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Cyano-Bridged 2D Bimetallic 4f-3d Arrays with Monolayered Stair-Like,
Brick-Wall-Like, or Bilayered Topologies — Rational Syntheses and Crystal
Structures

Wen-Tong Chen,*"! A-Qing Wu,!?! Guo-Cong Guo,*?l Ming-Sheng Wang,!?! Li-Zhen Cai,!?!
and Jin-Shun Huang!?!

Keywords: Lanthanides / N ligands / Synthesis design / Self-assembly / Prussian blue complexes

Three series of fourteen cyano-bridged 2D Ln™-Fe!! or Ln"'-
Co' complexes, [Ln(dmso),(H,O)(u-CN),Fe(CN),], [Ln = Gd
(1) and Er (2)], [Ln(dmso),(H,0)3(n-CN)3sM(CN);],, [La-Fe (3)
and Pr-Co (4)], [Ln(dmf),(H,0)3(u-CN)sM(CN)3],,-nH,O [Nd-
Fe (5), Gd-Fe (6), Dy-Fe (7), Er-Fe (8), Nd-Co (9), and Gd-
Co (10)], [Ln(dmso),(H,0)3(n-CN)3Co(CN)3],-nH,O [Ln = Pr
(11), Nd (12), and Sm (13)], and [Er(dmf)(H,0)3(u-CN),-
Co(CN),],nH,O (14) (dmso = dimethyl sulfoxide; dmf =
N,N’-dimethylformamide) were rationally prepared by the

ball-milling method, and their structures were characterized.
The crystal structures of 1 and 2 reveal a sevenfold coordina-
tion environment of the Ln3* ions and a 2D stair-like struc-
ture, while those of 3-13 show an eightfold coordination en-
vironment of the Ln3* ions and a 2D monolayered brick-wall-
like topology and that of 14 exhibits an eightfold coordina-
tion environment of the Er®* ions and a 2D bilayered top-
ology. The relationship between the crystal structures and
the controllable synthesis was also discussed.

Introduction

In recent years, considerable research efforts have been
focused on the design and elaboration of molecule-based
magnetic materials of cyano-bridged bimetallic assemblies
because of their remarkable magnetic, magnetic-optical, op-
toelectronic properties, and so forth.'"!' A series of 3D cy-
ano-bridged bimetallic assemblies of prussian blue ana-
logues, resulting from the reactions of [M(CN)e]" (M =
transition metal atom) and simple metal ions, have been
synthesized and studied structurally and magnetically since
1976.121 However, the difficulty in obtaining single crystals
suitable for X-ray diffraction analysis impedes the investi-
gations on the 3D assemblies. Furthermore, the face-cen-
tered cubic structures (based on powder XRD results) of
the 3D assemblies usually exhibit low or nonexistent mag-
netic anisotropy.’ To overcome these problems, one strat-
egy is to incorporate organic ligands into the 3D assemblies
to increase their solubility and yield hybrid prussian blue
complexes. Nowadays, many hybrid prussian blue assem-
blies (4f-3d and 3d-3d) with low dimensionalities have been
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obtained by reacting [M(CN)¢]* anions with metal-organic
complex cations.[34 It is noteworthy that 4f~3d hybrid prus-
sian blue assemblies are relatively rare and poorly investi-
gated,! in comparison with numerous 3d-3d hybrid prus-
sian blue assemblies that have been well studied structurally
and magnetically.! To the best of our knowledge, 4f-3d
hybrid prussian blue assemblies are often synthesized by
conventional solution methods, mostly yielding discrete 4f—
3d complexes, the coordination environment of Ln** ions
being easily saturated by solvent molecules,™ which impede
more CN~ groups from the [M(CN)¢]* species to bridge
Ln3* ions to yield 1-, 2- or 3D structures. In order to obtain
higher-dimensional 4f-3d hybrid prussian blue complexes,
the amount of solvent used should be reduced as much as
possible in the reactive system. Our strategy was to employ
the ball-milling method to effectively control the molar ra-
tio of reactants and solvents. As a result, we easily synthe-
sized a series of cyano-bridged 2D 4f-3d hybrid prussian
blue complexes.[®! Herein we report the design, syntheses,
and structures of fourteen cyano-bridged 2D bimetallic 4f—
3d hexacyanometalates with monolayered stair-like, brick-
wall-like, or bilayered topologies: [Ln(dmso),(H,O)(u-CN),-
Fe(CN),], [Ln = Gd (1) and Er (2)], [Ln(dmso),(H>O)s(u-
CN)3M(CN);], [La—Fe (3) and Pr—Co (4)], [Ln(dmf),(H,O0)5-
(1-CN);M(CN);],-nH,0 [Nd-Fe (5), Gd-Fe (6), Dy-Fe (7),
Er—Fe (8), Nd—Co (9), and Gd—Co (10)], [Ln(dmso),(H,0)s-
(1-CN);Co(CN);],,,nH,0O [Ln = Pr (11), Nd (12), and Sm
(13)], and [Er(dmf)(H>0);(1-CN)4Co(CN),],,nH,O  (14)
(dmso = dimethyl sulfoxide; dmf = N,N’-dimethylform-
amide), which were prepared by a facile ball-milling
method.
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Results and Discussion

Syntheses

Increasing the dimensionality of a structure may enhance
and improve its bulk magnetic properties. Hence, the syn-
theses of higher-dimensional 4f-3d hybrid prussian blue
complexes have attracted great attention. However, the diffi-
culty in obtaining single crystals suitable for X-ray diffrac-
tion analysis impedes the investigation of the higher-dimen-
sional assemblies. Incorporating organic ligands into hybrid
prussian blue complexes increases their solubility and af-
fords the corresponding single crystals for structural analy-
ses. Traditionally, hybrid prussian blue complexes have
often been synthesized by a solution reaction method,
mostly yielding discrete or lower-dimensional 4f-3d com-
plexes, the coordination environment of the lanthanide ions
being easily saturated by solvent molecules, which prevents
more CN groups from the [M(CN)¢]* block from bridging
the Ln3* ions to form 1-, 2-, or 3D structures. To obtain
higher-dimensional 4f-3d hybrid prussian blue complexes,
the amount of solvent used in the reactive system should
be reduced as much as possible. Our strategy was to employ
the ball-milling reaction method to effectively control the
molar ratio of reactants, organic ligands, and solvents.
When large amounts (1 mmol) of solvent (dmf or dmso)
are added to the mixtures of Ln** and [M(CN)]", discrete
complexes are obtained. By reducing the amount of solvent
to 2 mL, we synthesized a 1D chain structure.l”? Upon con-
tinuing to reduce the amount of solvent to 0.5 mL, two
series of complexes with 2D monolayered structures were
obtained. After carefully analyzing the structural character-
istics of the complexes with brick-wall-like motif, we found
that these complexes have two Ln-coordinated dmf mole-
cules spreading out from both sides of the monolayer. It is
possible to substitute the dmf molecules by CN~ groups
from [M(CN)g]*  units by reducing the amount of dmf,
yielding new 4f-3d hybrid prussian blue complexes with
more complex structures. We reduced the amount of solvent
(dmf or dmso) further to 0.25 mL in order to obtain higher-
dimensional structures. However, we failed to synthesize the
expected 3D structure. Instead, a 2D bilayered structure
having one dmf substituted by CN~ was obtained. Until
now, the syntheses of 3D hybrid prussian blue complexes
are still a great challenge.

IR Spectra

The IR spectra of the title complexes show some sharp
bands in the range 2100-2200 cm™!, which are attributed to
the C=N stretching modes. The splitting of v(C=N) sug-
gests the presence of both bridged and nonbridged C=N"
ligands. The strong bands at 900-1100 cm™! are assigned to
the S=0O (dmso) stretching vibrations for 1-4 and 11-13,
while the strong bands at 1600-1700 are assigned to the
C=0 (dmf) stretching vibrations for 5-10 and 14.
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Crystal Structures

The summary of crystallographic data and structure
analyses for 1-14 are listed in Tables 2-5. Selected bond
lengths and bond angles are given in Tables 6-10.

[Ln(dmso),(H,0)(u-CN)e(CN),], [Ln = Gd (1) and
Er(2)]

X-ray diffraction analyses reveal that complexes 1 and 2
are isomorphous, and herein complex 1 is discussed in de-
tail. An ORTEP drawing of 1 is shown in Figure 1. The
structure of 1 consists of neutral 2D stair-like layers. The
Gd3* ion is seven-coordinate and it is bound by two O
atoms from two dmso molecules [average Gd-Ogymso
2.324(3) A], one O atom from one water molecule [Gd—
Op,0 2.336(5) A], and four N atoms from four bridging
CN- groups [average Gd—N 2.488(4) A], yielding a distorted
pentagonal bipyramid with a pentagon defined by O1W,
OILN3#H2 (12 + x, 1 —p, 12+ 2), N3#3 (1 —x, 1 —p, 1 —
z), and Ol1#1 (3/2 — x, y, 3/2 — z) atoms, and two axial
positions filled by atoms N1 and N1#1 (3/2 — x, y, 3/2 - z2).
The Fe* ion is coordinated by six cyanide groups to form
a nearly regular octahedron with Fe-C and C=N bond
lengths in the ranges 1.949(4)-1.969(4) and 1.126(6)—
1.140(5) A, respectively, which are in good agreement with
those reported.!®! The bridging cyanide groups coordinate
to the Gd3* ions in nearly linear fashion [C(3)-N(3)-Gd(1)
169.0(3)° and C(1)-N(1)-Gd(D)#1 (~x+ 1,y + 1,z + 1)
170.8(3)°]. The cyano-bridged Gd---Fe distances are in the
range 5.524(1)-5.600(1) A, which is comparable with those
reported.”) Each [Fe(CN)g]>~ unit connects to three
[Gd(dmso),(H,0)]** units through three nearly coplanar
CN~ groups and vice versa, forming a nearly rectangular
“grid” of Gd,Fe, with four sides in the range 5.524(2)-
5.600(1) A. The “grids” connect to each other through ver-
tical CN~ groups, forming a “stair” running along the a
direction (Figure 2). The shortest intralayer Gd---Fe dis-
tance is 7.697(2) A. Between the adjacent layers, the ter-
minal cyanide groups interact with the coordinating O1W
water molecules through O-H-+-N hydrogen bonds to form
a 3D supramolecular hydrogen-bonding network (Fig-
ure S1).

Figure 1. ORTEP drawing of 1 with 40% thermal ellipsoids; the
disordered S11A atom and hydrogen atoms omitted for clarity
(symmetry codes: #1: 3/2 — x, y, 312 —z; #2: 12 + x, 1 —p, 1/2 +
#3: l—x,1—y 1 -2).
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Figure 2. 2D Stair-like layer of 1; dmso and water molecules omit-
ted for clarity.

As for [Ln(dmso),(H,O0);(u-CN);M(CN)s],, [La—Fe (3)
and Pr-Co (4)], [Ln(dmf),(H,O)3(u-CN);M(CN)s],,-nH,O
[Nd-Fe (5), Gd-Fe (6), Dy-Fe (7), Er-Fe (8), Nd-Co (9),
and Gd—Co (10)], and [Ln(dmso),(H>0)3(n-CN)3Co(CN)s],,*
nH>O [Ln = Pr (11), Nd (12), and Sm (13)], X-ray diffrac-
tion analyses reveal that complexes 3-13 display eightfold
coordination environments of the Ln?* ions and a 2D
monolayered brick-wall-like topology. Herein, only the
structure of 8 is discussed in detail as an example.

An ORTEP drawing of 8 is shown in Figure 3. The struc-
ture of 8 consists of neutral single layers and lattice water
molecules. The Er** ion is eight-coordinate and is bound
by two O atoms from two dmf molecules [average Er—Og,¢
2.280(2) A], three O atoms from three water molecules
[average Er—Oy o 2.381(2) A], and three N atoms from
three bridging CN- groups [average Er-N 2.435(2) A],
yielding a distorted square antiprism whose top and bottom
planes are defined by N6, O3W, Ol1, OIW and O21,
NI1#1(x, -1 + y, z), NS#2(-1 + x, -1 + y, z), O2W atoms,
respectively. The Fe3* ion is coordinated by six cyanide
groups to yield a nearly regular octahedron with the Fe-C
and C=N bond lengths in the normal ranges of 1.937(2)-
1.950(3) and 1.138(4)-1.149(3) A, respectively. The cyano-
bridged Er--Fe distances are in the range 5.309(2)-
5.510(2) A, which is comparable with those reported.!'"]
The [Fe(CN)g]*>~ unit connects to three [Er(dmf),(H,0);]**
units and vice versa, forming a “brick” of Er;Fes, the bridg-
ing cyanides and the bridged metal ions being coplanar.
The “brick” extends to generate a flat brick-wall-like layer
along the a and b directions (Figure 4). The shortest intra-
layer Er-Fe distance is 7.626(3) A. The flat layers are
aligned parallel with separations of approximately 7.6(2)
and 9.1(1) A. The uncoordinated O4W water molecules are
positioned between the distantly separated layers and linked
to one terminal CN~ ligand of [Fe(CN)4]*~ and to the coor-
dinated O1W and O3W water molecules by hydrogen
bonds. Between the closer layers, one terminal CN ligand
of [Fe(CN)g]* interacts with the coordinated O2W water
molecules through O-H---N hydrogen bonds to connect the
two layers (Figure S2).
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Figure 3. ORTEP drawing of 8 with 40% thermal ellipsoids; lattice
water molecules and hydrogen atoms omitted for clarity (symmetry
codes: #1: x, —1+y, z; #2: -1 + x, -1 + y, 2).

Figure 4. 2D monolayered brick-wall-like topology of 8; dmf and
water molecules omitted for clarity.

In 1-2, there are four CN~ groups from one [M(CN)g]*~
moiety connecting to the lanthanide center to yield a 2D
stair-like topology, while in 3-13 there are only three CN~
groups from one [M(CN)¢]*" moiety connecting to the lan-
thanide center to yield a 2D brick-wall-like structure. It is
noteworthy that the 2D stair-like topologies of 1-2 and the
2D brick-wall-like motifs of 3-13 were obtained from the
same synthetic procedure with the same molar ratio of reac-
tants, but with different reactants. In our laboratory, many
cyano-bridged bimetallic 4f-3d hexacyanometalates with
2D brick-wall-like structure have been successfully prepared
by using dmso or dmf as solvent.[’! We found, however,
the complexes with 2D stair-like topology (1, 2 and those
complexes we reported in the refs.[!!-?l) can only be synthe-
sized by using dmso as solvent but not dmf, although we
tried our best to use dmf as solvent to prepare such a struc-
tural topology. This may be ascribed to the fact that the
steric hindrance of dmf is larger than that of dmso, pre-
venting the fourth CN~ group from the [M(CN)¢]*" moiety
to bridge to the lanthanide center. Therefore, the difference
of the architectures of the 2D stair-like topology and the
2D brick-wall-like motif should result from the different
dmso and dmf ligands, and it seems that this difference has
nothing to do with the lanthanide ions, because several lan-
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thanide ions occurs in both architectures. Complexes 4 and
11 are isomeric, except for lattice water molecules with
space groups Pmma and P2,/c, respectively. Complex 11
contains one lattice water molecule, which forms hydrogen-
bonding interactions with coordinated water molecules and
the N atom of dmso, whereas there are no lattice water and
hydrogen-bonding interactions in 4. The force of hydrogen
bonds reduces the symmetry from the orthorhombic system
of 4 to the monoclinic system of 11.

[Er(dmf)(H>0);3(u-CN)Co(CN):[,'nH0 (14)

An ORTEP drawing of 14 is shown in Figure 5. The
structure of 14 consists of neutral bilayers and lattice water
molecules. The Er3* ion is eight-coordinate and is bound
by one O atom from one dmf molecule [Er—Ogyr
2.251(3) A], three O atoms from three water molecules
[average Er-Oyy o 2.371(4) A], and four N atoms from four
bridging CN~ groups [average Er—N 2.446(5) A], yielding a
distorted square antiprism whose top and bottom planes
are defined by N1#1(-x, 2 — y, —z), O2W, N6, O3W and
Na#2(x, -1 + y, z), N5#3(1 + x, -1 + y, z), OIW, Ol1
atoms, respectively. The Co’* ion is octahedrally coordi-
nated by six cyanide groups with the Co—C and C=N bond
lengths in the normal ranges of 1.870(5)-1.913(6) and
1.129(7)-1.168(6) A,  respectively. The cyano-bridged
Co-+Er distances are in the range 5.2814(9)-5.4506(9) A.
The [Co(CN)g]* unit uses three cyanide groups in the me-
ridional arrangement to connect to three [Er(dmf)-
(H,0);]** units and vice versa, the bridging cyanides and
the bridged metal ions being coplanar. This local molecular
disposition extends to generate a flat brick-wall-like sub-
layer along the @ and b directions (Figure 6), which is fur-
ther linked by the fourth cyanide group nearly perpendicu-
lar to the layer, to form a bilayer (Figure 7). Interestingly,
the structures of 8 and 14 are obviously different, although
the molecular formulas of the two complexes are only
slightly different. In comparison with 14, the second dmf
ligand in 8 prevents the monolayer from further linking to-
gether to form a bilayer (Figure 8). Unlike 8 and other
known 2D prussian blue analogs and hybrid prussian blue
complexes, which feature square-, honeycomb-, brick-

Figure 5. ORTEP drawing of 14 with 40% thermal ellipsoids; lat-
tice water molecules and hydrogen atoms omitted for clarity (sym-
metry codes: #1: —x, 2 —y, —z; #2: x, -1 + y, z; #3: 1 + x, -1 + y,
z).
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Figure 6. A sublayer of a bilayer of 14; dmf and water molecules
omitted for clarity.
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Figure 7. The bilayered structure of 14; lattice water molecules
omitted for clarity.

Figure 8. Top: 2D monolayer of 8; the dmf ligand in the blue
dashed circle prevents the monolayers from linking to each other
further to form a bilayer. Bottom: 2D sublayer of 14; the cyanide
groups in the blue dashed circle bridge the other sublayer to form
a bilayered structure.
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Table 1. Nature of the reaction methods and symmetries of complexes.

LnM-dmf Traditional solution method Ball-milling method
Monoclinic Ln(H,0),,(dmf),M(CN)e, (m + n = 6,114 7190.3b,3c].5, [15] g [16]
M = Fe or Co)

Triclinic - Ln(dmf),,,(H,0),M(CN)g, (m + n = 4lakloal  slall6al -7 [17]
M = Fe or Co)

LnM-dmso Traditional solution method Ball-milling method

Monoclinic Ln(H,0),,(dmso),M(CN)¢ (m + n = 7,538 M = Fe or Co) Ln(H,0),,(dmso),M(CN)4 (m + n = 3l 5lal_6l71 7 [6b]
M = Fe or Co)

Orthorhombic  Ln(H,0),,(dmso),Fe(CN)g (m + n = 7535, M = Fe or Co) Ln(H,0),,(dmso),M(CN)g (m + n = 5[4, M = Fe or Co)

[a] This work.

wall-, and stair-like monolayered structures, complex 14 is
the second example with a bilayered structure among the
4f-3d hexacyanometalates. The first example was also
reported by us,®l although several 3d-3d/4d/5d tetra-,
hepta-, and octacyanometalates with bilayered structures
have been documented by others.[!?]

Generally, monolayered cyano-bridged bimetallic com-
plexes contain three or four coplanar bridging cyanide
groups, except for the stair-like structure, which contains
not only three coplanar bridging cyanide groups, but also a
fourth one nearly perpendicular to the plane. Unlike the
stair-like monolayered structures of 1 and 2, which contain
small Ln,M, “bricks”, the bilayered structure of 14 com-
prises big LnsM; “bricks”. The discrepancy probably re-
sults from the different coordination directions of the bridg-
ing cyanide groups to the lanthanide ions. The intra-sub-
layer Co-+Er distance is 5.3622(9) A, while the shortest in-
tra-bilayer Co--Er separation is 7.566(1) A. Between the
adjacent bilayers, the terminal cyanide groups interact with
the coordinating O1W water molecules through O-H---N
hydrogen bonds, and the coordinating O2W and O3W
water molecules link with the lattice O4W water molecules
through O-H-+O hydrogen bonds to form a 3D supra-
molecular hydrogen-bonding network (Figure S3). It is
noteworthy that complex 14 is the first example of a hybrid
prussian blue complex with a bilayered structure that con-
tains a Co ion.[3]

Table 1 summarizes the nature of the reaction methods
and symmetries of hybrid prussian blue complexes. The
symmetries are monoclinic, with P2,/c (or P2,/a, P2,/n),
without exception when the complexes with dmf as ancil-
lary ligand were synthesized by the traditional solution
method, while the symmetries are triclinic, with P1, when
the complexes with dmf as ancillary ligand were synthesized
by the ball-milling method. However, the symmetries of
complexes with dmso as ancillary ligand are monoclinic or
orthorhombic regardless of the reaction methods.

Conclusions

In summary, we have demonstrated a facile and control-
lable approach to synthesize fourteen cyano-bridged 2D bi-
metallic 4f-3d assemblies with monolayered stair-like,
brick-wall-like, or bilayered topologies. By controllably re-
ducing the amount of solvent used in the reactive system,
2830
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2D monolayered stair-like and brick-wall-like structures
were obtained, and then 2D bilayered topologies were pre-
pared by further decreasing the amount of solvent. It is
noteworthy that the ball-milling reaction method can be ex-
tended to Ln—-M(CN)g (M = transition metal atom except
for Fe and Co) systems similar to the Ln—Fe(CN)g or Ln—
Co(CN)g. Studies on comparing these two reaction meth-
ods and tuning the layered structures of cyano-bridged bi-
metallic assemblies are still in progress in our laboratory.

Experimental Section

Measurements: Elemental analyses of carbon, hydrogen, nitrogen,
and sulfur were carried out with an Elementar Vario EL. Infrared
spectra were obtained with a PE Spectrum-One FTIR spectrometer
with KBr discs.

Syntheses: All starting materials except for LnCl;*6H,O were com-
mercially available and used without further purification.

[Ln(dmso),(H,0)(1-CN)Fe(CN),l,, [Ln = Gd (1) and Er (2)]: Com-
plexes 1 and 2 were prepared by grinding the mixture of
LnCl3-6H,O (1 mmol) [Ln = Gd (1) and Er (2)], K;[Fe(CN)g]
(1 mmol, 0.329 g), and dmso (0.50 mL) in a sealed agate container
for 2 h by the ball-milling method. The resulting mixture was ex-
tracted with distilled water. The filtrate was kept at room tempera-
ture for several days, and crystals suitable for X-ray analysis were
obtained from the aqueous solution. Yield: 66% (based on gadolin-
ium) for 1. C;oH4FeGdN4-O;S, (543.49): caled. C 22.09, H 2.58,
N 15.47, S 11.78; found C 22.17, H 2.59, N 1541, S 11.74. IR
peaks (KBr): ¥ = 3430 (vs), 2139 (vs), 2131 (vs), 1656 (m), 1631
(s), 1421 (m), 1318 (w), 1004 (vs), 963 (s), 908 (w), 664 (w), 432(s)
cm . Yield: 74% (based on erbium) for 2. C,,H 4ErFeN4O5S,
(553.50): caled. C 21.68, H 2.53, N 15.18, S 11.57; found C 21.60,
H 2.52, N 15.12, S 11.61. IR peaks (KBr): ¥ = 3419 (vs), 2136 (vs),
2130 (vs), 1656 (m), 1633 (s), 1402 (m), 1320 (w), 1003 (vs), 963
(s), 905 (w), 715 (w), 429(s) cm™'.

[La(dmso),(H,O);(1-CN)zFe(CN)s],, (3): Complex 3 was prepared
by the procedure described for 1 by using LaCl;*6H,O (1 mmol,
0.354 g) instead of GdCl;-6H,0.

[Pr(dmso),(H,0);(1-CN)3Co(CN);],, (4): This complex was pre-
pared by the procedure described for 1 by using PrCl;:6H,O
(1 mmol) and K;3[Co(CN)g] (1 mmol) instead of GdCl;-6H,O and
K5[Fe(CN)g). Yield: 75% (based on praseodymium). C;oH;gCoNg.
OsPrS, (566.26): caled. C 21.19, H 3.18, N 14.83, S 11.30; found
C21.11, H 3.17, N 14.88, S 11.26. IR peaks (KBr): ¥ = 3351 (vs),
2136 (vs), 2126 (vs), 1659 (s), 1631 (s), 1423 (s), 1323 (m), 1000
(vs), 963 (s), 907 (w), 719 (w), 667 (s), 422(s) cm .
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[Ln(dmf),(H,0)3(1-CN);M(CN)3],,nH,O  [Nd-Fe (5), Gd-Fe (6),
Dy-Fe (7), Er-Fe (8), Nd—Co (9) and Gd—Co (10)]: Complexes 5-
10 were prepared by the procedure described for 1 by using the
corresponding LnCl;-6H,0 (1 mmol) and dmf (0.54 mL) instead of
GdCl;'6H,0 and dmso, and K3[Co(CN)g] instead of K;[Fe(CN)g]
in 9-10. Yield: 55% (based on neodymium) for 5.
C,H,,FeNgNdOg (574.47): caled. C 25.07, H 3.83, N 19.50; found
C 2498, H 3.82, N 19.43. IR peaks (KBr): ¥ = 3399 (vs), 2163 (m),
2151 (s), 2134 (vs), 1671 (s), 1650 (vs), 1496 (m), 1438 (m), 1380

Eur|IC
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(s), 1248 (m), 1116 (m), 1059 (w), 673 (s), 427(s) cm'. Yield: 62%
(based on gadolinium) for 6. C,H,,FeGdNgOg (587.48): calcd. C
24.51, H 3.74, N 19.06; found C 24.60, H 3.73, N 18.99. IR peaks
(KBr): ¥ = 3370 (vs), 2167 (m), 2153 (s), 2135 (vs), 1654 (vs), 1497
(m), 1437 (s), 1383 (s), 1250 (m), 1116 (s), 1060 (w), 681 (m), 418(s)
cm !, Yield: 68% (based on dysprosium) for 7. C;,H,,DyFeNgOq
(592.73): caled. C 24.29, H 3.71, N 18.90; found C 24.20, H 3.72,
N 18.97. IR peaks (KBr): v = 3422 (vs), 2156 (m), 2145 (s), 2126
(vs), 1656 (vs), 1495 (m), 1435 (s), 1383 (vs), 1249 (m), 1116 (m),

Table 2. Summary of crystallographic data and structure analyses for 1-4.

Complexes 1 2 3 4

Formula C10H14FeGdN60352 C10H14ErFeN603SZ ClongFeLaN60552 ClongCONGOSPrSZ
Fw 543.49 553.50 561.18 566.26

Color dark yellow brown yellow green

Crystal size [mm? 0.32 0.10 0.04 0.08 0.04 0.03 0.47 0.16 0.12 0.40 0.24 0.12
Crystal system monoclinic monoclinic orthorhombic orthorhombic
Space group P2/n P2/n Pnma Pnma

a[A] 7.777(2) 7.748(2) 12.666(5) 12.5490(4)

b [A] 10.673(3) 10.654(2) 14.598(6) 14.5371(4)
c[A] 11.033(3) 10.983(3) 11.089(4) 10.9501(1)

p [1 96.964(5) 97.19(1) 90 90

VA3 909.0(4) 899.5(4) 2050(1) 1997.58(9)

zZ 2 2 4 4

20max [°] 50 50 50 50
Reflections collected 2373 5794 12684 4604

Independent, observed reflections (R;,)
dcalcd. [g/0m3]

1569, 1005 (0.0576)
1.986

1587, 1284 (0.0833)
2.044

1869, 1451 (0.0606)
1.818

1810, 1553 (0.0367)
1.883

1 [mm] 4.663 5.690 2.997 3.480

T [K] 293(2) 293(2) 293(2) 293(2)

F(000) 524 532 1100 1112

R1, wR2 0.0616, 0.1087 0.0658, 0.1334 0.0376, 0.0670 0.0426, 0.1057
S 0.998 1.046 1.003 1.045
Largest and Mean Alo 0,0 0,0 0,0 0.001, 0
Ap(max/min) [e/A3] 1.376/-1.186 1.094/-1.217 1.352/-0.549 1.428/-1.335
Table 3. Summary of crystallographic data and structure analyses for 5-8.

Complexes 5 6 7 8

Formula C12H22FCN8NdO(, C]szzFCGngOG C12H22DyFeN806 C]szzEfFCNgOG
Fw 574.47 587.48 592.73 597.49

Color green yellow brown brown
Crystal size [mm?) 0.20 0.18 0.08 0.450.20 0.05 0.20 0.15 0.10 0.250.20 0.15
Crystal system triclinic triclinic triclinic triclinic
Space group P1 P1 P1 Pl

a[A] 7.6984(2) 7.602(4) 7.555(4) 7.511(3)

b [A] 9.2414(1) 9.182(5) 9.158(5) 9.128(3)

c[A] 16.2338(3) 16.211(9) 16.177(8) 16.175(6)

a [°] 93.933(1) 94.12(6) 94.181(2) 94.237(16)

S 1° 100.286(1) 100.30(3) 100.274(5) 100.27(1)

7 [°] 101.01 101.15(4) 101.310(6) 101.31(1)

v [A3 1109.12(4) 1086(1) 1073.1(9) 1063.2(7)

Z 2 2 2 2

20max [°] 50 50 50 50
Reflections collected 5635 7392 6639 6576

Independent, observed reflections (Ry,;)
dcalcd. [g/cmg]

3794, 2946 (0.0397)
1.720

3752, 3282 (0.0444)
1.797

3717, 3324 (0.0300)
1.834

3697, 3382 (0.0269)
1.866

4 [mm] 3.010 3.738 4.174 4.645

T [K] 293(2) 293(2) 293(2) 293(2)

F(000) 568 576 580 584

R1, wR2 0.0532, 0.1283 0.0346, 0.0748 0.0326, 0.0689 0.0278, 0.0645
S 1.033 1.040 1.040 1.006

Largest and Mean Alo 0.001, 0 0.001, 0 0.001, 0 0.001, 0
Ap(max/min) [e/A3] 2.195/-1.533 1.000/-1.025 1.469/-0.675 1.406/-0.756
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1054 (m), 682(s) cm™'. Yield: 77% (based on erbium) for 8.
C,H,,ErFeNgOg (597.49): caled. C 24.10, H 3.68, N 18.74; found
C 24.19, H 3.69, N 18.67. IR peaks (KBr): v = 3431 (vs), 2158 (s),
2145 (s), 2126 (vs), 1651 (vs), 1498 (m), 1436 (s), 1382 (vs), 1249
(m), 1116 (s), 1058(w) cm ™. Yield: 67% (based on neodymium) for
9. C,H»,CoNgNdOg (577.55): caled. C 24.93, H 3.81, N 19.39;
found C 24.84, H 3.80, N 19.46. IR peaks (KBr): ¥ = 3400 (vs),
2164 (m), 2151 (s), 2135 (vs), 1673 (s), 1651 (vs), 1496 (m), 1437
(m), 1380 (s), 1248 (m), 1116 (s), 1059 (w), 671 (s), 428(m) cm!.
Yield: 78% (based on gadolinium) for 10. C;;H»,CoGdNgOq
(590.56): caled. C 24.38, H 3.73, N 18.97; found C 24.29, H 3.74,
N 19.04. IR peaks (KBr): ¥ = 3372 (vs), 2165 (m), 2152 (s), 2134
(s), 1654 (vs), 1498 (m), 1437 (s), 1383 (s), 1249 (m), 1115 (m), 1059
(m), 680 (s), 416(s) cm™'.

[Ln(dmso),(H,0)3(1-CN)3Co(CN);],-nH,O [Ln = Pr (11), Nd (12)
and Sm (13)]: Complexes 11-13 were prepared by the procedure
described for 1 by using the corresponding LnCl;*6H,O (1 mmol)
and K;[Co(CN)s] (1 mmol) instead of GdCl;:6H,O and Kj[Fe-
(CN)g). Yield: 80% (based on praseodymium) for 11. C;oH,oCoNj.
O¢PrS, (584.28): caled. C 20.54, H 3.42, N 14.38, S 10.95; found
C 20.47, H 3.41, N 14.43, S 10.91. IR peaks (KBr): ¥ = 3379 (vs),
2159 (s), 2131 (vs), 1647 (s), 1545 (w), 1415 (s), 1318 (m), 1008 (vs),
960 (vs), 906 (w), 716 (m), 613 (m), 410(m) cm™". Yield: 71% (based
on neodymium) for 12. C;yH,yCoNgNdO¢S, (587.61): caled. C
20.42, H 3.40, N 14.30, S 10.89; found C 20.35, H 3.41, N 14.35,
S 10.85. IR peaks (KBr): ¥ = 3417 (vs), 2148 (vs), 2138 (vs), 2127
(s), 1664 (s), 1497 (m), 1437 (m), 1381 (s), 1252 (w), 1118 (m),
1007 (vs), 961 (m), 684 (m), 432(m) cm!. Yield: 81% (based on

(1 mmol, 0.382g), K;3[Co(CN)¢] (I mmol, 332mg), and dmf
(0.27mL). Yield: 60% (based on erbium). CoH;sCoErN-Os
(527.47): caled. C 20.48, H 2.84, N 18.58; found C 20.41, H 2.83,
N 18.65. IR peaks (KBr): ¥ = 3428 (vs), 2168 (vs), 2157 (vs), 2139
(vs), 1669 (vs), 1497 (m), 1436 (s), 1376 (s), 1249 (m), 1122 (s),
1057(w) cm ™.

Table 5. Summary of crystallographic data and structure analyses
for 13 and 14.

Complexes 13 14

Formula C|0H20CON6O6SQSIT1 CgH]SCOEI'N705
Fw 593.72 527.47

Color light yellow colorless
Crystal size [mm?] 0.30 0.12 0.03 0.09 0.04 0.03
Crystal system monoclinic triclinic
Space group P2i/c P1

alA] 7.635(4) 7.4334(5)
bTA] 30.776(1) 8.9994(4)

¢ [A] 9.114(4) 12.905(1)

a [°] 90 78.86(2)

AN 100.621(5) 85.13(2)

baM| 90 79.06(1)

V [A3)] 2104.9(1) 830.6(1)

A 4 2

20max [°] 50 50
Reflections collected 12778 5558

Independent, observed

reflections (Rin) 3674, 3147 (0.0482) 2922, 2502 (0.0475)

samarium) for 13. C;yH,yCoNgO6S,Sm (593.72): caled. C 20.21, H dealcd. [g]/cm3] ;8;‘3‘ é(l)Og

337, N 14.14. S 10.78: found C 20.13, H 3.38. N 14.19. S 10.79. f}[[’g]n J 2'973(2) 2'935(2)

IR peaks (KBr): ¥ = 3533 (vs), 3366 (vs), 2151 (vs), 2140 (vs), 2130 F(000) 1164 506

(s), 1657 (m), 1622 (m), 1438 (w), 1415 (w), 1401 (w), 1321 (w), R1, wR2 0.0427, 0.1018 0.0467, 0.1041
1110 (vs), 962 (s), 906 (w), 717 (w), 616 (m), 431(s) cm ™!, S 1.036 1.018
[Ex(dmf)(H,0);(11-CN);Co(CN),],-nH,O (14): This complex was Largestand Mean A/g0.003, 0 0.00L, 0
prepared by the procedure described for 1 by using ErCl;-6H,O Ap(max/min) [e/A’] 1.7871-0.840 1.827/-1.092
Table 4. Summary of crystallographic data and structure analyses for 9-12.

Complexes 9 10 11 12

Formula C]szzCONgNdOg CééHézCOGngO(, Cglzl;§0CON606PrS2 Cé()l‘ézl()CONéNdOGSZ
Fw 577.55 590.5 584. 587.

Color blue colorless light green purple
Crystal size [mm?] 0.340.22 0.18 0.150.10 0.05 0.49 0.42 0.30 0.18 0.10 0.02
Crystal system triclinic triclinic monoclinic monoclinic
Space group Pl P1 P2/c P2y/c

a[A] 7.6631(5) 7.564(3) 7.706(3) 7.6800(6)

b [A] 9.1685(6) 9.105(3) 30.834(1) 30.930(2)

¢ [A] 16.209(1) 16.165(6) 9.149(3) 9.1225(7)
a[°] 93.92 94.072(2) 90 90

B 100.38 100.308(6) 100.629(3) 100.661(2)

7 [°] 101.111(1) 101.243(4) 90 90

v [A3 1092.9(1) 1067.8(7) 2136.5(1) 2129.6(3)

z 2 2 4 4

20max [°] 50 50 50 50
Reflections collected 5682 6620 13270 7228

Independent, observed reflections (R;y,;)
dcalcd. [g/cm3]

3804, 3460 (0.0236)
1.755

o [mm1] 3.150

T K] 293(2)

F(000) 570

R1, wR2 0.0379, 0.0909
S 1.054

Largest and Mean Alo 0.001, 0
Ap(max/min) [e/A3] 0.915/-0.981

3713, 3338 (0.0265)
1.837

3.898

293(2)

578

0.0300, 0.0621
1.064

0.001, 0
1.007/-0.615

3757, 3515 (0.0487)
1.816

3.260

293(2)

1152

0.0471, 0.1153
1.054

0.004, 0
1.202/-0.931

3729, 2284 (0.0715)
1.833

3.421

293(2)

1156

0.0689, 0.1128
1.045

0.003, 0
0.741/-1.321
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X-ray Crystallographic Studies: The intensity data sets were col-
lected with Rigaku Mercury CCD (2, 3, 6, 7, 8, 10, 11, 13, and 14)
and Siemens SMART CCD (1, 4, 5, 9, and 12) X-ray diffractomet-
ers with graphite monochromated Mo-K,, radiation (/. = 0.71073 A)
by using a w scan technique. CrystalClear (2, 3, 6, 7, 8, 10, 11, 13,
and 14) and Siemens SAINT (1, 4, 5, 9, and 12) software was used
for data reduction and empirical absorption corrections.'”) The
structures were solved by direct methods with the Siemens
SHELXTL™ Version 5 package of crystallographic software.[>]
The difference Fourier maps based on these atomic positions yield
the other non-hydrogen atoms. The hydrogen atom positions were
generated symmetrically, allowed to ride on their respective parent
atoms, and included in the structure factor calculations with as-

Table 6. Selected bond lengths [A] and bond angles [°] of 1 and 2.

1 [Gd-Fe], 2 [Er—Fe],
Lnl-O11 x2 2.324(3) 2.322(3)
Lnl-OIW 2.336(5) 2.295(5)
Lnl NI#1 x2 2.466(4) 2.450(4)
Lnl N3 x2 2.510(4) 2.511(4)
MI-Cl x2 1.954(4) 1.955(5)
MI1-C2 X2 1.949(4) 1.938(5)
MI-C3 X2 1.969(4) 1.945(5)
CI-NI1 1.131(6) 1.123(6)
C2-N2 1.126(6) 1.133(6)
C3-N3 1.140(5) 1.137(6)
NI1-Cl-Ml 176.9(4) 175.0(4)
N2-C2-M1 174.7(4) 177.7(4)
N3-C3-M1 176.9(4) 177.5(4)
CI-N1-MI1#1 170.8(3) 170.2(4)
C3-N3-MI 169.0(3) 169.9(4)

Symmetry codes: #1 —x + 1, -y + 1, —z + 1.

Eur|IC
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signed isotropic thermal parameters, but they were not refined. Ad-
ditionally, the hydrogen atoms on disordered dmso ligands were
not generated because of the disorder of the sulfur atoms. The
structures were refined by using a full-matrix least-squares refine-

Table 7. Selected bond lengths [A] and bond angles [°] of 3 and 4.

3 [La—Fe], 4 [Pr—Co],
Lnl1-O11 X2 2.401(3) 2.367(3)
Lnl-O1W 2.727(4) 2.701(5)
Lnl-O2W X2 2.523(3) 2.481(3)
Lnl-N1#1 2.614(5) 2.568(5)
Lnl-N2#2 2.619(5) 2.576(6)
Lnl-N5 2.630(5) 2.587(6)
MI1-C1 1.917(6) 1.875(6)
MIi1-C2 1.926(6) 1.885(6)
MI-C3 X2 1.927(4) 1.903(5)
M1-C4 1.937(5) 1.891(6)
M1-C5 1.946(6) 1.900(6)
CI1-N1 1.138(7) 1.149(8)
C2-N2 1.156(7) 1.168(8)
C3-N3 1.159(5) 1.139(6)
C4-N4 1.136(6) 1.150(8)
C5-N5 1.140(7) 1.160(8)
N1-C1-M1 178.2(5) 177.4(6)
N2-C2-M1 172.3(5) 171.6(5)
N3-C3-M1 178.5(4) 178.3(4)
N4-C4-M1 173.9(5) 175.6(6)
N5-C5-M1 175.2(5) 172.5(6)
C1-N1-Lnl#3 158.0(4) 159.7(5)
C2-N2-Lnl#4 160.2(4) 161.2(5)
C5-N5-Lnl 178.8(5) 179.6(5)

Symmetry codes: #1 x, y, z + 1; #2 x — 1/2, y, -z — 1/2; #3 x, y,
z- 1, #4 x+ 112, y, —z - 1/2.

Table 8. Selected bond lengths [A] and bond angles [°] of 5-10.

5 [Nd-Fe], 6 [Gd-Fe], 7 [Dy-Fe], 8 [Er-Fe], 9 [Nd-Co], 10 [Gd-Col,
Lnl-Ol1 2.399(3) 2.341(2) 2.318(2) 2.290(2) 2.394(3) 2.318(3)
Lnl-021 2.368(3) 2.322(3) 2.289(2) 2.269(2) 2.358(3) 2.338(3)
Lnl-O1W 2.503(3) 2.437(3) 2.407(2) 2.380(2) 2.493(3) 2.442(3)
Lnl-O2W 2.497(3) 2.439(2) 2.406(2) 2.389(2) 2.491(3) 2.436(3)
Lnl-O3W 2.480(3) 2.433(3) 2.403(2) 2.374(2) 2.478(3) 2.425(3)
Lnl-N3#l 2.537(3) 2.488(3) 2.445(3) 2.423(2) 2.554(4) 2.497(4)
Lnl- N4#2 2.540(3) 2.495(3) 2.465(3) 2.441(2) 2.569(4) 2.495(4)
Lnl-N6 2.555(3) 2.495(3) 2.471(3) 2.442(2) 2.545(3) 2.484(4)
MI1-Cl 1.943(4) 1.939(3) 1.933(3) 1.937(3) 1.902(4) 1.907(5)
M1-C2 1.954(4) 1.953(3) 1.941(3) 1.941(3) 1.910(5) 1.899(5)
M1-C3 1.942(4) 1.950(3) 1.951(3) 1.943(3) 1.915(5) 1.899(5)
M1 C4 1.934(3) 1.935(3) 1.936(3) 1.937(2) 1.896(4) 1.900(5)
M1-C5 1.943(4) 1.947(3) 1.948(3) 1.940(3) 1.894(5) 1.892(5)
M1-C6 1.943(4) 1.949(3) 1.956(3) 1.950(3) 1.918(4) 1.899(5)
CI-N1 1.149(5) 1.144(4) 1.149(4) 1.146(4) 1.149(6) 1.152(6)
C2-N2 1.138(6) 1.133(4) 1.149(4) 1.146(4) 1.144(6) 1.148(6)
C3-N3 1.158(5) 1.136(4) 1.146(4) 1.149(3) 1.127(6) 1.138(6)
C4-N4 1.155(4) 1.151(4) 1.148(4) 1.1413) 1.149(5) 1.142(6)
C5-N5 1.144(5) 1.135(4) 1.143(4) 1.138(4) 1.152(6) 1.150(6)
C6-N6 1.156(5) 1.154(4) 1.144(4) 1.148(4) 1.131(5) 1.149(6)
N1-Cl-MI 179.0(4) 177.4(3) 178.2(3) 178.2(3) 175.2(4) 178.5(4)
N2-C2-MI 177.5(4) 177.2(3) 177.9(3) 177.8(3) 176.6(5) 174.2(5)
N3-C3-MI 177.3(3) 176.6(3) 176.4(3) 177.5(2) 179.1(5) 178.8(4)
N4-C4-M1 170.8(3) 173.6(3) 171.9(3) 170.4(2) 173.6(4) 176.8(5)
N5-C5-M1 174.9(3) 174.3(3) 174.3(3) 174.2(2) 177.7(4) 172.0(4)
N6-C6-MI 177.8(3) 178.9(3) 179.3(3) 179.7(2) 176.8(4) 177.1(4)
C3-N3-Lnl#3  175.3(3) 175.6(3) 174.7(3) 175.9(2) 150.3(3) 165.7(4)
C4- N4 Lnl#4  153.003) 151.2(3) 152.9(3) 154.9(2) 165.2(3) 152.2(4)
C6-N6-Lnl 165.5(3) 165.7(2) 166.8(2) 166.9(2) 175.6(4) 174.8(4)

Symmetry codes: #1 x + 1, y, z; #2 x, y - L, z; #3 x - 1, y, z; #4d x, y + 1, z.
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ment on F2. All atoms except for hydrogen atoms were refined an-
isotropically.

CCDC-282487 (for 1), -282481 (for 2), 750231 (for 3), -282488 (for
4), -268690 (for 5), -268692 (for 6), -750230 (for 7), -282491 (for
8), -268691 (for 9), -268693 (for 10), -282482 (for 11), -282483 (for
12), -282484 (for 13), and -282490 (for 14) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Crystal Structures: The summary of crystallographic data and
structure analyses for 1-14 are listed in Tables 2, 3, 4, and 5.

Table 9. Selected bond lengths [A] and bond angles [°] of 11-13.

11 [Pr-Co], 12[Nd-Co], 13 [Sm-Co],
Lnl-Ol11 2.361(2) 2.403(3) 2.382(2)
Lnl 021 2.418(3) 2.348(3) 2.331(2)
Lnl O1W 2.498(3) 2.477(3) 2.443(2)
Lnl-O2W 2.481(2) 2.458(3) 2.442(2)
Lnl-O3W 2.496(2) 2.496(3) 2.458(2)
Lnl N3#1 2.598(3) 2.576(4) 2.553(2)
Lnl N5#2 2.591(3) 2.562(4) 2.550(2)
Lnl-N6 2.574(3) 2.543(3) 2.518(2)
MI1-Cl 1.893(3) 1.893(5) 1.904(2)
M1-C2 1.906(3) 1.922(5) 1.885(3)
M1-C3 1.903(3) 1.894(4) 1.898(2)
M1-C4 1.898(3) 1.885(4) 1.899(2)
M1-C5 1.895(3) 1.889(4) 1.898(2)
M1-C6 1.893(3) 1.904(4) 1.903(2)
CI-NI1 1.146(4) 1.118(6) 1.147(3)
C2-N2 1.142(4) 1.125(6) 1.143(3)
C3-N3 1.139(4) 1.143(6) 1.136(3)
C4-N4 1.135(5) 1.154(5) 1.145(3)
C5-N5 1.130(4) 1.154(5) 1.136(3)
C6-N6 1.145(4) 1.145(5) 1.146(3)
N1-Cl-M1 178.2(3) 177.1(4) 177.12)
N2-C2-M1 177.0(3) 178.9(4) 179.1(2)
N3-C3-M1 178.5(3) 174.6(4) 175.2(2)
N4-C4 Ml 173.6(3) 178.4(4) 178.5(2)
N5-C5-M1 172.8(3) 172.6(4) 173.7(2)
N6-C6-M1 176.6(3) 176.4(4) 175.7(2)
C3-N3-Lnl#3  162.1(3) 162.4(3) 161.5(2)
C5-N5-Lnl#4  153.1(3) 152.7(3) 153.4(2)
C6-N6-Lnl 169.3(3) 171.4(4) 171.6(2)

Symmetry codes: #1l x + 1, y, z; #2 x + 1,y z+ ; #3 x - 1, y, z;
#Ax-1,y3z-1

Table 10. Selected bond lengths [A] and bond angles [°] of 14.

Erl-Ol1 2.251(3) C2N2 1.138(8)
Erl OIW  2.384(4) C3-N3 1.134(7)
Erl-02W 23774 C4-N4 1.129(7)
Erl O3W  2.352(4) C5-N5 1.156(6)
Erl NI#l 24574 C6-N6 1.168(6)
Erl N4#2  2.440(5) NI-Cl-Col 176.9(5)
Erl N5#3  2.406(4) N2-C2-Col 176.3(5)
Erl-N6 2.480(4) N3-C3-Col 177.6(5)
Col-Cl 1.885(5) N4-C4-Col 176.9(5)
Col-C2 1.896(6) N5-C5-Col 175.7(5)
Col-C3 1.900(5) N6-C6-Col 171.8(5)
Col-C4 1.913(6) C1-N1-Erl#1 157.2(4)
Col-C5 1.895(5) C4 N4 Erl#4  166.4(4)
Col-C6 1.870(5) C5-N5-Erl#5 170.4(4)
CI-NI1 1.147(6) C6-N6-Erl 151.4(4)

Symmetry codes: #1 —x, -y + 2, —z; #2 x, y - 1, z; #3 x + 1, y -
lL,z;# x,y+ 1, z;#5x-1,y+ 1, z
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Selected bond lengths and bond angles are given in Tables 6, 7, 8,
9, and 10.

Supporting Information (see footnote on the first page of this arti-
cle): Packing diagrams for complexes 1, 8, and 14.
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