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Three new cyanide-bridged compounds {IMn((S,5)-Dpen)]lsIMn((S,S)-Dpen)(H,O)l[Mo
(CN)712-4H,0-4C,H3N},  (1-SS),  {IMn((R.R)-Dpen)]sIMn((R,R)-Dpen)(H,O)[Mo(CN);1,-4.5H,0-4C,H3zN},
(1-RR), and {IMn(Chxn)][Mn(Chxn)(H20)q gl[Mo(CN)/1-H,0-4C,H3N},, (2) (SS/RR-Dpen = (S,5)/(R,R)-1,2-
diphenylethylenediamine and Chxn = 1,2-cyclohexanediamine) have been successfully synthesized from
the self-assembly reaction of the [Mo"(CN);1*~ unit, the Mn" ions, and two chiral bidentate chelating
ligands. Single-crystal structure determinations show that compounds 1-SS and 1-RR containing ligands
SS/RR-Dpen are enantiomers and crystallize in the chiral space group P2;. On the other hand, compound
2 crystallizes in the achiral centrosymmetric space group P1 due to the racemization of the SS/RR-Chxn
ligands during the growth of the crystals. Despite their different space groups and ligands, all three com-
pounds exhibit similar framework structures consisting of cyano-bridged Mn"-Mo"" two-dimensional
layers separated by the bidentate ligands. The circular dichroism (CD) spectra have further demonstrated
the enantiopure character of compounds 1-SS and 1-RR. Magnetic measurements revealed that all three
compounds display ferrimagnetic ordering with similar critical temperatures of about 40 K. The chiral
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enantiomers 1-SS and 1-RR exhibit the magnetic hysteresis loop with a coercive field of about 8000 Oe
at 2 K, which is by far the highest for all known Mn"-[Mo"(CN),]*~ magnets. Analyses of their structures
and magnetic properties indicated that their magnetic properties depend on the anisotropic magnetic
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Introduction

Tremendous efforts have been devoted to the design, syn-
thesis, and characterization of magnetic coordination poly-
mers in recent years. These multifunctional molecule-based
magnetic materials provide excellent opportunities to combine
various physical and chemical properties and show promising
potential applications in many diverse fields."> For example,
molecular magnetic coordination polymers with interesting
magnetic properties together with other intriguing physical
properties, such as electronic conductivity,® protonic conduc-
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interactions between the Mn'"" and Mo'" centers, which are closely related to the C~N—M bond angles.

tivity,* porosity,® dielectricity,® chirality” and so on, have been
reported and attracted a great deal of interest.

For the efficient design and preparation of the multifunc-
tional magnetic coordination polymers, the building-block
approach using the preformed molecular precursors including
the metal complexes has been proven to be a very successful
strategy in the past two decades.* ! In general, a proper build-
ing block is of critical importance to ensure strong magnetic
coupling and to tune and even control the structures and mag-
netic dimensionalities of the resulting molecular magnets.
Among all the building blocks, the simple cyanometallates
with the general formula [M(CN),]"~ (M = 3d/4d/5d metal
centers, m = 4 to 8, and n = 2 to 5) might be the most widely
used precursors for the construction of molecular
magnets.'>'® Among these cyanometallates, the 4d/5d cyano-
metallates are of special interest because of their more
diffused orbitals, versatile coordination geometries, and
enhanced magnetic anisotropy.’”'® Recently, Dunbar and our
group have been focusing on the hepta-cyanomolybdate unit
(IMo™(CN),]*") in assembling high-performance molecular
nanomagnets (single-molecule magnets (SMMs) and single-
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chain magnets (SCMs)) and high 7. magnets of long-range
magnetic ordering.’®?>® On one hand, the high magnetic an-
isotropy associated with the Mo™ center in the highly axial
pentagonal bipyramid coordination geometry makes
[Mo"™(CN),]*~ very promising for the construction of high Tj
molecular nanomagnets. In particular, the anisotropic
exchange coupling involving the Ds;, Mo™ center is of great
value for the realization of high Ts SMMs purely based on the
anisotropic magnetic coupling. This strategy has been theoreti-
cally proposed by Mironov et al.,**>® and experimentally rea-
lized by some of us in several trinuclear Mn,Mo SMMs." In
addition, we have also prepared an interesting SCM containing
similar Mn,Mo trinuclear units using the same anisotropic
magnetic coupling strategy.>°

On the other hand, the high number of the cyanide group
and the —4 negative charge of the [Mo™(CN),]*~ ion facilitate
the formation of high dimensional coordination polymers,
which, together with the strong magnetic coupling through
the CN™ groups, favors the construction of high T, magnets.”
However, the high connectivity of the [Mo™(CN),]*” anion
usually leads to the formation of precipitates of low purity and
low crystallinity, which hampers detailed studies on magneto-
structural relationships. In addition, the high sensitivity of the
[Mo"™(CN),]*~ anion to both air and light poses additional
challenges in the preparation of single crystals of the related
materials. Different strategies have been employed for the syn-
thesis of [Mo™(CN),]* -based high-dimensional coordination
polymers. Successful strategies include the adding of different
counter cations (K*, NH,", [N(CH;),]", [NH,(CH;),]")**?°>* to
the reaction system, employing additional coordination
ligands (imidazole, triazole, N,N-dimethylalaninol, DMF,
DEF)**?**3* or chelating ligands (tea, tacn, dpop, and 1-pypz/
3-pypz/pyim)**°=7 to reduce the available coordination sites
of the other metal centers, introducing additional bridging
ligands (such as formate and pyrimidine)*>”*® to compete with
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the [Mo™(CN),]*~ unit, and so on (see Fig. S17 for the mole-
cular structures of these ligands). From these strategies, high
T. magnets with T, up to 106 K for a Mn"-Mo™ 3D magnet®
and 110 K for a V'-Mo™ magnet have been achieved.*® In this
direction, Dunbar and our group have also made our contri-
butions by preparing a series of [Mo™(CN),]* -based 3D
magnets using a cation,”® monodentate co-ligands,>* bidentate
chelating ligands,?® and additional short bridges.*®

Among all these interesting [Mo™(CN),]* -based magnets,
there is only one family of complexes containing a chiral
ligand (protonated N,N-dimethylalaninol being either as a
racemic mixture or as a chiral R/S-enantiomer).** The resulting
complex containing a chiral enantiomer crystallizes in a chiral
space group C2, while the one containing the racemic mixture
crystallizes in the centrosymmetric space group C2/c.
Magnetically, these complexes are 3D chiral magnets with
switchable T, values (85 to 106 K) associated with the magnetic
sponge effect.>® Despite the chiral space group, no optical pro-
perties of these compounds were studied. Therefore, it is still
appealing to prepare new [Mo"(CN),]*-based chiral magnets
which show both chirality and unique magnetic properties. As
a matter of fact, chiral magnets combining magnetism and
optical activity have been a burgeoning topic in the last few
years.”**"*! From the synthetic point of view, although chiral
induction and spontaneous resolution have been frequently
employed,”” the most effective method for preparing chiral
molecular magnets is still to directly combine the enantio-
merically pure chiral ligands with the paramagnetic
units.>**"** Herein, following our previous work using biden-
tate chelating ligands (1-pypz/3-pypz/pyim),>> we prepared
three [Mo™(CN),]* -based compounds using the chiral biden-
tate ligands ((S,S)/(R,R)-1,2-diphenylethylenediamine (SS/RR-
Dpen) and (S,S)/(R,R)-1,2-cyclohexanediamine (SS/RR-Chxn),
Scheme 1), {[Mn((S,S)-Dpen)];[Mn((S,S)-Dpen)(H,0)][Mo
(CN), ], 4H,0-4C,H N}, (1-5S),  {[Mn((R,R)-Dpen)[Mn((R,R)-

({(Mn((S,S)-Dpen)l,Mn((S,S) |
Dpen)(H,0)IMo(CN),1,4H,0

NH, \'4C2H3N}n (1-SS) J
SS/RR-Dpen ({IMn((R,R)-Dpen),IMn((RR)- |
N Dpen)(H,0)]IMo(CN),1,4.5H,0
N \\H o - -4C,H,N}, (1-RR) )
N__N//If\l/llld§N
N

[Mn(Chxn)][Mn(Chxn)(H,0), ]

NH, "NH, {
[

SS/RR-Chxn

Mo(CN),]-H,O-4C,H;N}, (2)

Scheme 1 Structures of the chiral bidentate ligands and syntheses of complexes 1-SS, 1-RR, and 2.
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Dpen)(H,0)][Mo(CN),],-4.5H,0-4C,H;N},, (1-RR), and {[Mn
(Chxn)|[Mn(Chxn)(H,0), g][Mo(CN),]-H,0-4C,H;3N}, (2).
Although the chiral SS/RR-Dpen ligands led to the chiral struc-
tures of 1-SS and 1-RR, racemization of the chiral SS/RR-Chxn
ligands occurred during the reaction and resulted in the
achiral complex 2. The circular dichroism (CD) spectrum was
used to confirm the optical activity of the enantiopure isomers
1-SS and 1-RR. Magnetic measurements revealed that all three
compounds are ferrimagnets with T, values of about 40 K and
the coercive fields of 1-S§ and 1-RR reach about 8000 Oe at
2 K, which is by far the highest for all known Mn"-
[Mo"™(CN),]*” magnets.

Experimental section
Materials and synthesis

To avoid oxidation, all syntheses were performed under a nitro-
gen atmosphere using a standard Schlenk technique or in a
nitrogen-filled glovebox. Solvents were purified with a solvent
purification system, and the water was boiled under nitrogen
over two hours. All other chemicals were commercially avail-
able except for K, Mo(CN),]-2H,0, which was synthesized
according to the literature method.** Preparations of the
single crystals of the three compounds were carried out in a
water-containing glovebox under dark to avoid the possible
light-induced decomposition of the [Mo™(CN),]*~ anion in
solution.

Caution! Cyanides are highly toxic and perchlorate salts of
metal complexes are potentially explosive. They should be
handled in small quantities carefully.

Synthesis of the complexes

{IMn((S,S)-Dpen)];[Mn((S,S)-Dpen)(H,0)][Mo(CN), ],-4H,0-4C,-
H;N}, (1-SS). A solution of K,[Mo(CN),]-2H,0 (0.05 mmol,
23.5 mg) in 1.0 mL H,O was placed at the bottom of a 10 mL
test tube. Then, 4 mL of a mixed solvent of MeCN/H,O (v/v =
2:3) was added on top as a buffer. Finally, a 2 mL solution of
MeCN/H,O (v/v = 2:1) containing the ligand SS-Dpen
(0.1 mmol, 21 mg) and Mn(ClO,),-6H,0 (0.1 mmol, 36 mg)
was carefully layered as the third layer. The test tube was then
sealed and kept still in dark. Dark green flakes of single crys-
tals suitable for single crystal X-ray diffraction formed in
several days. The crystals were removed from the test tube and
washed with water. Yield: 7.9 mg, ~16.8% based on the Mn>*
salt. Elemental analysis: caled for C;gHgeMnyMo,Np605 (%): C
49.80, N 19.36, H 4.58. Found: C 49.53, N 19.13, H 4.71. IR
(KBr, cm™): 2103 (s, vc=n), 2060 (s, c=n), 3590 (W), 3270 (m),
3025 (w), 1585 (s), 1450 (m), 1125 (m), 980 (vs), 760 (s), 697
(vs), 560 (s).

{{Mn((R,R)-Dpen)];[Mn((R,R)Dpen)(H,0)[Mo(CN),],-4.5H,0-4C»-
H;N}, (1-RR). Single crystals of 1-RR were prepared following
the same procedure as that for 1-SS using RR-Dpen ligand.
Yield: 5.7 mg, ~12.1% based on the Mn>" salt. Elemental ana-
lysis: caled for C;gHg;MnyMo,N,605 5 (%): C 49.57, N 19.27, H
4.61. Found: C 49.61, N 19.18, H 4.54. IR (KBr, cm™): 2103 (s,

This journal is © The Royal Society of Chemistry 2023
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Vo=n), 2060 (S, vc=n), 3593 (W), 3270 (m), 3021 (w), 1585 (s),
1446 (m), 1121 (m), 978 (vs), 758 (s), 697 (vs), 556 (s).

{{Mn(Chxn)][Mn(Chxn)(H,0), g][Mo(CN),]-H,0-4C,H;N},, (2).
A solution of K, Mo(CN),]-2H,O (0.05 mmol, 23.5 mg) in
1.0 mL H,O was placed at the bottom of a test tube. Then,
4 mL mixed solvent of MeCN/H,O (v/v = 1:1) was layered on
top of the K,[Mo(CN),]-2H,O solution as a buffer. Finally, the
ligand SS-Chxn (0.1 mmol, 21 mg) and Mn(ClO,),-6H,0
(0.1 mmol, 36 mg) in 2 mL mixed solvent of MeCN/H,O (v/v =
2:1) was layered on top of the tube. The test tube was sealed
and kept still in dark. Dark green crystals suitable for single-
crystal X-ray diffraction were obtained in one week. The crystals
were removed from the tube and washed with water. Yield:
6.8 mg, ~16.7% based on the Mn*"* salt. Elemental analysis:
caled for Cy;Hy3 6MN,MON;50, g (%): C 39.85, N 25.83, H 5.36.
Found: C 39.73, N 25.84, H 5.31. IR (KBr, cm™'): 2103 (vs,
Ve=n), 2063 (s, Uc—x), 3330 (m), 2927 (m), 2854 (w), 1583 (s),
1446 (w), 1108 (s), 989 (vs), 848 (w), 600 (m).

Physical measurements

To avoid oxidation, the compounds were handled under a
nitrogen atmosphere or with minimum contact with air for the
physical measurements. Elemental analyses for C, H, and N
were carried out on a Vario MICRO Elementar instrument.
Infrared spectra were obtained using a Bruker Tensor 27 FT-IR
spectrometer in the range of 4000-400 cm™" with KBr pellets.
UV-Vis spectra were collected on a UV3600 spectrophotometer
in the range of 200-600 nm for compounds 1-SS and 1-RR,
chiral ligands SS/RR-Dpen, and K,[Mo(CN),]-4H,0 mixed with
BaSO, respectively. Circular dichroism spectra were recorded
with a JASCO J-810 spectropolarimeter on the powder samples
with KBr pellets. Powder X-ray diffraction (PXRD) was
measured at 298 K on a Bruker D8 Advance diffractometer
with a Cu Ka X-ray source operated at 40 kV and 100 mA.
Thermal gravimetric analyses (TGA) data were collected in the
temperature range of 25-600 °C under a nitrogen atmosphere
on the PerkinElmer Thermal analysis. Magnetic data were per-
formed on single-crystal samples embedded in eicosane to
avoid oxidation with a Quantum Design SQUID VSM magnet-
ometer. All data were corrected for diamagnetism of the eico-
sanoid and the sample holder and of the constituent atoms
using Pascal’s constants.

X-ray data collection and refinement

The X-ray single-crystal data for all compounds were collected
on a Bruker APEX II diffractometer equipped with a CCD area
detector and liquid-metal-jet X-ray source (Ga-Ko radiation, 4 =
1.34139 A for 1-SS and 1-RR) or the Bruker APEX Duo with a
Mo-Ka radiation (1 = 0.71073 A for 2) under a nitrogen flow at
193 K. The APEX II program was employed for data collection
and scaling and unit cell parameters determination. The data
were integrated and corrected using SAINT,* and SADABS was
used for absorption correction.® All structures were solved by
direct methods and refined by full-matrix least squares based
on F* with the SHELXTL software package.?” Hydrogen atoms
of the organic ligands were generated theoretically onto the

Dalton Trans., 2023, 52, 5575-5586 | 5577
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Table 1 Crystallographic data and refinement parameters for complexes 1-SS, 1-RR, and 2
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Compound 1-SS 1-RR 2

Formula C78HgsMn M0,N5605 C;78Hg;Mn Mo,Ny605 5 Cy7H,3 6MN;MON;50; g
M [g mol™] 1879.36 1888.37 812.99
Crystal system Monoclinic Monoclinic Triclinic
Space group P2, P2, P1

a[A] 13.2700(7) 13.2786(12) 7.9030(6)
b[A 16.3706(8) 16.2861(13) 14.1521(10)
c[A] 21.4855(11) 21.4317(19) 18.6565(14)
al°] 90 90 71.456(2)
B1°] 106.344(2) 105.389(4) 78.641(2)
r[°] 90 90 88.548(2)
V[A7] 4478.8(4) 4468.6(7) 1938.0(2)

zZ 2 2 2

T[K] 193 193 193

Pealed [g cm™] 1.394 1.403 1.393
F(000) 1920 1930 834

Rint 0.0736 0.0827 0.0266
Flack parameter 0.107(12) 0.134(14) —

GOF(F?) 1.075 1.057 1.057
Max/min [e A™%] 2.10/-0.93 1.12/-1.08 1.48/-0.64

Ry % WR, (1> 20(D)
R, % WR, " (all data)

0.0558, 0.1619
0.0734, 0.1766

0.0657, 0.1782
0.0979, 0.2036

0.0505, 0.1288
0.0607, 0.1353

“Ry = Z||Fo| = |Fel [/ Z|Fol. " wRy = {Z[W(F” = FEYY ZW(E) T,

specific atoms and refined isotropically with fixed thermal
factors. The crystals of 1-SS and 1-RR are twinned naturally
and twin laws were used in the refinement process. In
addition, for compound 2, although some of the crystallized
solvent molecules (half a water molecule and two acetonitrile
molecules) can be modeled in the structure, some additional
severely disordered solvent molecules cannot be modeled suc-
cessfully. These severely disordered solvent molecules in com-
pound 2 were removed from the crystal by a solvent mask
routine in the OLEX2 software package.*® Additional details of
the data collection and structural refinement parameters are
provided in Table 1. Selected bond lengths and bond angles
are listed in Tables S1 and S2.7

Results and discussion

Syntheses

From the self-assembly reaction of K, Mo(CN),]-2H,0, Mn
(ClO,),-6H,0, and SS/RR-Dpen or SS/RR-Chxn, two enantio-
mers 1-SS and 1-RR, and an achiral compound 2 were pre-
pared. Although we used the chiral ligand SS-Chxn in the syn-
thesis, the achiral compound 2 was obtained, probably
because of the racemization of the ligand during the reaction,
which can also be seen from the disorder in the chiral carbons
in the crystal structure of 2 (vide post). In addition, we have
also tried the reaction using the RR-Chxn ligand and obtained
the same material as 2. This result indicates the occurrence of
the racemization of the ligand for both SS- and RR-Chxn
ligands. Furthermore, other synthesis methods (such as faster
mixing of the starting materials or using a larger surface area
of the layering interface) were also tried to improve the yields
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of the three compounds. However, these attempts usually lead
to some impurities in the resulting materials.

The purity for all compounds was confirmed by PXRD
(Fig. S2t) and elemental (C, H, N) analysis. The experimental
PXRD patterns of all compounds are consistent with their
simulated spectra from the single crystal data, and the elemen-
tal analysis data and the TGA data (Fig. S3t) are in good agree-
ment with the calculated values. Especially, for compound 2,
as mentioned above, some of the severely disordered solvent
molecules in the crystal structure preclude their direct assign-
ment from the crystal structure solution. The number of these
severely disordered solvent molecules can be estimated from
the number of additional electrons found per unit cell.
Combined with the crystallization conditions and results from
the elemental analysis and TGA (Fig. S371), the severely dis-
ordered solvent molecules are estimated to be half a water
molecule and two acetonitrile molecules per asymmetric unit.
The TGA analysis of 2 reveals a 22.21% weight loss below
250 °C that is consistent with the calculated weight loss of
22.39% corresponding to one water molecule and four aceto-
nitrile molecules crystallized in 2. As for the IR spectra shown
in Fig. 4,1 the double absorption bands in 3270 cm™ for 1-
S8, 1-RR, and 3330 cm ™ for 2 correspond to the -NH, stretch-
ing vibration of the ligands. In addition, the absorption bands
that appeared at about 2060 and 2100 cm™" indicate the
stretching bands of the terminal and coordinated cyanides
from [Mo™(CN),]*", respectively.

Crystal structures

Single-crystal X-ray analyses revealed that all three compounds
have very similar 2D layers. Complexes 1-SS and 1-RR crystal-
lize in the chiral monoclinic P2, space group, while compound
2 crystallizes in the centrosymmetric triclinic P1 space group

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The asymmetric units of 1-SS (a) and 1-RR (b). All the H atoms
and solvents have been omitted for clarity. Orange, dark yellow, blue,
gray, and red represent Mo, Mn, N, C, and O atoms, respectively.

(Table 1). As the structures of the corresponding enantiomers
(1-SS and 1-RR) are very similar, we only discuss the structures
of 1-SS and 2 in detail.

As displayed in Fig. 1a, the asymmetric unit of 1-SS is com-
posed of two crystallographic unique [Mo™(CN),]*~ units, four
independent Mn" ions each chelated by one bidentate SS-
Dpen ligand, and some crystallized solvent molecules (not
shown in Fig. 1a). Furthermore, as can be seen in Fig. 1b, the
asymmetric unit of 1-RR exhibits a mirror image of 1-SS. The
Mo™ centers remain hepta-coordinated by seven CN™~ groups.
To determine the coordination configuration of the Mo™
centers, the continuous shape measure (CShM) values were
calculated using the SHAPE 2.1 program.*® As indicated by the
calculated CShM values (Table 2 and Table S3t), both of the
two Mo™ centers are located in a slightly distorted pentagonal
bipyramid with the CShM values being 0.785 and 0.964 relative
to the ideal D5}, symmetry for Mol and Mo2, respectively. The
average Mo-C bond length is 2.154(5) A, which is consistent
with reported Mo-C bond lengths in other [Mo™(CN),]*"-
based compounds.’®?**°37 As for the Mn" ions in the asym-
metric unit, their coordination environments can be divided

Table 2 Local geometries and CShM values of the metal centers in
1-SSand 2

Metal center Geometry CShM
Mo1 of 1-SS PBPY-7 (Dsn) 0.785
Moz2 of 1-S§ PBPY-7 (Dsp) 0.964
Mn1 of 1-S§ TBPY-5 (D3p,) 2.551
Mn2 of 1-S§ 0C-6 (0y) 1.786
Mn3 of 1-S§ SPY-5 (Cuy) 1.035
Mn4 of 1-S§ SPY-5 (Cay) 2.889
Mo1 of 2 PBPY-7 (Dsp) 0.840
Mn1 of 2 0C-6 (Op,) 0.672
Mn2 of 2 TBPY-5 (D3n) 1.495

PBPY-7 (Dsp): pentagonal bipyramid; TBPY-5 (Dsp): trigonal bipyramid;
OC-6 (Op,): octahedron; SPY-5 (C,y): spherical square pyramid.

This journal is © The Royal Society of Chemistry 2023
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into two types. For Mn1, Mn3, and Mn4 centers, they are five-
coordinated by five N atoms, two of which are from the chiral
SS-Dpen ligand and the rest three from the CN™ groups of the
adjacent [Mo™(CN),]*" units. The geometries of these Mn"
centers are trigonal bipyramid for Mn1, and spherical square
pyramid for Mn3 and Mn4 with the CShM values of 2.551,
1.035, and 2.889 relative to the ideal geometries (Table 2 and
S37). On the other hand, the Mn2 center is in an octahedral
geometry (CShM = 1.786) with an additional O atom from a co-
ordinated H,O molecule. The Mn-N bond lengths are in the
range of 2.075(8)-2.304(8) A and the Mn-O bond length is
2.442(1) A, both of which are typical for the high-spin Mn"
center (Tables S1 and S27).

As can be seen in Fig. 2, each [Mo™(CN),]*~ unit connects
six Mn" ions using six CN~ groups, while one equatorial
cyanide group remains terminal. The Mol center connects to
two Mn1, two Mn2, one Mn3, and one Mn4 centers, while the
Mo2 center connects to one Mn1, one Mn2, two Mn3, and two
Mn4 centers. On the other hand, every Mn" ion connects to
three adjacent Mo™ centers through the bridging CN~ groups
(two Mol and one Mo2 centers for Mn1 and Mn2, one Mol
and two Mo2 centers for Mn3 and Mn4). These Mo-C-N bond
angles are very close to linearity with the bond angles in the
range of 174.5(1) to 178.5(1)°. On the other hand, the C-N-Mn
bond angles are significantly bent with the bond angles in the
range of 153.2(9)-175.2(8)°. As discussed below, we believe
that the bending of the C-N-Mn group is very important for
the magnetic coupling between the Mo™ and Mn" centers and
the resulting magnetic properties of these complexes.
Connected by the CN™ groups, the distances between Mo™
and Mn" centers are in the range of 5.287-5.418 A (Tables S1
and S27%).

From these bridging CN™ groups, a 2D bimetallic frame-
work along the ab plane was formed and can be described as
follows. Firstly, connected by C1N1, C2N2, C6N6, and
C7N7 groups, the Mo1, Mn1, and Mn2 centers form a one-
dimensional chain structure (denoted as chain 1) along the b
direction. Each Mo1 center is shared by two adjacent Mn,Mo,
squares, forming the chain of squares structure. Similarly,

Fig. 2 The local structures and CN™ bridged neighbors of the Mo™ and

Mn'" centers in 1-SS.

Dalton Trans., 2023, 52, 5575-5586 | 5579
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(a) The 2D framework containing two chains along the b axis. (b) The simplified 2D bimetallic layer along the ab plane. (c) The coordination

layer along the ab plane. (d) The stack of layers along the c axis and the blue planes showing the central plane of the layers. Solvents, all the H

atoms, and some chiral bidentate ligands have been omitted for clarity.

Mo2, Mn3, and Mn4 centers are also connected by C3N3,
C4N4, C8N8, and CI9N9 to form another similar chain
(denoted as chain 2), where the Mo2 center is shared by two
adjacent Mn,Mo, squares. These two zigzag chains are further
connected by the CN~ groups (C11N11, C12N12, C13N13,
C14N14) along the a axis, forming a 2D cyano-bridged wavy
layer along the ab plane (Fig. 3a). For simplicity, the 2D bi-
metallic layer was depicted as a simple layer in Fig. 3b. As can
be seen, this layer closely resembles the 2D structure of a diva-
lent metal hydroxide M(OH),: the Mo™ centers form a 2D layer
with the hexagonal close packing as the M" centers in M(OH),,
while the [Mn"(NC);]™ units act as the p;-OH™ ions occupying
the triangular vacant positions on both sides of the hexagonal
layers. These 2D layers were well separated from each other
along the ¢ axis by the bulky chiral ligands SS-Dpen located at
both sides (Fig. 3c and d), with the averaged interlayer distance
being around 21.5 A (the shortest Mn---Mn distance is 15.4 A).
In addition, due to the chirality of the chiral ligands, the 2D
layers and supramolecular networks of 1-RR and 1-SS also
exhibit mirror images, as depicted in Fig. S5 and S6.

As for complex 2, because of the similarity of the bidentate
ligand SS-Chxn with SS/RR-Dpen, its crystal structure consists
of a similar two-dimensional network as that of 1-SS, although
their space groups are different. Since complex 2 crystallizes in
a centrosymmetric P1 space group, as can be seen in Fig. 4a,
the asymmetric unit of 2 is roughly half of that of 1-SS and
contains one unique[Mo™(CN),]*” unit, two Mn" ions, two
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bidentate ligands, and some solvent molecules (not shown in
Fig. 4a). Importantly, both the Chxn ligands are disordered in
two positions with the occupancy factor refined close to 0.5,
indicating the racemization of the ligand. As shown in Fig. 4b
and Fig. S7,1 the chiral carbon atoms were disordered in two
positions (C8-C9 and C8A-C9A, and C14-C15 and C14A-C15A,
respectively). The Fischer projections of the molecule structure
around the chiral carbon atoms are also depicted, which indi-
cates that S configuration can be assigned for the chiral
carbon atoms C8 and C9 (C14 and C15), while C8A and C9A
centers (C14A and C15A) have the R configuration. In another
word, the disorder of the Chxn ligand in 2 leads to the coexis-
tence of the SS-Chxn and RR-Chxn in the structure and the
achiral centrosymmetric P1 space group of compound 2. As for
the coordination environments of the Mo™ and the Mn"
centers in compound 2, they are all close to those of com-
pound 1-SS, being a slightly distorted pentagonal bipyramid
for the Mo™ center, an octahedron for Mn1, and a trigonal
bipyramid for Mn2 (Table 2 and Fig. S8t). The detailed bond
lengths, bond angles, and CShM values for these metal centers
were provided in Tables S1-S3.1 Bridged by the CN™ groups, a
similar two-dimensional network was formed along the ab
plane (Fig. 4c), with the intralayer Mn"-Mo™" distances being
in the range of 5.285-5.493 A. Besides, the C-N-Mn bond
angles are also bent with the bond angles in the range of 159.3
(4)-173.8(5)°. These layers were also stacked along the ¢ axis
with the averaged interlayer distance being around 16.9 A (the

This journal is © The Royal Society of Chemistry 2023



Dalton Transactions

Fig. 4

Paper

(a) The asymmetric unit of 2. (b) The disordered chiral carbons in SS-Chxn and the Fischer projections of C8, C9, C8A, and C9A. (c) The 2D

layer in the ab plane for 2. (d) The stack of layers in 2 along the c axis. The H atoms, solvent molecules, and some ligands have been omitted for

clarity.

shortest Mn---Mn distance is 12.4 A) (Fig. 4d), which is slightly
shorter than that of 1-SS due to the smaller volume of the
Chxn ligand compared to the Dpen ligand. As can be seen
below, the very similar structures of compounds 1-SS, 1-RR,
and 2 lead to similar magnetic properties of these compounds,
while the impact of the slight differences in the structure para-
meters on their magnetic properties will be also discussed
below.

Circular dichroism spectra

The homochirality and the optical activity of the two enantio-
mers 1-S§ and 1-RR were further confirmed by the circular
dichroism (CD) spectra measured in the KBr pellets in the
range of 240-600 nm. As we can see in Fig. 5, the two enantio-
mers exhibit mirrored absorptions in the range of
240-600 nm, consistent with their inverse chirality. There is a
strong absorption between 240-330 nm with a peak of 275 nm
and a relatively wide range of absorption in the region
330-600 nm. Compound 1-S§ has a positive Cotton effect,
while a negative Cotton effect was observed for compound 1-
RR. In combination with the UV-Vis absorption spectra of
both complexes (1-SS and 1-RR), the chiral ligands SS/RR-

This journal is © The Royal Society of Chemistry 2023

Dpen, and K,[Mo(CN),]-4H,0, these bands can be interpreted
in terms of the n-n* transition of the aromatic groups in the
ligands (200-330 nm) with possible contributions from the
ligand-field (LF) transitions and metal-to-ligand charge trans-
fer (MLCT) transitions in the [Mo™(CN),]*~ unit and the Mn"-
Dpen complex.*'”°*%" These results suggest that the optical
activity of the compounds is also mainly from the chiral
ligands.

Magnetic properties

Temperature-dependent direct current (dc) magnetic suscepti-
bilities of these three complexes were measured on the well-
ground single crystal samples under an applied dc field of 1
kOe from 2 to 300 K, and the y\T(T) and yy '(T) curves are
depicted in Fig. 6. Considering their crystallographic indepen-
dent units, their magnetic data were calculated according to
the Mn,Mo, unit for 1-SS and 1-RR and Mn,Mo unit for 2,
respectively. For 1-SS and 1-RR, the y\T values are 16.79 and
16.31 cm® K mol™ at 300 K, which are both lower than the
spin-only value of 18.25 cm® K mol™" for two isolated low-spin
Mo ions and four high-spin Mn" ions (Syo = 1/2, Syn = 5/2, &
= 2.0). Upon cooling, the yT curve increases slightly to 56.03
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SS/RR-Dpen for the solid state (top). CD spectra of 1-SS and 1-RR in KBr
pellets (bottom).

(49.47 for 1-RR) cm® K mol™" at about 50 K, before it increases
abruptly to the maximum of 606.61 (613.26 for 1-RR) cm® K
mol™" at 30 K, followed by a quick decrease down to 67.56
(68.28 for 1-RR) cm® K mol™" at 2 K. These y\T curves for both
1-8S and 1-RR are typical for the materials with long-range
magnetic ordering and spontaneous magnetization. Besides,
their yy, () curves obey the Curie-Weiss law at high tempera-
tures and a linear fitting of the data above 100 K gives the
Curie constants C of 15.5 and 15.1 cm® K mol™ and positive
Weiss constants 6 of 21.6 and 16.3 K, for 1-SS and 1-RR,
respectively. As for compound 2, the yuT(T) and yv (T)
curves show very similar behavior as those of 1-SS, indicating
their similar magnetic properties originating from their
similar structures. The room temperature y,7 value is
9.09 cm® K mol™, which is very close to the spin-only value of
9.125 em® K mol ™ for a Mn,Mo unit. The y\T curve increases
to the maximum value of 414.32 em® K mol™" at about 30 K
and decreases to 46.78 cm® K mol™ at 2 K. The Curie-Weiss fit
of the data above 100 K gives C = 8.00 cm® K mol™" and 9 =
33.37 K. For all three compounds, the positive Weiss constants
don’t necessarily indicate the ferromagnetic coupling between
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Fig. 6 Variable-temperature dc magnetic susceptibility data of 1-SS, 1-
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the Mn" and Mo centers. In fact, as has been reported for
most of the Mn"-Mo™ compounds with [Mo™(CN),]*~ unit
(with both molecule clusters and framework structures) from

19725 and other groups,°~” the overall magnetic interaction

us
between the Mn" and Mo™ spins is found to be antiferro-
26,27

magnetic (AF), both experimentally and theoretically.
Considering the similar local structures of the Mn'"" and Mo™

units with other related compounds, we think that the domi-

nant Mn"-Mo™ magnetic coupling is also AF in these three

compounds. However, because of their very complicated struc-

tures and the possible anisotropic magnetic exchange between

the Mn" and the pentagonal bipyramid Mo™ centers, the

detailed picture of the Mn"-Mo™ interaction might be very
complicated, which cannot be extracted from simple dc mag-
netic measurements.

Furthermore, their field-dependent magnetizations were
measured at 2 K with a field in the range of 0-70 kOe
(Fig. S97). For all three complexes, the magnetizations increase
quickly at low fields, and then have a steady increase at higher
fields, reaching 15.1, 14.9, and 7.67up at 70 kOe for 1-SS, 1-RR,
and 2, respectively. These values are lower than the calculated
saturation magnetization values (Mg = (4Syn — 2Smo0)-2 = 18.0up
for a Mn Mo, unit; Mg = (2Syn — Smo)'g = 9.0up for a Mn,Mo
unit) if the Mn" and Mo™ units are antiferromagnetically
coupled. For the ferromagnetic arrangement of these spin

11T
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centers, the calculated saturation values should be 22 and
11ug, which is much larger than the experimental values. The
inconsistency of the experimental and the calculated satur-
ation values might be due to the presence of significant mag-
netic anisotropy in all complexes, which is a common feature
for the [Mo"'(CN),]* -based compounds.'*™*

The above data are characteristic of the ferrimagnets with
spontaneous magnetization. To confirm their long-range mag-
netic ordering, the zero-field-cooled (ZFC) and field-cooled
(FC) magnetizations and the alternating current (ac) suscepti-
bilities were measured at low temperatures. As depicted in
Fig. 7, the ZFC/FC curves measured at an applied dc field of 10
Oe diverge from each other at 38, 37, and 36 K for 1-SS, 1-RR,
and 2, respectively, consistent with the occurrence of a mag-
netic phase transition from the paramagnetic phase to a long-
range ordered phase. In addition, in the ac data measured at
three different frequencies (125, 500, and 999 Hz) under Hy. =
0 Oe and H,. = 2 Oe (Fig. S107), the in-phase ac susceptibilities
(¥'m) exhibit a sharp peak and the out-of-phase ac suscepti-
bilities (y"y) begin to have non-zero values at about 40 K,
while only very slight frequency dependence was observed.
Inferred from both the ZFC/FC and ac data, a spontaneous
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0 .
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Fig. 7 ZFC/FC magnetization curves under a dc field of 10 Oe for 1-SS,
1-RR (top), and 2 (bottom).
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Fig. 8 Magnetic hysteresis loops for 1-SS, 1-RR, and compound 2
measured at 2 K.

magnetization occurs for all compounds and the critical temp-
eratures are determined to be about 40 K.

In addition, the spontaneous magnetization was further
confirmed by the existence of the hysteresis loops. As shown in
Fig. 8, with a field sweep rate of 200 Oe s™*, obvious loops were
observed at 2 K for these compounds. The coercive fields (H.)
are found to be 8160, 8060, and 2050 Oe, and the remnant
magnetizations (Mg) are 7.05, 7.18, and 2.79up for compounds
1-SS, 1-RR, and 2, respectively. From these measurements, it
can be seen that compounds 1-SS and 1-RR are much harder
than compound 2, although they have almost the same critical
temperatures.

Discussion

Magnetic measurements revealed that although they have
different chirality for complexes 1-SS and 1-RR and even have
different chelating ligands for compounds 1 and 2, their mag-
netic properties are very similar, showing ferrimagnetic order-
ing with almost the same critical temperatures. Meanwhile,
the results gathered here also show that the H,. values of 1-S§
and 1-RR are significantly larger (four times) than that of 2.
Obviously, the bulk magnetic properties of compounds 1-S§
and 1-RR are not affected by their chirality. As for compounds
1-SS/1-RR and 2, their magnetic properties should be related
to their similar but slightly different structures.

Careful analyses of their structure details might be able to
provide explanations of these observations and be helpful for
the development of the magnetic materials based on the
[Mo™(CN),]*~ unit (see Table S4t for selected structurally
characterized compounds based on [Mo™(CN),]*").

For a magnetic material, the magnetic ordering tempera-
ture depends mainly on the strength of the magnetic inter-
actions and the magnetic dimensionality, while the magnetic
coercivity depends mainly on the magnetic anisotropy (includ-
ing the single-ion anisotropy, exchange anisotropy, shape an-
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isotropy, and magnetocrystalline anisotropy and so on) with
also contributions from other factors such as the size of the
particles, defects, and impurities. For most of the reported
pure single-crystalline molecular magnets with few grain
boundaries frequently observed in the metal oxides or ceramic
magnets, the H, values are thought to depend mainly on their
intrinsic magnetic anisotropy. Interestingly, in the Mn"-
[Mo"™(CN),]*~ compounds, the strength of the magnetic inter-
action and the magnetic anisotropy are strongly correlated to
each other since the magnetic anisotropy of the Mn"-
[Mo"™(CN),]*~ compounds arise mainly from the anisotropic
magnetic exchange, as have been confirmed in the previous
reports from us and other groups.'®*>?®>” Therefore, the an-
isotropic exchange interaction is related to both the ordering
temperatures and the coercive fields of the Mn"-Mo™ com-
pounds. Dunbar and Pinkowicz et al. have studied the relation-
ship between magnetic anisotropy and the coercive fields of
the Mn"-Mo™ compounds.** By comparing the coercivity pro-
perties of the reported Mn"-Mo™ compounds based on the
[Mo"™(CN),]*~ unit, they pointed out that the pentagonal bipyr-
amidal geometry of the Mo™ center is a necessary criterion for
the large coercivity but other factors such as the bending of
the C-N-Mn groups are also of significant importance. For our
compounds, we focus on the effect of the C-N-Mn bond
angles on their magnetic properties.

In fact, for the CN~ bridged compounds, the C-N-M parts
are commonly found to be significantly bent and the bending
has a strong impact on the magnetic coupling between the
CN~ bridged metal centers.”>*® For example, it has been
reported that in some Cr-CN-Mn compounds the magnetic
coupling (J, cm ™) between the Cr'™™ and Mn" centers is related
to the value of the C-N-Mn bond angle (6/°) because the
bending of the C-N-Mn groups changes the overlap of the d
orbitals of the Mn" and Cr'™ centers.>® In the range of
155-180°, the smaller 6 results in a stronger AF interaction,
and the relationship between J and € can be estimated by a
simple equation, J (cm™') = —40 + 0.20, proposed by Gao
et al.>®”

As for the Mo-CN-Mn bridges in the [Mo™(CN),]* -based
compounds, the situation is much more complex. The geome-
try of the Mo™ center, the positions of the Mn" centers related
to the Mo™ ion (apical or equatorial), and the bending of the
C-N-Mn groups are all important to the details of the aniso-
tropic magnetic exchange, including the magnitude, sign, and
the degree of the exchange anisotropy (/.//x,). According to the
previous theoretical studies,”®*’ the pentagonal bipyramid
geometry of the Mo™ center is the primary factor for the aniso-
tropic magnetic exchange and large deviation from the penta-
gonal bipyramid geometry usually leads to the decrease of the
magnetic anisotropy. As for the positions of the Mn" centers,
it was found that the magnetic coupling is an AF Ising type
(2l > xy|) for the apical pairs while an xy-type (|Jz| < |Jxl)
for the equatorial pairs (with an anisotropic spin Hamiltonian
Hetr = (S5 S¥10 + SinSuto) = JoSinSso)- Finally, the C-N-Mn
bond angles also remarkably influence the anisotropic
exchange interaction. Although the effects of the bending are
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somewhat different for the apical pairs and the equatorial
pairs, the trends are more or less similar for both positions.
The absolute values of the anisotropic exchange parameters
|/z| and |J,,| increase upon the increasing of the bending of the
C-N-Mn groups, because the bending leads to the increasing
nonorthogonality between 4d,,(Mo) (n-type) and 3d,.(Mn) (c-
type) magnetic orbitals and provides a new on superexchange
pathway. On the other hand, the relative degree of the
exchange anisotropy (|/,//.,|) reduces considerably in strongly
bent groups for the apical pair, while for the equatorial pairs,
the exchange anisotropy has a weak dependence on the C-N-
Mn bending angle and always has a minor anisotropic xy-com-
ponent. Note that for the equatorial pairs, the bending of the
C-N-Mn group in the equatorial xy plane has a rather weak
influence on the magnetic exchange.?”

With the above knowledge, we can try to rationalize the
observed magnetic properties reported here. In all three com-
pounds, the coordination geometries of the Mo™ centers are
all very close to the ideal pentagonal bipyramid and the posi-
tions of the Mn"-Mo™ pairs are all similar with the same
number of apical and equatorial pairs. Therefore, we believe
that their magnetic properties are mainly related to the Mo-
CN-Mn geometries. The C-N-Mn bond angles and the dis-
tances of Mn"" and Mo™ centers in 1-S§ and 2 are grouped in
Table S1 and Fig. S11.7 As we can see, while the average C-N-
Mn bond angles for the apical pairs in 1-SS (172.9(8)°) are only
slightly smaller than that in 2 (173.6(5)°), the average C-N-Mn
bond angles for the equatorial pairs are much smaller in 1-S§
(157.4(9)°) compared with that in 2 (164.6(4)°). The smaller
C-N-Mn bond angles lead to slightly smaller Mn"-Mo™ dis-
tances in 1-SS than those in 2 (Table S1 and Fig. S111). These
larger bending of C-N-Mn bonds and shorter distances in 1-
SS will enhance the degree of orbital overlap and hence the an-
isotropic magnetic coupling between the Mo™ and Mn"
centers. At the same time, the relative degree of the exchange
anisotropy (|/;//,y|) doesn’t change much for these complexes
since the C-N-Mn bond angles for the apical pairs are very
close to each other. Therefore, we believe that the strength of
the magnetic interactions through the CN™ groups are slightly
higher in compounds 1-$S/1-RR, while the anisotropy might
be close to each other for these compounds.

Although the anisotropic magnetic interactions in 1-SS/
1-RR are believed to be stronger as discussed above, the long-
range magnetic ordering temperatures (7.) were found to be
similar for all three compounds. This observation can be
rationalized by considering the contribution of the weak inter-
layer magnetic coupling ( jinterlayer) between the cyano-bridged
Mn"-Mo™ layers. As has been reported in the literature for
some 2D layered magnets, intralayer exchange coupling
(Jintralayer) has a major impact on T¢, while the interlayer mag-
netic coupling, determined mainly by the interlayer distances,
also affects T..****>> For compounds 1-SS/1-RR and 2, the 2D
Mn"-Mo™ layers are stacked further by the van der Waals
interactions with the interlayer distance of 21.5 A and 16.9 A,
respectively (Fig. 3d and 4d). Apparently, the bulkier SS/RR-
Dpen ligands compared with the Chxn ligands lead to longer
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interlayer distances in 1-S$S and 1-RR, which results in a
smaller interlayer exchange coupling. Therefore, the similar 7T,
values of these compounds might be caused by the balance of
the stronger intralayer magnetic coupling and weaker inter-
layer coupling in compounds 1-SS and 1-RR, while the larger
coercive fields in 1-SS/1-RR might also be originated from the
stronger intralayer magnetic interactions.

Conclusions

In summary, by using two chiral bidentate chelating ligands
(SS/RR-Dpen and SS/RR-Chxn), three Mn"-[Mo™(CN),]*~ mole-
cular magnets have been synthesized and characterized struc-
turally and magnetically. Circular dichroism spectra confirmed
the enantiomeric nature of the optically active complexes with
the SS/RR-Dpen ligands, while the compound containing the
Chxn ligand crystallizes in the achiral space group due to the
spontaneous racemization of the chiral SS/RR-Chxn ligands.
These compounds have similar two-dimensional cyano-
bridged Mn"-Mo™ layers separated by the bidentate chelating
ligands. Magnetic measurements on these complexes revealed
the effective antiferromagnetic coupling between the Mn" and
Mo™ centers and the long-range ferrimagnetic ordering with
almost the same ordering temperatures and different coercive
fields. Analyses of their structures indicated that their mag-
netic properties are related to the anisotropic magnetic inter-
actions between the Mn" and Mo™ centers, which are closely
related to the C-N-M bond angles. In addition, interlayer mag-
netic coupling is also important for their magnetic long-range
ordering. Future attempts are made to prepare more functional
compounds using ligands with other functions including
chirality.
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