,
compound 3 is yielded by the SCSC transformation from 1 in
the ethanol solution in which the oxygen atoms connect to
Cu(Il) cations forming a triple bridging azido/carboxylate/

dx.doi.org/10.1021/ic5010769 | Inorg. Chem. 2014, 53, 8088—8097
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ethanol Cu(II) chain in 3. Interestingly, 3 could be restored to
1 with powder state (1b) through dealcoholization under
heating condition. The fascinating point is that the three
compounds cover three types of coordination geometries of
Cu(II) cations, respectively. And then, different structures lead
to different magnetic behaviors.

In 1, the possible pathways of magnetic transmission along
the copper chains are provided by the EO-azido and syn,syn-
carboxylate ligands. The critical parameters Cu—N distance and
Cu—N-—Cu angle are of 1.97 A and 120.9°, as well as the
intrachain and interchain Cu—Cu distances are of 3.433 and
8.155 A, respectively (see Figure 12a). As studied by Ruiz et al.

Ly

Figure 12. Magnetic exchanges of Cu(II) cations in compounds: (a)
for 1, (b) for 2, (c) for 3.

for planar [Cu,(EO—Nj;),] units,”” the EO—azide groups
showing large Cu—N—Cu angles in 1 should offer AF exchange.
However, the ferromagnetic coupling exists in 1. The magnetic
orbit of the Cu(II) cation is tilted d,>_> (Figure 7a), generating
the nonplanar [Cu,(EO-Nj;),] units. Furthermore, the syn,syn-
carboxylato group may lead to the countercomplementarity
effect, not just the total of the two isolated interactions. All of
these result in ferromagnetic exchange.28

For 2, two types of magnetic exchange pathways can be
described in two directions of the 2D layers (Figure 12b): (a)
As done for 1, the magnetic transmission along the copper
chains are provided by the EO—azido and syn,syn-carboxylate
ligands. The critical parameters Cu—N distance and Cu—N—
Cu angle are of 1.98—2.00 A and 111.7°, as well as the
intrachain and interchain Cu—Cu distances are of 3.295 and
5.06 A, respectively. (b) In the vertical direction, the EE—azido
ligands link all 1D chains to form the 2D layer, which provides
a weakly AF coupling pathway by bridging full d,> orbits to the
half-full d,>_ orbits of the Cu(II) cations in the adjacent chains.
The p-1,1,3-N3 only connect to one Cu(Il) cation leading to
half EE—azido magnetic coupling pathways since the Cu(II)
cations exhibit penta-coordinated geometry in 2 (Figure 7b),
which is likely attributed to the steric hindrance of the
naphthalene ring and is the most probably reason for slight
influence on the appearance of ferromagnetic state at low-
temperature range. In summary, compound 2 presents spin
glass behavior.

There exist three types of intrachain magnetic exchange
paths in 3 (Figure 12c). Compared with 1, the similar paths are
afforded by syn,syn-carboxylate and EO-azido ligands (Cu—N =
1.99 A, Cu—N—Cu = 106.0°), and the added path is that the
ethanol molecules connect to hexa-coordinated Cu(II) cations
at axial location (Cu—O = 2.45-2.53 A). Meanwhile, the

8095

intrachain and interchain Cu—Cu distances are determined to
be 3.182 and 7.682 A, respectively. Obviously, the bridging of
solvent oxygen atom shortens the distance of intrachain Cu(II)
cations than that of 1. Just like 1, the counter complementarity
effect derived from three types of ligands may explicate the
existence of ferromagnetic interaction. Finally, the glasslike
behavior is observed in 3 as well.

As we notice, the difference of intrachain ] values in
compounds 1-3 responds to the different parameters of the
Cu—Cu distance and Cu—N—Cu angle. This is coincident with
the previously reported Cu(II) compounds with EO-azido/
carboxylato ligands. Obviously, the ferromagnetic exchange in
the azido-Cu(Il) compounds improves with the decreases of
the Cu—Cu distance and Cu—N—Cu angle, with the relatively
larger J values near the range of Cu—Cu distance with 3.2—3.3
A and Cu—N-Cu angle with 107°-112°. The related
information is listed in Table 2. All of the coupling constants
J are in accord with two Cu(Il) cations linked by EO—azido
and carboxylate groups, which are afforded by the Hamiltonian

a=-7yssS.

Table 2. Related Cu—Cu Distances, Cu—N—Cu Angles, and
Coupling Constants for the Carboxylato/EO Azido Mixed-
Bridged Copper Compounds

Cu—Cu distance (A) Cu—N—Cu angle (deg) J (cm™) ref
3.537 126.8 39 ref 7b
3.522 124.3 48 ref 7d
3.433 1209 67.8 1 (this work)
3.409 116.9 69.7 ref 7b
3.386 116.1 69.7 ref 7e
3.284 1119 75 ref 4b
3.295 1117 135.1 2 (this work)
3.230 108.2 93.10 ref 7b
3219 107.6 126 ref 4¢
3.200 106.7 80 +S ref 4d
3.216 106.6 80 ref 7b
3.190 106.5 126 ref 4¢
3.182 106.0 65.3 3 (this work)
3.185 105.5 63 ref 4e
3.120 103.0 89 ref 7d

Bl CONCLUSIONS

Three azido-Cu(II) compounds with 2-naphthoic acid (2-na)
as a co-ligand have been successfully obtained in different
solvent systems, as well as structurally and magnetically
characterized. The Cu(Il) cations exhibit tetra-, penta-, and
hexa-coordination geometries in compounds 1—3, respectively.
For isomeric 1 and 2, although having the same chemical
formula, [Cu(2-na)(N;)], display different structures of well-
isolated 1D chain with u-1,1-azido and 2D layer with p-1,1,3-
azido, respectively. DFT calculation reveals that 2 features
superior thermodynamic stability than 1. Compound 3
composed of a triple bridging 1D chain with p-1,1-azido is
derived from 1 through SCSC transformation, when the
heating—dealcoholization of 3 reversely leads to 1. Different
structures result in different magnetisms in three compounds.
Spontaneous magnetizations occur in compounds 1—3 with
transition temperatures of 15, 15, and 12 K. In summary,
compound 1 is of a metamagnet, while compounds 2 and 3
represent spin glass behavior.

dx.doi.org/10.1021/ic5010769 | Inorg. Chem. 2014, 53, 8088—8097
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