536 55 1211 VR | A R = 7} Vol.36 No.12
20204E12 A CHINESE JOURNAL OF INORGANIC CHEMISTRY 2331-2339

BENEXH Fe,Ni, 85 FHREIE B & R S #%

ZRA ZBAE REER BRT A EFT
(REFRIXFHBUIRAZELLRE, KiE  116024)

P F ] = S S 8050 Bu,N[Fe" (PZTp)(CN),](PzTp=tetrakis(pyrazolyl)borate) Fll 4, 4'- — HI 48 FE-2 , 2/ -k ML E (4, 4’ -dmobpy) Bt
G T 2 SR Fe ", NI, DU G o B dh X SR 9 R WAL A P [Fe" (P2Tp) (CN),L,[Ni" (4, 4'-dmobpy),][Fe" (PzTp)
(CN),],-2CH,OH (1)FlI[Fe" (P2Tp)(CN),LINi", (4,4’ -dmobpy),|(PF,), (2) A VU4 DU J5 I 4 T 24544 o ELIR REAL R B &9 1
2RI TN ERRERR G AR . SSRGS R A B A Y LR 2768 Y T AT 1B RES0 R AT A ALRR 2250 51k 12.8
F13.0K.

KR FEMER ; T REA; SRR G
FESES: 0614.81'1; 0614.7'11 XEAARIZAD: A XEHS: 1001-4861(2020)12-2331-09
DOI: 10.11862/CJ1C.2020.252

Synthesis and Magnetism of Cyano-bridged Fe,Ni, Single-Molecule Magnets

WU Jia-Qi  MENG Yin-Shan ZHU Hai-Lang JIAO Cheng-Qi LIU Tao*
(State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian, Liaoning 116024, China)

Abstract: Two cyano - bridged Fe,Ni, complexes were synthesized via the reaction of tricyanometallate building
block Bu,N[Fe" (PzTp)(CN),] (PzTp=tetrakis(pyrazolyl)borate) and 4,4’ -dimethoxy-2,2’-bipyridine (4,4'-dmobpy)
ligand. X -ray diffraction study reveals that complexes [Fe" (PzTp)(CN),],[Ni",(4,4 -dmobpy),|[Fe™ (PzTp)(CN),],
2CH,0H (1) and [Fe" (PzTp) (CN),L,[Ni" (4,4’ - dmobpy),] (PF,), (2) exhibit a tetranuclear square structure. Direct
current susceptibility measurements indicate that 1 and 2 show intramolecular ferromagnetic interactions between
Fe(ll) and Ni(Il) ions. Complexes 1 and 2 show the magnetic relaxation property in the absence of dc field, behaving

as single-molecule magnets. The fitted relaxation energy barrier E /k, for 1 and 2 were 12.8 and 13.0 K, respectively.

CCDC: 1988983, 1; 1988982, 2.
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0 Introduction magnets (SMMs), can exhibit slow relaxation of magne-
tization, hysteresis and quantized behaviors at molecu-

Since the discovery of a Mnj,-Ac cluster ([Mn,0,, lar level, showing promising applications in high-density
(CH,C00),,(H,0),,] -2CH,COOH-4H,0) showing the information storage, quantum computing and spintronic
magnet-like behavior in 1993, researchers have put a devices”'”. These exceptional properties have also
lot of effort in the field of molecular magnetism'™. attracted considerable interest in the fundamental
Unlike the traditional bulk magnets, such type of scientific studies. For transition metal based SMMs,

molecular materials, also known as single-molecule the non-spherical crystal field removes the degeneracy
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of ground multiplet, generating a double-well potential
system. When the molecules were magnetically polar-
ized by external field, the reversal of magnetic moment
needs to climb the sub energy levels to reach the oppo-
site site and overcome the spin reversal barrier”™. This
barrier is crucial for the long-time memory property,
which is governed by the zero-field splitting parameter

and ground spin number (U,=IDIS* for integer system;

U= IDI(S*~1/4) for half - integer system). In the early
studies, researchers designed a number of high-nuclear
transition-metal -based clusters with large ground spin

"1 However, due to the cancelation of mag-

number!
netic anisotropy of individual metal ions, the overall
magnetic anisotropy of these clusters is usually small,
resulting in small energy barriers. Nevertheless, the
study of these molecular clusters with a wide variety of
spin topologies and architectures provides a good plat-
form to better understand the magneto-structural corre-
lations. Another strategy is to improve the uniaxial
anisotropy by introducing lanthanide ions or anisotro-

blocks!"""!

Among them, the metallocyanide building blocks show

pic  transition-metal-based  building

the priority in constructing new SMMs!">**'L The cya-
nide bridge shows not only the ability of transmitting
magnetic exchange interaction, but also the ease of
molecular design through step-by-step synthetic
approach™?. A typical example is the [Mo(CN),]" -
based trinuclear Mn,Mo molecule that exhibited the
highest energy barrier among the cyanide-based
SMMs"”. More importantly, these metallocyanide build-
ing blocks are essential for the metal-to-metal electron
transfer, spin-crossover, magneto - optic and magneto-
electric properties™ ™. With this in mind, we aim to
design square-type cyano-bridged SMMs. Metallocya-
nate building block Bu,N[Fe" (PzTp)(CN),] (PzTp=tetra-
kis(pyrazolyl)borate) was chosen to react with Ni(Il) ion,
as it features larger spin-orbit coupling among 3d tran-
sition metal ions and usually shows the ferromagnetic
interactions between the low-spin (LS) Fe(ll) and high-
spin (HS) Ni(Il) ions™. Herein, we report the synthesis,
crystal structures and magnetic properties of [Fe®

(PzTp) (CN);L[Ni",(4, 4’-dmobpy),] [Fe" (PzTp) (CN),],
2CH,OH (1) and [Fe" (PzTp)(CN),,[Ni",(4,4'-dmobpy),]

(PFy), (2) (4,4" -dmobpy=4,4' - dimethoxy-2,2" - bipyri-
dine). Both of them exhibit the SMM behaviors.

1 Experimental

1.1 Materials and general methods

All chemical reagents were purchased from com-
mercial sources and used without further purification.
Bu,N[Fe" (PzTp) (CN),] were synthesized according to
the literature method” ' and the 4,4'-dimethoxy-2,2’-
bipyridine ligand was acquired from commercial
source. Elemental analyses were performed on an
Elementar Vario EL. Il analyzer. Magnetic measure-
ments of the samples were performed on a Quantum
Design SQUID (MPMSXL-7) magnetometer and Quan-
tum Design PPMS-9. Data were corrected for the
diamagnetic contribution from holders and molecules
using Pascal constants.
1.2 Synthesis of 1

An aqueous solution of NiCl,+-6H,0 (0.005 mmol,
0.5 mL) was placed at the bottom of a test tube. A mix-
ture of methanol and water (1:1, V/V, 3 mL) was gently
layered on the top of the solution, and then the metha-
nol solution of Bu,N[Fe" (PzTp)(CN),] (0.005 mmol, 0.5
ml) and 4,4’ -dmobpy (0.01 mmol) was carefully added
as the third layer. After one month, red block crystals
were obtained, then were collected after washing with
water and drying in the air. Yield: 33% based on NiCl,+
6H,0. Anal. Caled. for C,H,,B,Fe,Ns,Ni,0,,(% ): C
48.93, H 3.96, N 26.97; Found(%): C 48.07, H 3.64, N
26.91.
1.3 Synthesis of 2

Complex 2 was synthesized with the similar proce-
dure of complex 1, except using a methanol solution of
Bu,N[Fe" (PzTp) (CN),] (0.005 mmol, 0.5 mL), 4,4 -
dmobpy (0.01 mmol) and NH,PF, (0.005 mmol) as the
third layer. Yield: 30% based on NiCl,-6H,0. Anal.
Caled. for C,H,,B,F,Fe,NyNi,OP,(% ): C 44.61, H
3.43, N 20.01; Found(%): C 44.36, H 3.47, N 19.78.
1.4 X-ray crystallography

The diffraction data were collected on Bruker D8
Venture CMOS-based diffractometer (Mo Ka radiation,
A=0.071 073 nm) using APEX3™ program at 293 and
120 K for complexes 1 and 2, respectively. Final unit
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cell parameters were obtained based on all observed
reflections from integration of all frame data. All crys-
tallographic structures were solved by direct methods
and refined with SHELXL-2015 implanted in the Olex
2 program package”". For complexes 1 and 2, all non-

hydrogen atoms were refined anisotropically. The

hydrogen atoms of organic ligands were located geomet-
rically and fixed with isotropic thermal parameters.
The details of the structure refinement for complexes 1

and 2 are summarized in Table 1.

CCDC: 1988983, 1; 1988982, 2.

Table 1 Crystal data and structure refinements for complexes 1 and 2

Complex

1

2

Formula

Formula weight
Crystal system

Space group

a/nm

b/ nm

¢/ nm

al(%)

BIC)

v/ ()

V/nm?

Z

D,/ (g-em™)

F(000)

Reflection collected
Unique reflection (R,,)
Goodness-of-fit on F'2
Final R indices® [[>20(I)]

R indices*" (all data)

Ci1oH 6B4Fe Ny Ni,O
2 700.52

CagHopBoF Fe;,NygNi, OgPy
2 098.33

Triclinic Monoclinic
P1 P2,/n

1.425 22(6) 1.264 64(11)
1.594 29(6) 2.418 87(18)
1.633 75(6) 1.549 72(12)
62.807 0(10)

68.328(2) 95.280(3)
76.615(2)

3.059 7(2) 4.720 5(7)

1 2

1.466 1.476
1390.0 2140.0
55553 42731
10709 (0.061 1) 10 832 (0.061 0)
1.075 1.032

R,=0.048 1, wR,=0.119 2
R,=0.079 8, wR,=0.131 6

R,=0.048 6, wR,=0.115 0
R,=0.083 9, wR,=0.130 6

“R=3(F -IF ) SIF ) »wRy=[ S w(IF |-1F [} S wF 2]

2 Results and discussion

2.1 Crystal structures of 1 and 2

Single - crystal X -ray diffraction analysis reveals
that 1 crystallizes in the triclinic space group P1. As
shown in Fig.la, 1 exhibits a tetranuclear square struc-
ture. Two uncoordinated methanol molecules are locat-
ed between the clusters. Within the molecule, each
[Fe" (PzTp) (CN),]” fragment is alternatively connected
with two [Ni(4,4'-dmobpy),[** entities through two of its
three cyanide groups, forming a {Fe,( u-CN),Ni,} tetra-
nuclear square structure. The Fe(ll) ion adopts a slightly
distorted octahedron coordination environment, which
is composed of three cyanide carbon atoms and three
eanite and Fe =Ny

bond lengths are 0.192 9(4) and 0.195 9(3)~0.198 1(3)

pyrazole nitrogen atoms. The Fe-C

nm, respectively. The bond lengths are in good agree-
ment with the low-spin (LS) Fe(ll) complexes reported
previously™**. The Ni-N,,,,,, bond distances (0.205 2(3)
~0.209 9(3) nm) are also in agreement with the high -
spin (HS) Ni(Il) complexes. The Fe-C=N bond angles
(173.8(3)° ~174.6(3)°) show good linearity. Within the
unit of [Ni(4,4"-dmobpy),|**, each Ni(Il) ion is also locat-
ed in an octahedral environment with four nitrogen at-
oms from two 4,4’ -dmobpy ligands and two cyanide ni-
trogen atoms. Different from the [Fe™ (PzTp) (CN),] "
building block, the Ni-N=C bond angles (146.0(3)° ~
149.5(3)° ) show significant deviation from linearity,
which will influence the magnitude of the magnetic in-
teractions. There are an intermolecular edge-to-face C—
H--- 7 interactions between C19-H19A and pyrazole
rings (0.327 49(1) nm) and an intermolecular offset face
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-to-face 7 --- 7 interactions between adjacent pyrazole
rings (centroid distance: 0.401 36(1) nm, dihedral angle:
20.9(6)°). The neighboring molecules are further linked
through above intermolecular stacking interactions to
form a 2D supramolecular layer (Fig. 1b). The shortest
distances of intramolecular Fe---Ni, Fe:--Fe, and Ni---
Ni are 0.495 85(10), 0.651 29(9) and 0.745 13(7) nm,
respectively. The nearest intermolecular distances of Fe
---Ni, Fe---Fe, and Ni---Ni are 1.269 07(1), 0.996 16(9)
and 1.193 95(9) nm, respectively.

@

ClD\
P

clie A cn

Different from complex 1, single-crystal X-ray
diffraction analysis reveals that 2 crystallizes in the
monoclinic space group P2 /n. Complex 2 is composed
of a {[Fe" (PzTp) (CN),],Ni",(4, 4" - dmobpy),}** square
and two PF~ counterions (Fig.2a). Each Fe( Ill) center
also adopts a slightly distorted octahedral geometry
with three N atoms from pyrazoles and three cyanide
eyanige and Fe-N,.-bond
lengths are 0.192 2(4) nm and 0.196 1(2)~0.198 1(3)
bond lengths and Ni-N

carbon atoms. The average Fe-C

nm, respectively. The Ni-N

dmobpy

Fig.1 (a) Unit structure of 1 with 30% thermal ellipsoids probability, where all hydrogen atoms are omitted for clarity and

atomic scheme is: dark yellow for Fe, turquoise for Ni, gray for C, blue for N, yellow for B; Symmetry codes: ' —x, —y,

-z; " x, =14y, z; (b) Packing diagram of 1 illustrating 77---7 and C—H---7 contacts in bc plane; Symmetry codes:

Pl 14y, 2 T ==, 2=y, =z = 14w, 24y, 23 ¥ —1—x, 1=y, 1=z " =14x, 14y, 142 =1-x, 2—y, 1=z " =14x, 24y, 14z

i

Fig.2 (a) Unit structure of 2 with 30% thermal ellipsoids probability, where all hydrogen atoms are omitted for clarity and

atomic scheme is: dark yellow for Fe, turquoise for Ni, gray for C, blue for N, violet for P, bright green for F, yellow

for B; Symmetry code: ' 1—x, 2—y, 1=z; " 1—x, y, 1=z; " x, 2=y, z; ™ 2—x, y, 2—2; * —1+x, 2—y, —1+z; (b) Packing diagram

of 2 in ab plane; Symmetry codes: ' 1-x, 2—y, 1-z; " 1=x, y, 1=z " 3/2—x, 3/2—y, 1=z, 1/24x, =1/2+y, z; " 32—,

=124y, 1=z, 1=x, 1=y, 1=z; W x, =14y, ;"% 1=x, =14y, 1=z, =1/2+4x, =1/2+y, z;* 1/2-x, 32—y, 1=z, 1/2-x,

—1/2+y, 1=z
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=C angles in 2 are 0.206 2(2)~0.208 3(2) nm and
147.8(2)° ~151.4(2)°, respectively, which are slightly
different The Fe---Ni
(0.493 38(36) nm) and Fe---Fe (0.632 84(56) nm) dis-
tances are shorter than those of complex 1, but the Ni---
Ni distance (0.757 10(56) nm) is a little longer. The
nearest intermolecular Fe:--Ni, Fe:--Fe and Ni---Ni
distances are 1.293 74(55), 0.939 87(54) and 1.542 03(63)

nm, respectively. However, the nearest offset face-to-

from 1. intramolecular

face stacking interactions between the pyridine rings
(C18, C19, C20, C21, C22, and N10) in adjacent 4,4'-
dmobpy ligands (dihedral angle: 0.0(1)°) with a centroid
-centroid distance is 0.44 92(1) nm, excluding the exis-
tence of -7 stacking interactions (Fig.2bh).
2.2 Magnetic property

Magnetic susceptibility data were collected under
1 kOe de field in a temperature range of 2~300 K
(Fig.3). The xT values for 1 and 2 were 4.81 and 3.36
em’+mol ™'+ K at 300 K, respectively. The xT value of 2
is in the typical range for two uncorrelated LS Fe (Il)
ions (S=1/2) and two HS Ni(Il) ions (S=1)*". The larger
xT value of complex 1 is attributed to contribution from
the paramagnetic [Fe" (PzTp) (CN),]” counterions. For
complex 1, the T value gradually increased as the
temperature was lowered to 100 K, then increased
rapidly to the maximum value of 10.38 ecm’+mol ™"+ K at
5.7 K, followed by a decrease to 9.31 cm’+mol ™'+ K at 2
K. Such a decrease is probably due to the zero-field
splitting of Ni(Il) ions or intermolecular antiferromag-
netic interactions. The increasing of xT values suggests
the existence of intramolecular ferromagnetic interac-

tions between Fe(ll) and Ni(Il) ions. To verify this, the

11 70
(@)
10+ % 160
g 9l % 450
% u] 140
£ 8r
< 130
81t
= 120
X 6F lio
5 10
L L s L s L 110
4 0 50 100 150 200 250 300
Temperature / K

X'/ (cm™+mol)

Curie-Weiss law y=C/(T-6) was applied to fit the ' vs
T plots, resulting the Curie constant C of 4.74 cm’-
mol™+K and Weiss temperature 6 of 7.80 K. The posi-
tive Weiss temperature indicates the ferromagnetic
interactions between the paramagnetic centers in com-
plex 1™, For complex 2, the plots of yT versus temper-
ature were different from that of 1, which showed a
slightly decrease when decreasing the temperature to
120 K. The xT values experienced an upturn upon fur-
ther cooling, reaching a maximum value of 7.45 cm’-
mol™'+K at 5.5 K. The T value at 2 K is 6.92 c¢m’-
mol™ + K. The magnetic data followed the Curie-Weiss
law in the temperature range of 2~300 K with a posi-
tive Weiss temperature 6 of 6.13 K and Curie constant
C of 3.19 cm’+mol™ - K. It is noteworthy that the Weiss
temperature of complex 2 was smaller than that of 1,
suggesting a smaller intramolecular ferromagnetic
interaction in 2. To further demonstrate the intramolec-
ular interactions, the susceptibilities were fitted with
the following Hamiltonian H==2][S;,,(Sxi+Sx2) +Ske
(SxitSxi)l, where J is the coupling parameter, S, is 1/2
and Sy, is 1. For complex 1, the T versus T plots above
20 K can be well fitted with the following parameters:
2r.=2.32, 2,=2.29 and J=6.83 cm™'. The positive cou-
pling parameter further confirms the ferromagnetic
interaction between Fe" . and Ni',, ions. While for
complex 2, the coupling parameter (5.65 cm™') was
smaller than that of complex 1 (6.83 ¢cm™), and the g
factor for Ni"; ions (2.11) also showed a smaller mag-
nitude. The variable-field magnetization measurements
were also performed at 1.8 K. As shown in Fig.4, the

isothermal magnetizations of 1 and 2 first increased lin-

8
1100
7t ]
o 180
T 6} 1 3
g {60 F
s 1 &
g lao =
<4t 1 1K
= 120
3t ]
1o
2050 100 150 200 250 300
Temperature / K

Red lines represent the Curie-Weiss fitting, and the green lines represent the fitting with exchange coupling Hamiltonian

Fig.3 Temperature-dependence magnetic susceptibility of 1 (a) and 2 (b)
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early and then increased gradually, reaching a maxi-
mum value of 7.61NB and 6.04NB at 50 kOe, respec-
tively. The magnetization value of 1 was higher than
that of 2 because the former complex contains two addi-
tional paramagnetic counter anions. It should be noted
that the magnetization value of complex 1 was not satu-
rated even at 50 kOe, suggesting the significant mag-
netic anisotropy from Fe () and Ni(Il) ions. Moreover,
the zero-field-cooled (ZFC) and field-cooled magnetiza-
tion plots (FC) under a field of 100 Oe for 1 and 2
showed no divergence (Fig.5), therefore excluding the
spontaneous magnetization above 1.8 K.

The temperature dependence of the ac magnetic
susceptibility for 1 and 2 were also investigated under
5 Oe alternating current (ac) field and zero direct cur-
rent (dc) field to probe the dynamics of the magnetiza-
tion. As shown in Fig.6, a clear frequency -dependent
behavior of both the in-phase ( ¥') and out-of - phase
(X') signals was observed below 4 K, indicating the
existence of slow magnetic relaxation. However, the

maxima peaks of the out-of-phase signals did not ap-

pear. As a consequence, the relaxation times cannot be
directly extracted. To evaluate the SMM performance,
the generalized Debye model” was used to extract the
energy barrier based on the relationship of In( x"/x')=
In(wz,) +E /(kT),

exponential factor and E, is the energy barrier. The

where o is 2mf, 7, is the pre-

obtained energy barriers E /k, was 12.8 K for complex
1 with 7, of 0.415 s (Fig.7). Interestingly, complex 2
showed a similar barrier of 13.0 K. Meanwhile, the 7,
value (0.154 s) was smaller than that of 1.

Although complex 1 shows stronger intramolecu-
lar ferromagnetic coupling and magnetic anisotropy of
Ni (I) ions, its SMM performance is almost the same
with complex 2. This inspired us to further check the
structural differences of them. Ferromagnetic interac-
tions are found in complexes 1 and 2, which can be
rationalized according to the orthogonality of magnetic
orbitals of the low-spin Fe (Il and high-spin Ni (II)
ions”™. The biggest structural difference lies on that
complex 1 has two paramagnetic counterions while in

complex 2 is diamagnetic one. The 7 --- 7 stacking

8 )
7 Tr
6 6
=3 =3
N g
p N = 5
2 2
1 1
0 0
0 10 20 30 40 50
H/kOe H/XOe
Fig.4 Field-dependent magnetizations of 1 (a) and 2 (b) at 1.8 K
7
@ o ZFC 350y ® o ZFC
618 OFC @ o FC
3.0t Oo
St o
T o225 O
= 3 [e)
E4 £ %
% & 20t
8 3p =
= X 15}
2+
1.0+
1 -
05
3% % ¢ 7 % 9 10 3 3 4 5 6 7 % & 10
Temperature / K Temperature / K

Fig.5 Zero-field-cooled magnetization (ZFC) and field-cooled magnetization (FC) curves for 1 (a) and 2 (b) under 100 Oe dc field
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Solid line represented the fitting results over the temperature range of 1.8~2.4 K

Fig.7  Plots of In( ¥"/x") vs /T of complexes 1 (a) and 2 (b)

interactions are found in complex 1. The nearest inter-
molecular Ni---Ni distance (1.193 95(9) nm) is smaller
than that of complex 2 (1.542 03(63) nm). This may
lead to stronger intermolecular antiferromagnetic inter-
actions in complex 1. The coordination environments of
Fe(ll) sites do not show significant difference, as indi-
cated by the Fe-C=N angles. This result is also reflect-
ed by the similar g factors for 1 (2.32) and 2 (2.34).
According to the previous study, large Ni-N=C angle

prefers stronger ferromagnetic interactions and conse-

quently better SMM performance. Complex 2 only
shows slightly larger Ni-N=C angles. To further verify
the magneto-structural correlations, the geometry analy-
sis was applied to see the deviation from ideal octahe-
dron of Ni(Il) and Fe(ll) coordination environments for
complexes 1 and 2 and compared them with reported
{Fe",Ni"} complexes (Table 2). As shown in Fig. 8a,
the larger deviations from ideal octahedron environ-
ment for Ni(Il) ion are correlated with smaller energy

barriers in most cases. This intuitive conclusion is not
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Table 2 Relationship between structural parameters and energy barrier AE/k, of 1 and 2
and reported {Fe™,Ni",} complexes
Complex /Fe-C=N/ (°) CShM,,* ZNi-N=C/ (°) CShM,» AElky 1 K

1 173.8(3)~174.6(3) 0.092 146.0(3)~149.5(3) 0.929 12.8

2 173.4(3)~175.13) 0.089 147.8(2)~151.4(2) 0.892 13.0
397 174.6(4)~177.4(4) 0.16 161.7(3)~173.8(3) 0.597 18.9
437 174.7(2)~178.2(2) 0.234 169.8(2) or 171.7(2) 0.605 47.4
50381 173.4(4)~178.1(4) 0.228 167.1(4) or 171.93) 0.74 20.4
6% 173.6(4)~177.8(4) 0.079 160.3(4)~173.0(4) 0.696 17.5
7] 177.0(9)~178.5(9) 0.126 161.6(8)~177.2(8) 0.77 20.6
8% 174.8(4)~178.0(4) 0.102 164.7(4)~175.2(4) 0.597 20.8
9i34l 176.7(2)~178.1(2) 0.161 173.5(3) or 174.2(2) 0.762 15.7
10251 173.6(6)~178.5(7) 0.227 165.5(6) or 174.6(6) 0.627 64.3
112 177.9(5)~179.5(4) 0.109 167.2(4)~170.3(3) 0.607 24.5
1259 175.1(8)~178.8(1) 0.124 152.5(8)~166.4(7) 0.68 65.1
131401 173.8(4)~179.5(5) 0.092 or 0.069 157.1(3)~171.5(3) 0.704 or 0.859 68.9
141401 172.2(1)~177.7(2) 0.091 or 0.113 157.5(1)~165.0(1) 0.955 or 0.690 12.6
15041 174.1(6)~176.2(6) 0.177 166.2(5)~170.6(5) 0.177 62.3

¢ CShMy,: continuous shape measure relative to ideal octahedron of Fe(ll) center; » CShMy;: continuous shape measure relative to ideal

octahedron of Ni(ll) center.

701 (a) o 00 b) @
o° ()
of © 6o d
v v
£ or ° £ ot °
240} 8 40}
& &
Q Q
qu-l 30 qu.l 30 F
(4 2 2 o
20 8 o 1 0r o1 © © ® °
° e °
10+ 10 1
0.2 0.4 0.6 0.8 1.0 0.08 0.12 0.16 0.20 0.24
CShM,, CShM,,

Fig.8 Correlations between energy barriers and parameters of CShM; (a) and CShM,,, (b)

applicable to the relation between CShM,, parameter
(continuous shape measure relative to ideal octahedron
of Fe(ll) center) and energy barrier (Fig.8b). It is proba-
bly due to the rigid structure of the [Fe™ (PzTp)(CN),]”
building block, which shows a small variation for the
CShM,, parameter (0.089~0.234). Besides of these, the
non-linear character of the Fe-C=N and Ni-N=C angles
may also have some effects on the intramolecular inter-
actions, which in turn influence the ground spin state
and energy barriers. In addition, it can be noted that
the CShM values of Fe(ll) and Ni(Il) for complex 1 are
slightly higher than that of 2. This indicates that the

Ni(Il) ions are located in a more distorted octahedron

environment. This may provide a compensation to the
smaller coupling interactions in 2, resulting similar
SMM performance of 1 and 2.

3 Conclusions

In summary, two new cyano - bridged Fe",Ni",
tetranuclear square complexes were synthesized by us-
ing the Bu,N[Fe" (PzTp)(CN),] as building block and 4,
4'-dimethoxy-2,2"-bipyridine as ancillary ligand. Single
-crystal X-ray diffraction analysis reveal that complex-
es 1 and 2 exhibit similar Fe™ Ni", clusters but with
different counterions. Magnetic measurements indicate

that both complexes 1 and 2 exhibit intramolecular
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ferromagnetic interactions. However, their single-
molecular magnetic performances are modest, showing
the energy barriers of 12.8 and 13.0 K, respectively.
To further improve their energy barriers, one strategy is
to introduce multidentate ligands and 4d-block metallo-

cyanate with stronger magnetic anisotropy.
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