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Synthesis and Magnetic Studies of Pentagonal Bipyramidal Metal 
Complexes of Fe, Co and Ni
Yi-Fei Deng,a Binling Yao,a Peng-Zhi Zhan,a Dexuan Gan,a Yuan-Zhu Zhang*a and Kim R. Dunbar*b

Three mononuclear metal Complexes [MII(L-N3O2)(MeCN)2][BPh4]2 (M = Fe, 1; Co, 2; Ni, 3) were isolated and structurally 
characterized. Magnetic studies revealed uniaxial magnetic anisotropy for 1 (D = -17.1 cm-1) and 3 (D = -14.3 cm-1) and easy-
plane magnetic anisotropy for 2 (D = +36.9 cm-1). Slow magnetic relaxation was observed for complexes 1 and 2 under an 
applied magnetic field, both of which are dominated by a Raman process.

Introduction
Mononuclear Single Molecule Magnets (SMMs) have attracted 
intense attention owing to their enhanced properties including 
higher blocking temperatures (TB) and effective energy barriers 
(Ueff)1 that bode well for future applications in quantum computing 
and information storage devices.2 The key issue in this area for 
designing SMMs is a fundamental understanding of the origin of 
magnetic anisotropy and dynamic relaxation in mononuclear 
complexes. Magnetic anisotropy achieved by strict regulation of 
geometry is the most critical factor for high-performance 
mononuclear SMMs,3 as indicated by reports of mononuclear 
lanthanide complexes beginning with the double-decker compounds 
[Ln(III)Pc2]− (Ln = Tb, Dy)4 to the very recent Dy(III) complexes with 
D5h symmetry5, quasi-linear6 and metallocene structures.1 For the 3d 
metal SMMs, fine-tuning of the magnetic anisotropy via coordination 
environment dictates the ligand field splitting which is paramount in 
contrast to lanthanide complexes for which magnetic anisotropy is 
more affected by the spin-orbit coupling (SOC).7,8 Important 
examples of 3d mononuclear SMMs include a series of Fe(I) and Co(II) 
complexes with linear,9 trigonal prismatic,10 and distorted 
tetrahedral coordination geometry,11 which exhibit significant 
magnetic anisotropy and high effective energy barriers comparable 
to the lanthanide SMMs under zero or a small applied dc field. The 
success of research in transition metal mononuclear SMMs 
notwithstanding, it remains challenging to manipulate the ligand 
field and the molecular symmetry; one must also consider that 
nuclear hyperfine coupling and dipolar interactions can be 
dominant.12 

Studies of mononuclear 3d mononuclear SMMs have revealed that 
magnetic anisotropy mainly originates from the mixing of the ground 
state and the excited state through SOC, which is usually quenched 
or diminished due to the large ligand-field splitting energies of d 
orbitals. This issue can be circumvented in low coordination number 
complexes with a relatively weak ligand field which leads to d orbitals 
in a narrow energy range. In such cases, there are stronger 
interactions between the ground and excited states and thus larger 
magnetic anisotropy.13 As a result, a variety of coordinatively 
unsaturated 3d complexes with coordination numbers ranging from 
2-6 have been investigated and found to exhibit slow relaxation of 
the magnetization.14 Nevertheless, theoretical predictions support 
the contention that higher-coordinate mononuclear 3d metal 
complexes are also capable of exhibiting large magnetic anisotropy.15 
Indeed, a few mononuclear Fe(II) and Co(II) complexes with 
pentagonal bipyramidal geometries16 and the subsequent Ising 
chains17 constructed from such units were investigated with the 
results indicating considerable magnetic anisotropy and slow 
magnetic relaxation.

In prior work from our laboratories, we reported the Fe(II)-based 
cyanide-bridged single molecule magnet [CrIIIFeII

2] with an energy 
barrier of 44.3 K which is among the best cyanide SMMs to date. In 
this compound the Fe(II) is in a pentagonal bipyramidal geometry 
enforced by an azaoxa-macrocycle ligand of L-N3O2.18 This result 
supports the contention that Fe(II) ion in a pentagonal bipyramidal 
geometry can exhibit large uniaxial anisotropy. Herein we report the 
results of a systematic magnetic study of three pentagonal 
bipyramidal complexes [M(L-N3O2)(MeCN)2][BPh4]2 (M = Fe, 1; Co, 2; 
Ni, 3; L-N3O2 = 2,13-dimethyl-6,9-dioxa-3,12,18-triazabicyclo-
[12.3.1]octadeca-1(18),2,12,14,16-pentaene). Magnetic studies 
revealed uniaxial magnetic anisotropy for complexes 1 and 3 and 
easy-plane magnetic anisotropy for 2. Dynamic magnetic 
measurements revealed slow relaxation of the magnetization for 1 
and 2.
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Experimental Section
Materials and Physical Measurements. 

All chemicals were commercially available and used as received. 
Compound 1 was performed under a dry and oxygen-free argon 
atmosphere by using Schlenk techniques or in a glovebox. Complexes 
2 and 3 were synthesized in air. Powder X-ray Diffraction (PXRD) 
measurements were recorded on a Rigaku Smartlab X-ray 
diffractometer and the experimental patterns matched well with the 
simulated one, indicating that the samples are pure (Figure S4). 
Direct-current (dc, 2-300K, 0-7 T) and alternating-current (ac, at 
frequencies between 1 and 1500 Hz with an ac field of 5 Oe) 
susceptibility measurements were performed on powder samples of 
1-3 with a Quantum Design MPMS XL-7 SQUID magnetometer. 
Diamagnetic corrections were calculated from Pascal constants19 and 
applied to all the constituent atoms and the sample holder. All SQUID 
samples were immobilized in the capsule with eicosane to avoid 
magnetic torqueing. Multiconfigurational ab initio calculations were 
performed using the ORCA 3.0.3 computational package.20 The 
polarized triple-ζ-quality basis set [def2-TZVPP] proposed by Ahlrichs 
and co-workers was used for Fe, Co and Ni ions; def2-TZVP was used 
for nitrogen and oxygen atoms, while the basis set def2-SVP was 
used for other remote atoms.21 

General procedure for the synthesis of [MII(L-N3O2)(H2O)2][ClO4]2 
and [MII(L-N3O2)(MeCN)2][BPh4]2 (M = Fe, 1; Co, 2; Ni, 3)
[MII(L-N3O2)(H2O)2][ClO4]2: 2,6-Diacetylpyridine (16 mg, 0.1 mmol) 
and 1,8-Diamino-3,6-dioxaoctane (15.0 mg, 0.10 mmol) were added 
to a MeOH/H2O (10 mL, 2:1) solution of Fe(ClO4)2·(H2O)5 (25 mg, 0.10 
mmol). The mixture was refluxed for 12 h and filtrated after cooling 
to room temperature. Then the mixture was filtrated and the filtrate 
was concentrated and cooled at 4 oC to obtain the crystals, which was 
collected and dried under vacuum; yield 52%. The Co(II) and Ni(II) 
analogues were obtained in a similar way (Yield: 50-60%) using the 
Co(ClO4)2·(H2O)6 and Ni(ClO4)2·(H2O)6 instead.
[MII(L-N3O2)(MeCN)2][BPh4]2: To a solution of [Fe(L-
N3O2)(H2O)2][ClO4]2 (227 mg, 0.10 mmol) in acetonitrile (10 mL) was 
slowly added an acetonitrile (5 mL) solution of sodium 
tetraphenylborate (69 mg, 0.20 mmol). The resulting mixture was 
filtered and the filtrate was left to stand undisturbed for two weeks. 
Single crystals were collected and dried under vacuum; yield 67%. 
Complexes 2 and 3 (Yield: 60-70%) were obtained in a similar manner 
with the corresponding metal precursors.

Crystallography

X-ray data for 1-3 were collected at 110(2) K on a Bruker D8 
VENTURE diffractometer with graphite monochromated Mo Kα 
radiation ( = 0.71073 Å). Lorentz/polarization corrections were 
applied during data reduction and the structures were solved by 
direct methods (SHELXS-97). Refinements were performed by 
full-matrix least squares (SHELXL-97)22 on F2 and empirical 
absorption corrections (SADABS)23 were applied. Anisotropic 
thermal parameters were used for the non-hydrogen atoms. 
Hydrogen atoms were added at calculated positions and refined 
using a riding model. Weighted R factors (wR) and the 
goodness-of-fit (S) values are based on F2; conventional R 
factors (R) are based on F, with F set to zero for negative F2. Data 

collection and structural refinement parameters are provided in 
Table 1 and selected bond distances and angles are listed in 
Table S1. CCDC-1861079-1861081 contain the crystallographic 
data that can be obtained via 
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the 
Cambridge Crystallographic Data Centre, 12, Union Road, 
Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or 
deposit@ccdc.cam.ac.uk).

Results and discussion
Synthesis and Structure Characterization

The air-stable compounds 1-3 were easily prepared by the 
reaction of the precursor salt [M(L-N3O2)(H2O)2][ClO4]2 with sodium 
tetraphenylborate in acetonitrile solution.

Table 1. X-ray crystallographic data for complexes 1-3.

1 2 3

Empirical formula C67H67B2FeN5O2 C67H67B2CoN5O2 C67H67B2NiN5O2

Formula weight/g mol–1 1051.72 1054.80 1054.58

crystal system Orthorhombic Orthorhombic Orthorhombic

space group Pbcn Pbcn Pbcn

a, Å 16.397(3) 16.401(6) 16.409(10)

b, Å 19.194(4) 19.168(7) 19.183(11)

c, Å 17.667(4) 17.676(7) 17.634(10)

α, deg 90 90 90

β, deg 90 90 90

γ, deg 90 90 90

V, Å3 5560(2) 5557(4) 5551(6)

Z 4 4 4

dcal / g cm–3 1.256 1.261 1.262

F(000) 2224 2228 2232

Temperature, K 110(2) 110(2) 110(2)

Radiation MoKα MoKα MoKα

θ range 3.42–25° 1.63–26.18° 1.63–25.17°

completeness 99.6% 99.6% 99.3%

residual map, e Å-3 0.93/-0.35 0.38/-0.46 0.39/-0.48

Goodness-of-fit on F2 1.039 1.029 1.028

R indices [I>2(I)]
R1 = 0.0571, 

wR2 = 0.1312
R1 = 0.0385, 

wR2 = 0.0925
R1 = 0.0521, 

wR2 = 0.1054

R indices (all data) R1 = 0.0812, 
wR2 = 0.1491

R1 = 0.0539, 
wR2 = 0.1024

R1 = 0.0950, 
wR2 = 0.1275

All of the complexes 1-3 crystallize in the orthorhombic space 
group Pbcn (Figures 1, S1-S3). The central metal ion is situated in a 
pentagonal bipyramidal coordination sphere formed by five 
equatorial N3O2 (N1, N2, N2A, O1, O1A) atoms from the ligands and 
two axial N atoms (N3, N3A) from the MeCN molecules. The axial 
bond angles for 1 and 2 are ~173° (N3-Fe-N3A, 172.25(14)°; N3-Co-
N3A, 173.21(8)°), whereas the smaller angle N3-Ni-N3A of 
169.26(15)° was found in complex 3. The equatorial M-O bond 
lengths of complexes 1-3 are significantly longer than the M-N bond 
distances (Table S1). All the equatorial N-M-O(N) bond angles of 
complexes 1 and 2 are in the narrow range of ~73° (1, 72.02(9)-
73.03(7)°; 2, 72.46(6)-72.70(4)°). The corresponding angles for 3 vary 
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from 70.96(10) to 77.06(8)°, an indication of a more distorted 
pentagonal bipyramidal geometry for 3. The SHAPE software24 gave 
the deviation parameters of 0.137, 0.129, and 0.477 for 1-3 
respectively, which are close to zero of the ideal D5h symmetry while 
the larger value for 3 confirms the more distortion. Due to the large 
size of the tetraphenylborate anion, the metal centers are well 
isolated with the closest intermolecular metal···metal separations 
being 11.5, 11.5, 11.7 Å for 1-3, respectively (Figures S1-S3).

Figure 1. Structure of the pentagonal bipyramidal complexes (M = Fe, Co, Ni) viewed 
from the side (a) and the top (b) (H atoms and counter anions were omitted for clarity); 
(c) The electron configuration of Fe(II), Co(II), Ni(II) in pentagonal bipyramidal geometry.

Magnetic Properties
Variable temperature dc susceptibility measurements were 

performed on powder samples at a dc field of 1000 Oe (Figure 2). The 
χMT product at room temperature is 3.85, 2.12 and 1.03 cm3 K mol-1 
for 1-3, respectively, larger than the calculated values for the spin-
only contributions, indicating considerable contribution from orbital 
angular momentum.25 Upon cooling, χMT values are essentially 

constant, decreasing at about 40 K (for 1), 60 K (for 2) and 15 K (for 
3) which is likely attributed to the magnetic anisotropy of the metal 
ions. The field-dependent magnetization data for 1-3 were measured 
from 0 to 7 T from 2-6 K. All of the complexes exhibited continuously 
increases to 2.79, 1.98 and 1.49 Nβ for 1-3 at 7 T and 2 K, respectively. 
The lack of high-field saturation suggests the presence of significant 
magnetic anisotropy. In order to gain insight into the magnetic 
anisotropy, the PHI program26 was employed to analyze the dc 
susceptibility data and magnetization data, wherein MT vs T and M-
H data were fitted simultaneously based with the following spin 
Hamiltonian (eqn. 1, with gx = gy):





zyxi

iiiByxz BgSSSESSSDH
,,

ˆ)ˆˆ()3/)1(ˆ(ˆ 222 

where E is the rhombic ZFS parameter, μB is the Bohr magneton, 
g is the Landé factor and B is the magnetic induction. The best 
fit was achieved with parameters: 1: gx = gy = 2.16, gz = 2.42, D 
= ‒ 17.1 cm1, E = ± 0.6 cm1, R = 1.3 × 10-4; 2: gx = gy = 2.18, gz 
= 2.01, D = + 36.9 cm1, E = ± 0.2 cm1, R = 4.3 × 10-5; 3: gx = gy = 
1.79, gz = 2.39, D = ‒ 14.3 cm1, E = ± 1.8 cm1, R = 5.2 × 10-5.The 
results of D, E, and g values are well in consistent with the 
previous reported mononuclear complexes with similar 
coordination geometries. And imposing an opposite initial D 
value would result in a poor fit, which is also conflict with the 
reported EPR data and theoretical calculations for similar 
complexes, indicating that magnetic fitting should be reliable.16 
In order to further explore the magnetic anisotropy of the 
complexes, multi-configurational ab inito CASSCF/NEVPT2 
calculations were performed on the experimental structures 
(Table S3 and S4). In the case of spin Hamiltonian parameters of 
S = 3/2, the calculated axial zero-field splitting (zfs) parameter 
D is ‒19.7 cm-1, +37.8 cm-1 and ‒15.4 cm-1 for complexes 1-3, 
respectively. Both the calculated axial zfs parameter (D) and 
rhombic ZFS parameter (E) agree well with the experiment 
values and further confirm the uniaxial magnetic anisotropy for 
1 and 3 while easy plane magnetic anisotropy for 2. The result 
is also well in the agreement with those previous reports for this 
special geometry.16
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Figure 2. Temperature dependence of χMT obtained at 1000 Oe (data points) for 1(a), 2(b) and 3(c). Solid lines represent the fits with the PHI program. Inset shows the 2-6 K field-
dependent magnetization and its fit obtained simultaneously with the χMT fit.

Dynamic magnetic measurements were measured to probe 
the SMM behavior of 1-3 (Figure 3, Figures S5-S9). Under zero 
dc field, no slow magnetic relaxation was observed for all the 
complexes, while frequency-dependent behavior with obvious 

out-of-phase ac susceptibility (χ″) signals appeared when a 
small dc field was applied for complexes 1 and 2, typical of 3d 
SMMs with fast quantum tunnelling of the magnetization 
(QTM).27 However, no SMM behavior was observed for 3 even 
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with the field up to 7000 Oe. Studies of the reported 
mononuclear Ni(II) complexes indicated that only a few Ni(II) 
examples exhibit moderate SMM behaviour even with huge 
magnetic anisotropy,28 due to the efficient quantum tunnelling 
of the magnetization. We believe that a more distorted 
pentagonal bipyramidal geometry of complex 3 would 
contribute to a dominant QTM effect and thus the absence of 
SMM behaviour.

The Cole–Cole plots for 1 and 2 at different temperatures were 
fitted with the generalized Debye model29 (Figure S8), yielding the 
relaxation time () as well as the distribution coefficients α (Table S2). 
The relaxation times τ were plotted versus T−1, generating the 
Arrhenius-like diagram. Both the Arrhenius diagrams were 
temperature-dependent and barely linear in the high-temperature 
region, yielding an estimation of the energy barrier of 50(2) K and 
32(1) K, respectively (Figure 3). Both values are much less than the 
Orbach-only energy barrier as evaluated from the D value, indicating 
other “shortcut” paths for the relaxation of magnetization. The 
general model containing four relaxation processes (QTM, direct, 
Raman and Orbach process) should be employed for analysis while 
this would lead to overparametrized fit results. In order to avoid the 
overparameterization, both the direct and QTM processes were 
neglected for complex 1 since they were negligible under the small 
optimum field (eqn. 2)30:

-1 n -1
0= + exp( / )   BCT U k T

Where C and n − coefficients, T − temperature, U – energy barrier, 
τ0− pre-exponential factor, kB − Boltzmann constant. The best fit was 
obtained giving C = 131(9) K−2.1 s−1, τ0 = 3.4(2) × 10−11 s-1, U/kB = 89(2) 
K, n = 2.1(1). For the overall process, the Raman relaxation prevails 
at most temperatures, whereas the Orbach pathway becomes 
important at the higher temperatures. Nevertheless, the Raman 
process still has a significant effect on the overall relaxation 
properties, therefore the energy barrier obtained from the high-
temperature region (Ueff = 50 K) is much lower than the calculated 
barrier for an Orbach process only (U = 98 K). 
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Figure 3. Frequency dependent magnetic susceptibilities of the out-of-phase signals for 
1(a) and 2(b) at indicated dc field; the lines are guides to the eyes. Temperature 
dependence of the relaxation rates for 1(c) and 2(d). The red lines correspond to the 
high-temperature Arrhenius fitting. The blue lines represent the fitting based on eqn. 2.

As for complex 2 with easy plane magnetic anisotropy, generally 
there are three potential reasons for the occurrence of slow 

relaxation, including a field-induced bottleneck effect,31a the 
presence of the large rhombic anisotropy barrier determined by the 
E parameter31b and a dominant optical acoustic Raman process31c. In 
this case, both the first two reasons were excluded due to the small 
effective energy barrier and small experimental E value, which seems 
that the magnetic relaxation would proceed more likely through the 
optical acoustic Raman process involving a virtual state. During the 
fitting of 2, we found that the relaxation times can be fitted well to a 
T-n law with C = 0.15(2) K−6.2 s−1 and n = 6.2(3) (Figure S9), indicating 
that a dominant optical acoustic Raman process32 is responsible for 
the spin relaxation observed in 2.

Conclusions
In summary, we have examined three mononuclear metal(II) 

complexes (M = Fe, Co, Ni) with the pentagonal bipyramidal 
geometry. Both complexes 1 and 3 exhibit uniaxial magnetic 
anisotropy and complex 2 exhibits easy-plane magnetic 
anisotropy. Dynamic magnetic measurements reveal slow 
relaxation of magnetization for 1 and 2, both of which involve 
considerable contribution from Raman processes. It is noted 
that the magnetic anisotropy and relaxation dynamics are very 
sensitive to small changes in ligand field and/or the central 
metal ions in this coordination geometry. Additional studies of 
magneto-structural correlations for such modified complexes 
are in progress.
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