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1 Introduction

The incorporation of rare-earth ions in the synthesis of new com-
pounds has played an important role in obtaining new struc-
tures with properties that can be potentially applicable in diverse
fields such as catalysis, optics and magnetism.=® A strategy that
has become widely employed consists of using rare-earth ions NMe,
with blocking ligands and metal complexes as linkers to synthe-
size heterometallic coordination compounds,’!! and polycyano MeN NMe,
complexes have been one of the most commonly employed link-
ers.”12-15 Using metallocyanates as linkers offers the opportu-
nity of using them as prebuilding blocks, and in combination with
rare-earth ions, they tend to form cyano-bridged networks, 16-21

(a) TDCI

(b) [Ln; (TDCI), (H,0)41%*

Fig. 1 (a) Ligand and (b) trinuclear complex, Ln (Gd®*, Tb®*, Dy3*,
Ho®*, Er¥*, Y3 is depicted in blue, oxygen in red, nitrogen in light blue

In this study, we have exploited the hardness of the lan-
and carbon in black

thanide ions and the affinity for hard ions of TDCI?2 or
1,3,5-tris(dimethylamino)-1,3,5-trideoxy-cis-inositol (Figure 1a)
to synthesize trinuclear lanthanide complexes as tectons23-2°
(Figure 1b). We strategically utilized hexacyanometallates as
complementary tectons to the trinuclear lanthanide complexes to

at the vertices of a triangle, and TDCI acts as the blocking ligand
capping the three lanthanide ions above an below the plane that

form new 3d-4f heteronuclear assemblies to study their magnetic
behavior.

Three different families of compounds were found when uti-
lizing hexacyanometallates as linkers and trinuclear lanthanide
complexes supported by TDCI, [Lng(TDCI),(H,0)¢13*, as build-
ing block. In this building block, the lanthanide ions are located
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contains the lanthanide ions. The alkoxide groups of the TDCI
ligand bridge two lanthanide ions and coordination by the amino
groups to the lanthanide ions constrains the available coordina-
tion sites for the linkers to coordinate. The two available coordi-
nation sites per lanthanide ion are occupied by water molecules
as seen in Figure 1b, and these water molecules are subject to be
displaced by other ligands.

In this paper, we discuss experimentation in which hexa-
cyanometallates have been employed as bridging ligands and
the magnetic behavior of selected compounds. The cyanido
groups of the metallocyanates have shown to be capable of dis-
placing coordinated water resulting in new coordination net-
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Table 1 Data collection and lattice parameters for [Lng(TDCI),(H,O)4 (1 —CN),Cr(CN)4],

Page 2 of 13

Ln Gd (1) Tb (2) Dy (3)
Formula CeoH112029N24GdgCry CooH112020N24TbsCry CeoH112020N24DysCry
F,, (g/mol) 2537.22 2547.24 2568.72
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pmmn Pmmn Pmmn
Z 2 2 2
a (A) 14.419(6) 14.280(5) 14.335(13)
b (f\) 13.366(6) 13.311(4) 13.289(13)
[¢ (10\) 13.772(6) 13.873(5) 13.888(13)
\% (10\3) 2654.2(19) 2637.0(15) 2646(4)
Abs. coefficient (mm~!) 3.950 4.226 4.439
No. Reflection
Collected 25425 29281 139241
Independent 2533 3033 6322
R indexes [I> 20(D)] R{ = 0.0163 R{ = 0.0155 R{ = 0.0249
wRS = 0.0404 WRS = 0.0433 wRY = 0.0564
R indexes (all data) R{ =0.0181 R{ =0.0167 R{ = 0.0357
wRS =0.0413 WRS = 0.0442 wR4 = 0.0607
Goodness of fit on F? 1.041 1.090 1.052

RE =YL\ |F,| — |F]|/ LI |; wRS " = X (Iw(F2 — F2)?)/ LI(F2))"/2

works. With the aim of obtaining extended networks, the potas-
sium salt of three different hexacyanometallates were employed:
[Cr(CN)6]3‘, [Fe(CN)G]B‘ and [Co(CN)6]3‘. Even though the
molecular shape of the linkers is octahedral and have the same
charge, substantial structural differences were observed as the
identity of the hexacyanometallate was varied. For instance, with
[Cr(CN)6]3‘, chains composed of alternating units of trinuclear
lanthanide complex and linker are obtained; with [Fe (CN)6]3‘ ,a
two dimensional sheet was observed. Even though [CO(CN)6]3’
also gives chain-based compounds similar to those obtained with
[Cr(CN)e]B‘, the compounds are still distinctly different. Ad-
ditionally, the magnetic studies performed revealed the nature
of the magnetic interactions among the lanthanide ions and the
transition metals ions in the families of compounds studied.

2 Experimental

2.1 Starting materials

All of the reagents were utilized as received from commercial
sources. The lanthanide triflates were synthesized by reacting
triflic acid and lanthanide oxides in excess, which was later re-
moved by vacuum filtration. Then the solution was heated to
dryness, and the resulting solid was heated under dynamic vac-
uum at ~200°C for 48 hr to obtain the anhydrous salts. The
synthesis of the ligand TDCI was obtained from phloroglucinol
following the procedure previously reported.26-27

2.2 Synthesis of [Lng (TDCI), (H,0)¢]1(F;CSO3),4

The ligand TDCI (0.38 mmol) was placed in a test tube and water
was slowly added until the ligand was completely dissolved. In a
separate test tube 0.68 mmol (20% excess) of Ln(F;CSO3)4 (Ln =
Gd3*, Tb®+, Dy®*, Ho3*, Er3* and Y3*) were placed and water
was added until complete dissolution. The TDCI solution was
added to the Ln(F3CSO5)4 solution, and then the test tube was
heated in an oil bath with constant stirring and under a stream of
N, gas. Once crystals were observed, the test tube was removed
from the oil bath and allowed to cool. Lastly, the crystals of the

2| Journal Name, [year], [vol.],1—12

lanthanide complexes were collected and allowed to air dry.

2.3 Synthesis of [Lng (TDCI), (H,0)_, (u—CN),M(CN)¢ ]
All of the compounds were synthesized by slow diffusion of so-
lutions containing stoichiometric amounts of the reactants. In a
vial, 0.0092 mmoles of K;[M(CN),] (M = Cr, Fe and Co) were
dissolved in 1 mL of water in a vial and then 1 mL of acetoni-
trile was added. A 4-mL solution of water:acetonitrile:ethanol in
a volume ratio of 1:1:2 was carefully placed on top of the solu-
tion containing the hexacyanometallate. Lastly, a 2-mL layer of
an ethanolic solution (4.6 x 10~3 M) of the trinuclear lanthanide
complex was placed. After two weeks crystals suitable for X-Ray
diffraction were obtained. The final mass of the crystals was de-
termined by extracting the crystals soaked in the mother liquor,
and then they were dry under vacuum. Then a portion of the crys-
tals were analyzed by TGA and determined the dry mass of the
compounds. The yields for the reaction varied in a range between
40 - 50 %.

2.4 X-Ray Data Collection

Single crystal X-Ray data was collected with a Bruker-AXS
APEXII equipped with Three-Circle D5000 Goniometer and
CCD/Phosphor MoK, X-ray radiation (A = 0.71073A). Single crys-
tals of each of the compounds were mounted on nylon loops and
placed under N, stream at 150 K for data collection. Index-
ing and data integration were carried out using APEX2 Software
Suite of programs.2® The program SADABS was utilized for ab-
sorption corrections.2? For structure elucidation, OLEX? version
1.2.5 software30 was used as the interface to SHELXS to solve
the structures with Direct Methods and to SHELXL to refine the
structures with the Least-Squares method.3! A solvent mask was
employed in order to reduce the disorder introduced by the sol-
vent molecules and to give some homogeneity to the structure
refinement for the compounds within the same families since the
solvent molecules were partially resolved for each of the com-
pounds but varied from compound to compound.

This journal is © The Royal Society of Chemistry [year]
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2.4.1 X-Ray Diffraction Studies of
[Lng (TDCI) , (H,0),,Cr (1 —CN), (CN) .1,

For [Gd,(TDCI),(H,0),(u—CN),Cr(CN),],, a pale yellow nee-
dle crystal with dimension 0.034 x 0.103 x 0.989 mm> was
placed on the diffractometer and 25344 reflections were col-
lected. For [Tb,4(TDCI),(H,0),(u—CN),Cr(CN),],, a pale yel-
low crystal with dimension 0.026 x 0.045 x 0.64 mm?> was placed
on the diffractometer and 28983 reflections were collected. Also,
for [Dy, (TDCI), (H,0),(u—CN),Cr(CN),], a pale yellow needle
crystal with dimension 0.028 x 0.054 x 0.712 mm?> was placed
on the diffractometer and 140506 reflections were collected. The
lattice parameters, the crystallographic data collection and refine-
ment parameters are given in Table 1.

2.4.2 X-Ray Diffraction Studies of
[Lng (TDCI), (H,0) 5 (L —CN);Fe(CN) 51,

For [Gd;(TDCI),(H,0)5(u—CN);Fe(CN);],, an orange trape-
zoidal crystal with dimension 0.049 x 0.057 x 0.118 mm3
was placed on the diffractometer and 36070 reflections were
collected.  For [Tbg(TDCI),(H,0)5(1—CN);Fe(CN)5],, also
an orange trapezoidal crystal with dimension 0.042 x 0.082
x 0.127 mm? was placed on the diffractometer and 37409
reflections were collected.  For the analogous compound
[Dy;(TDCI), (H,0) 5 (u—CN);Fe(CN);],, also an orange crystal
with dimension 0.048 x 0.073 x 0.121 mm?® was placed on
the diffractometer and 39086 reflections were collected. For
[Ho,5 (TDCI),, (H,0)5 (1 —CN)3Fe(CN)5],, an orange trapezoidal
crystal with dimension 0.056 x 0.067 x 0.132 mm?> was placed
on the diffractometer and 29262 reflections were collected.
Lastly, for [Erg(TDCI),(H,0)5(u—CN)sFe(CN);],, also an or-
ange trapezoidal crystal with dimension 0.045 x 0.057 x 0.110
mm? was placed on the diffractometer and 39627 reflections were
collected. The lattice parameters, the crystallographic data collec-
tion and refinement parameters are given in Table 2.

2.4.3 X-Ray Diffraction Studies of
[Lng (TDCI), (H,0),Co(—CN),(CN) 1,

For [Ho,(TDCI),(H,0)4(u—CN),Co(CN),4],, a lightly pink flat
needle crystal with dimension 0.032 x 0.041 x 0.521 mm?> was
placed on the diffractometer and 44784 reflections were col-
lected. For [Erg(TDCI), (H,0),(u—CN),Co(CN),],,, a flat needle
crystal with dimension 0.027 x 0.038 x 0.461 mm?> was placed
on the diffractometer and 47990 reflections were collected, and
for [Y5(TDCI), (H,0),(u—CN),Cr(CN)41,, a colorless flat needle
crystal with dimension 0.024 x 0.032 x 0.312 mm?> was placed
on the diffractometer and 58398 reflections were collected. The
lattice parameters, the crystallographic data collection and refine-
ment parameters are given in Table 3.

2.5 Magnetic susceptibility measurements

Magnetic susceptibility and magnetization measurements were
performed on selected polycrystalline samples of the compounds
(D), (2), (3), (6), (7) and (8). The magnetic susceptibility mea-
surements and magnetization were performed using a Quantum
Design SQUID magnetometer MPMS-3. Magnetic susceptibility
measurements were obtained by applying a magnetic field of

4| Journal Name, [year], [vol.],1-12

1000 Oe at 2 - 10 K intervals in a temperature range of 2 - 300 K.
Magnetization measurements were performed at 1.8 K by apply-
ing a magnetic field from 0.05 - 7 T. The data obtained was cor-
rected after the measurements for the diamagnetic contribution
of the solvent and constituent atoms using Pascal’s constants. 32

3 Results and Discussion

3.1 Synthesis

The initial conditions for the synthesis of the hexacyanometal-
lates were using the solvents water and ethanol in a ratio 1:1.
The linker was dissolved in water and the trinuclear lanthanide
complex in ethanol; however, the crystals obtained did not pos-
sess the quality necessary to obtain good crystal refinements. By
reducing the amount of water to half of the original and adding
acetonitrile, as described in the experimental section, better crys-
tals were obtained. The three hexacyanometallates, K3 [M(CN)¢]
(M = Cr3*, Fe3* and Co®*) were combined with the trinu-
clear lanthanide complexes [Ln, (TDCI),(H,0)¢]1(F3CSO5)5, (Ln
= Gd3*, Tb®*, Dy®*, Ho®*, Er®* and Y3*), but not all of them
produced crystals. When using the linker [Cr(CN)6]3‘, crystals
suitable for single crystal X-Ray diffraction were obtained only
when the trinuclear lanthanide complexes had Gd3*, Tb®* or
Dy>*. However, when the trinuclear lanthanide complexes had
Ho3*, Er3* or Y3, crystals were not observed, but a layer re-
sembling small portion of a cotton ball was formed. The linker
[Co(CN)6]3 ~, in contrast, gave good crystals only with the trin-
uclear lanthanide complexes containing Ho®*, Er¥* and Y3+,
but it did not form crystals with trinuclear lanthanide complexes
having Gd3*, Tb3* or Dy®", instead a fuzzy layer was formed.
[Fe(CN)6]3‘ was the most versatile linker, as good crystals were
obtained with trinuclear lanthanide complex containing Gd3*,
Tb3*, Dy3*, Ho®* and Erd*.
complex had Y, however, a fuzzy layer was obtained instead.
The reaction of [Cr(CN)6]3‘ with the trinuclear lanthanide com-
plexes having Gd, Tb and Dy ions produced a family of three
isostructural compounds that crystallized as pale yellow nee-
dles, [Lng(TDCI),(H,0),(u—CN),Cr(CN),],. The combination
of [Fe(CN)6]3’ and the trinuclear lanthanide complexes con-
taining the ions Gd3T - Ho3* produced another family of five
isostructural compounds that crystallized as flat orange trape-
zoids, [Lng(TDCI),(H,0)5(—CN);Fe(CN);],. Lastly, the linker
[Co(CN)6]3‘ in combination with the trinuclear lanthanide com-
plexex having the ions Ho, Er and Y resulted in another family of
three isostructural compounds that crystallized as very pale yel-
low needles, [Lns(TDCI),(H,0),(u—CN),Co(CN),],. All of the
crystals were stable in the solvent for about two weeks, and after
that period, the crystals slowly started to degrade to a fine pow-
der. The crystals also decomposed when they were removed from
the solvent; the compounds having the liker [Fe (CN)6]3" decom-
posed faster than those containing the linker [Cr(CN)6]3‘. The
slow degradation of the crystals in the solvent is caused by the
water molecules replacing the cyanido ligands from the linkers
because of the oxophilicity of the lanthanide ions.

When the trinuclear lanthanide

This journal is © The Royal Society of Chemistry [year]
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3.2 X-Ray Structure Studies

Even though the solvent molecules were partially resolved dur-
ing the structure refinements for the compounds presented in
this paper, there were still large displacement of atoms and unre-
solved peaks. The partial resolution of the solvent molecules for
the compounds in the same family was not consistent; hence, a
solvent mask was applied in order to solve refinement complica-
tions caused by the solvent molecules. When applying a solvent
mask, the electron density in each of the solvent accessible voids
(SAVs) for the compounds within the same family was consistent,
and although ethanol and acetonitrile were also employed as sol-
vents, the electron densities determined match better with water
molecules. To illustrate the fact that water molecules are occupy-
ing the SAVs, compound (10) was resolved by applying a solvent
mask without attempting to solve any of the water molecules,
and the electron density in the SAVs was found to be =~ 100 e™.
Then, after only eight H,O molecules were resolved accurately
for compound (10), a solvent mask was applied and the remain-
ing electron density was ~ 20 e~, which is consistent with the
electron count for two H,0 molecules. Since the electron den-
sity for all of the compounds is consistent within each family,
the third family of compounds presented is more accurately de-
scribed as C4oHs0;9N14LnyCo-10H,0 (Ln = Ho®*, Er** and
Y3+). For the second family each SAV has an electron count of
~ 30 e~ or three water molecules, so this family can be described
as CqoHgg0;oN 4LnsFe-3H,0 (Ln = Gd3*, Tb3*, Dy>*, Ho®*
and Er**). Even though the electron density for the first family
of compounds was not as consistent, the electron densities found
correspond to 8, 9 and 10 water molecules for compounds (2),
(3) and (1), respectively.

3.2.1 [Lng(TDCI),(H,0),Cr(i—CN),(CN),1,

The compounds in this familiy can be referred to as a
copolymer in which the linker and trinuclear lanthanide com-
plex are the alternating monomers, for it features alternating
units of [Cr(CN)6]3‘ and the trinuclear lanthanide complex
[Lng (TDCD), (H,0),13" (Ln = Gd®>*, Tb®* and Dy>*) as building
blocks (Figure 2).

oSyt by, 2554
c % o />/
1t \v/
b

Fig. 2 A portion of the [Lng(TDCI),(H,0)4(u—CN),Cr(CN),] chain
showing the hydrogen bonding, which is represented as dashed lines

Since the three compounds synthesized are isostructural, only
compound (2) will be discussed, and the selected distances for
the compounds in this family are summarized in Table 4. The
Tb3* ions in the trinuclear lanthanide complex are located at
the vertices of a triangle, and the ligand TDCI caps the Tb3*
ions above and below the Tb; plane as shown in Figure 3. The
Tb(1)3* ion is coordinated by four oxygen atoms from four u-

This journal is © The Royal Society of Chemistry [year]
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Table 4 [Lng(TDCI),(H,0)4(1—CN),Cr(CN),],,: Selected distances (A)

In Gd (1) Tb (2) Dy (3)
Ln(1) - Ln(1) 3.6314(15) 3.6421(12) 3.627(4)
Ln(1) - Ln(2) 3.7009(13) 3.7028(10) 3.692(3)
Ln(1) - O(1) 2.418(3) 2.446(2) 2.430(3)
Ln(1) - O(2) 2.2836(15) 2.2914(12) 2.2811(19)
Ln(1) - 0(3) 2.3349(17) 2.3417(14) 2.336(2)
Ln(1) - N(1) 2.465(3) 2.476(3) 2.463(4)
Ln(1) - N(4) 2.633(2) 2.6382(18) 2.634(3)
Ln(2) - 0(3) 2.3194(17) 2.3230(14) 2.3132(19)
Ln(2) - 0(4) 2.391(3) 2.423(3) 2.404(4)
Ln(2) - N(5) 2.636(3) 2.648(3) 2.646(4)
C(1) - N(D) 1.161(5) 1.151(4) 1.153(4)
C(2) -N(2) 1.145(5) 1.152(4) 1.150(5)
C(3) -N(3) 1.154(5) 1.150(4) 1.152(5)
Cr(1) - C(1) 2.070(4) 2.070(3) 2.073(3)
Cr(1) - C(2) 2.069(5) 2.068(4) 2.076(4)
Cr(1) - C(3) 2.082(4) 2.076(3) 2.078(4)

N---O hydrogen bond distances &)
N(3) - 0(1) 3.076(5) 3.097(3) 3.119(4)

Fig. 3 [Lng(TDCI),(H,0)4(u—CN),Cr(CN),]: ORTEP drawing with 50%
probability, water molecules omitted for clarity

alkoxo groups and by two amino groups of the ligand, by one
water and by a cyanido group of the linker. The pu,—0(2)—Tb(1)
distance is 2.2914(12) A, which is close to the distances of the
Gd and Dy analogous compounds, 2.2836(15) and 2.2811(19)
10\, respectively. For p,—0(3)—Tb(1), the distance is 2.3417(14)
A while for Gd and Dy, respectively, are 2.3349(17) and 2.336(2)
A, close to being constant across the three lanthanide compounds.
The Tb(1) —N(4) (amine) distance is 2.6382(18) f\, and it can
be consider the same for the Gd and Dy compounds, 2.633(2)
and 2.634(4) A, respectively. The bond distance of Tb(1)—0(1),
water coordinated to the Tb(1) 37, is 2.446(2) A, and this dis-
tance is very similar to those in the Gd and Dy complexes. The
Tb(1) —N(1) (CN group) distance is 2.476(3) A, which is slightly
shorter than the one previously reported,® but moderately larger
than those for Gd and Dy, 2.465(3) and 2.463(4) /f\, respectively.

The coordination around Tb(2)3* ion is similar to that of
Tb(1)3* ion except that Tb(2)3* ion has two water molecules
coordinated instead of a cyanido group, as shown in Figure 4.
For tp,—0(3)—Tb(2), the distance is 2.3230(14) A which is close
in value to the Gd analogous compound, 2.3194(17) 10\, and the
Dy-based compound, 2.3132(19) A. The Tb(2)—0(4) distance is
2.423(3) A, which is similar to those found in the Gd and Dy
compounds. The slightly longer distances observed around the
Th(2) 3* ion can be interpreted from this ion having two coordi-
nated water molecules while Tb(1) 3* ion has one water and a

Journal Name, [year], [vol.], 1-12 |5
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Fig. 4 ORTEP drawing with 50% probability of
[Lng(TDCI),(H,0)4(1—CN),Cr(CN),] without the ligand TDCI

Fig. 5 [Lng(TDCI),(H,0),(1—CN),Cr(CN),],: View through the b-axis

cyanido ligand coordinated. Since the cyanido ligand is not as
good electron donor as water, the alkoxo and amino groups from
TDCI and the coordinated water molecule around Tb(1) 3+ move
closer to donate more electron density causing the alkoxo and
amino groups from TDCI around Th(2) 3 move further causing
an elongation of the bond distances.

The Cr3* ion is coordinated by six cyanide groups forming a
regular octahedron. The Cr — C distances range from 2.068(8)
to 2.082(4) f\, which are consistent with distances previously
reported.® [Cr(CN)¢]3~ connects two [Tb(TDCD),(H,0),13*
building blocks through two cis equatorial cyanido groups, with
/Tb(1)N(1)C(1) = 147.1(6)°; the Tb>* ions of the trinuclear lan-
thanide complexes involved in the linkage, Tb(1) 3* - Tb(1) 3+,
can be seen as the base of the triangles. Each [Cr(CN)6]3‘ unit
bridges two trinuclear lanthanide complexes through the bases of
the triangle formed by the Tb3* ions, thus, forming a 1-D chain of
alternating units of linker and trinuclear lanthanide complex that
grows along the b axis. The chains in this compound are also char-
acterized by having hydrogen bonding of ‘moderate’ strength 33
between the water molecules coordinated to the Tb3* ions and
the nitrogens from the cyanido groups, d[N(3)---O(1)] = 3.097(3)
A, as seen in Figure 4. The stacking of the chains in this com-
pound can be seen in Figure 5, and this staggering of the chains
gives room to accommodated the bulky TDCI ligand.

6| Journal Name, [year], [vol.],1—12

Fig. 6 2D-network of [Lng(TDCI),(H,0)5(1—CN)3Fe(CN)s],: View
through the b-axis

3.2.2 [Lng(TDCD),(H,0);(u—CN),Fe(CN)31,

Although [Fe (CN)13~ is also octahedral and has the same charge
as [Cr(CN)]3-, the structures obtained with [Fe(CN)]3~] as
bridging ligand are different, featuring 2D-sheets, as shown in
Figure 6. Also, in the chemistry described here, [Fe(CN)]3~ is a
more versatile linker; well-defined crystals were formed with the
trinuclear lanthanide complexes containing Gd3*, Tb3*, Dy3*,
Ho®" and Er3*. Since all of the compounds synthesized are
isostructural, only compound (4) will be discussed, and the se-
lected distances for the compounds in this family can be found
in Table 5. The Gd3* ions in the trinuclear lanthanide complex
are located at the vertices of a triangle, and the ligand TDCI caps
the Gd®* ions above and below the Gd; plane, as shown in Fig-
ure 7. The three Gd3* ions have the same ligated atoms in their
coordination environment; they are coordinated by four oxygens
from four p-alkoxo groups and by two amino groups of the lig-
and, by one water and by a cyanido group of the linker. The
U —0—Gd distances range from 2.310(3) to 2.357(3)A, which
are virtually constant when compared to those of the compounds
containing the linker [Cr(CN)]3~. The U, —O—Ln distances de-
crease on moving from Gd—Er due to the lanthanide contrac-
tion. The Gd — N(amine) distances, range from 2.644(4) to
2.679(5) A, and these distances moderately decrease in the con-
generic compounds on going Gd—Er. The Gd—O (water) bond
distances, range from 2.434(5) to 2.457(6) A, and there is again
the expected decrease in the Ln—O distances for the other com-
pounds as Gd—Er. The distances Gd — N (CN group) ranges from
2.480(6) to 2.529(7) A, which are very close to distances pre-
viously reported, 1® and the shortening of the Ln — NC bond dis-
tances is also observed for the other analogous compounds in the
series Gd—FEr.

The Fe3T ion is coordinated by six cyanide groups form-
ing a regular octahedron. The Fe — C distances range from
1.897(10) to 1.945(8) A, and the C=N distances range
from 1.134(9) to 1.172(9) A, which are consistent with dis-
tances previously reported.'® The linker [Fe(CN)¢]3~ bridges
three [Gd, (TDCI)Z(H20)3]3Jr units through three cis equatorial
cyanido groups, with the /G ranging from 142.4(8) to 150.2(9)°.

Each [Fe (CN)6]3 ~ unit is linked directly to three trinuclear lan-
thanide complexes, and vice versa, forming a “brick-like-wall" 2-D

This journal is © The Royal Society of Chemistry [year]
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Table 5 [Lns(TDCI),(H,0)5(1—CN)3;Fe(CN)s],: Selected distances (A)

Ln Gd (4) Tb (5) Dy (6) Ho (7) Er (8)
Ln(1) - Ln(2) 3.7051(9) 3.6938(8) 3.6614(6) 3.6539(9) 3.6273(9)
Ln(1) - Ln(3) 3.7145(9) 3.6892(7) 3.6683(6) 3.6478(8) 3.6224(9)
Ln(2) - Ln(3) 3.7419(8) 3.7182(6) 3.6973(5) 3.6800(7) 3.6603(7)
Ln(1) - 0(1) 2.450(5) 2.427(5) 2.403(4) 2.392(6) 2.371(6)
Ln(2) - 0(2) 2.434(5) 2.420(5) 2.403(4) 2.382(6) 2.379(5)
Ln(3) - 0(3) 2.457(6) 2.444(5) 2.429(5) 2.413(6) 2.410(5)
Ln(1) - N(1) 2.480(6) 2.465(6) 2.459(5) 2.430(8) 2.430(6)
Ln(2) - N(2) 2.529(7) 2.507(6) 2.496(5) 2.470(9) 2.468(6)
Ln(3) - N(3) 2.503(6) 2.485(6) 2.476(5) 2.443(8) 2.457(6)
Ln(1) - O4) 2.336(3) 2.316(3) 2.304(3) 2.289(4) 2.282(3)
Ln(1) - O(5) 2.335(4) 2.326(3) 2.309(3) 2.307(4) 2.292(3)
Ln(2) - O(5) 2.325(4) 2.324(3) 2.308(3) 2.298(4) 2.284(3)
Ln(2) - O(6) 2.346(3) 2.333(3) 2.321(3) 2.313(4) 2.301(3)
Ln(3) - 0(4) 2.310(3) 2.298(3) 2.286(3) 2.261(3) 2.258(5)
Ln(3) - 0(6) 2.357(3) 2.348(3) 2.343(3) 2.324(3) 2.325(5)
Ln(1) - N(8) 2.679(5) 2.681(5) 2.666(4) 2.662(6) 2.665(5)
Ln(2) - N(6) 2.672(5) 2.672(4) 2.670(5) 2.651(5) 2.644(5)
Ln(3) - N(7) 2.644(4) 2.622(4) 2.622(4) 2.600(5) 2.604(5)
C(1) -N(D) 1.156(9) 1.148(9) 1.153(7) 1.135(12) 1.158(9)
C(2) -N(2) 1.134(9) 1.166(9) 1.157(8) 1.172(12) 1.159(9)
C(3) -N(@3) 1.172(9) 1.159(9) 1.163(7) 1.168(11) 1.154(9)
C4) -N@4) 1.171(12) 1.143(12) 1.152(10) 1.138(15) 1.146(12)
C(5) - N(5) 1.142(10) 1.153(9) 1.146(8) 1.146(12) 1.140(10)
Fe(1) - C(1) 1.926(8) 1.931(8) 1.923(6) 1.943(12) 1.921(7)
Fe(1) - C(2) 1.945(8) 1.924(8) 1.930(6) 1.919(12) 1.935(8)
Fe(1) - C(3) 1.905(8) 1.919(8) 1.918(6) 1.921(11) 1.917(8)
Fe(1) - C(4) 1.897(10) 1.921(10) 1.918(8) 1.936(16) 1.920(10)
Fe(1) - C(5) 1.924(8) 1.935(7) 1.927(6) 1.917(10) 1.934(8)

N---O hydrogen bond distances A
N@4) - 0(1) 2.730(10) 2.733(10) 2.728(8) 2.738(13) 2.724(10)
N4 - 0(3) 2.799(11) 2.814(10) 2.804(9) 2.810(14) 2.803(10)
N(3) - 0(2) 3.177(9) 3.109(8) 3.138(6) 3.152(10) 3.183(7)

Fig. 7 [Lng(TDCI),(H,0)3(—CN)3Fe(CN)3]: ORTEP with 50%
probability, water molecules omitted for clarity

Fig. 8 View through the b-axis of [Lnz(TDCI),(H,0)3(1—CN)3Fe(CN);]

. 3 . . without the ligand TDCI
network in the a-c plane. [Fe(CN)g]°~ bring the trinuclear lan-

thanide complexes closer, so the linker is capable of bonding to
one more complex when compared with the [Cr(CN)6]3‘ linker.
The —CN groups from [Fe(CN)6]3‘ form hydrogen bonds with
the coordinated waters of the Gd®" ions as seen in Figure 8, and
this hydrogen bonding helps to stabilize the 2D-network formed.
The d(N---0) hydrogen bond range from 2.730(10) to 3.177(9)
A, which fall in the range of a ‘moderate’ strength.33 Hydrogen
bonding for each of the compounds are summarized in Table 5.
The compounds of this family are also characterized by show-
ing a degree of higher disorder of the ‘free’ cyanido groups due to
vibration caused by hydrogen bonding to water molecules. The
packing of the layers in this family is characterized by having a
hydrophobic interlayer interaction as depicted in Figure 9.

Fig. 9 [1,0,-1] view of [Lng(TDCI),(Hy0)3(1—CN)3Fe(CN)g],

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol.], 1-12 |7
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(a) (b)
[Hos (TDCI),, (H,0),Co(t—CN),(CN),]  [Dy,(TDCI), (Hy0),Cr(1t—CN), (CN), ]

Fig. 10 Side view of the complexes showing the torsion angle

Fig. 11 ORTEP drawing with 50% probability of
[Lng(TDCI),(H50),Co(u—CN),(CN),4] without water for clarity

3.2.3 [Lng(TDCI),(H,0),Co(i—CN),(CN),1,

The compounds formed using [Co(CN)g] 3- and
[Lng (TDCD), (H,0),13" (In = Ho®**, Er’* and Y?') fea-
ture chains of alternating units of the linker and trinuclear
lanthanide complexes. These compounds are very similar to
those obtained with the linker [Cr(CN)6]3‘. However, one of the
differences between these two families of compounds is that the
equatorial cyanido groups of the [Cr(CN)6]3‘ are coplanar to the
Ln, plane while [Co(CN)6]3‘ shows a torsion angle from the Ln,
plane as seen in Figure 10. The dihedral angle observed between
the lanthanide plane and the linker for Ho®", Er*" and Y3*
compounds are similar, 5.823°, 4.723°and 6.156°, respectively.
Since the three compounds synthesized are isostructural, only
compound (10) will be discussed; the interatomic distances for
the compounds in this family are summarized in Table 6. The
Ho®* ions in the trinuclear lanthanide complex are located at
the vertices of a triangle, and the TDCI ligand caps the Ho3*
ions above and below the plane in which the three Ho®* ions are
contained as shown in Figure 11. The Ho(1)3" ion is coordinated
by four oxygens from four pu-alkoxo groups and by two amino
groups of the ligand, by one water and by a cyanido group of the
linker. The u,—0(5)—Ho(1) and p, —O(6)—Ho(1) bond distances
are 2.2712(19) and 2.2815(19) A, respectively, and the Ho(1) —
N(1) (CN group) distance is 2.440(3) A. The bond distances of
Ho(1)-0(1), water coordinated to the ion, is 2.405(3) A. The
bond distances Ho(1)—N (amine) are 2.640(3) and 2.645(3) A.
The coordination around Ho(2)3" ion is similar to that of
Ho(1)3" ion except that Ho(2)?>* ion has two water molecules

8| Journal Name, [year], [vol.],1-12

Fig. 12 Thermal ellipsoid drawing with 50% probability of
[Lng(TDCI),(H,0)4(—CN),Co(CN),] without the ligand TDCI

Fig. 13 b-axis view of [Lngz(TDCI),(H,0),(1t—CN),Co(CN),],

coordinated instead of a cyanido group, as shown in Figure 11.
The bond distances of y,—0(3)—Ho(2) and u,—0(4)—Ho(2) are
2.315(2) and 2.307(2) A, respectively. The bond distance of
Ho(2)—0(2), water coordinated to the ion, is 2.405(3) /OX, and
the bond distances Ho(2)—N, the amino group of the ligand, are
2.646(4) and 2.647(4) A.

The shorter u,—O—Ho(2) distances observed around the ion
can be interpreted as consequence of the weaker donors at the
other coordination sites around this ion. Since the cyanido ligand
is not as good electron donor as water, the alkoxo groups from
TDCI move closer to donate more electron density. A compensa-
tion elongation of g,—O—Ho(1) bond distances can be seen as
well. The coordinated water to the Ho(1)3" ion moves closer to
compensate for the small shifting of the alkoxo groups of the lig-
and. The bond distances found for this compound are close to
those obtained in [Ho4 (TDCI), (H,0) 4 (1—CN);Fe(CN),].

The Co’* ion is coordinated by six cyanide groups forming a
regular octahedron. The Co — C distances range from 1.879(4)
to 1.913(6) ]’\, which are consistent with the distances previously
reported. 16 [Co(CN)]3~ links two [Hog (TDCID),(H,0),13% tec-
tons through two cyanido groups, /ZHo(1)N(1)C(1) = 142.6(4)°;
the Ho3* ions of the trinuclear lanthanide complexes involved in
the linkage, Ho(1) 3* - Ho(1) 3+, can be seen as the base of the tri-
angles. Each [Co (CN)6]3‘ unit bridges two trinuclear lanthanide
complexes resulting in a 1-D chain of alternating units of linker
and trinuclear lanthanide complex that grows along the b axis.
Similar to the chains obtained with [Cr(CN)G]B’, the lanthanide

This journal is © The Royal Society of Chemistry [year]
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Table 6 [Ln3(TDCI),(H,0)4(1—CN),Co(CN),],: Selected distances (A)

Ln Ho (9) Er (10) Y (11)
Ln(1) - Ln(1) 3.5989(7) 3.5828(14) 3.595(2)
Ln(1) - Ln(2) 3.6873(5) 3.6723(10) 3.6871(14)
Ln(1) - 0(1) 2.405(3) 2.407(3) 2.4115(19)
Ln(2) - 0(2) 2.365(3) 2.360(3) 2.367(2)
Ln(1) - N(1) 2.440(3) 2.422(5) 2.446(3)
Ln(1) - O(3) 2.324(2) 2.308(4) 2.3161(19)
Ln(1) - O(4) 2.316(2) 2.316(3) 2.326(2)
Ln(1) - O(5) 2.2712(19) 2.264(3) 2.2853(16)
Ln(1) - O(6) 2.2815(19) 2.277(3) 2.2724(16)
Ln(2) - 0(3) 2.315(2) 2.308(3) 2.3093(19)
Ln(2) - 0(4) 2.307(2) 2.294(3) 2.3107(19)
Ln(1) - N(5) 2.640(3) 2.638(4) 2.651(2)
Ln(1) - N(6) 2.645(3) 2.644(4) 2.644(2)
Ln(2) - N(7) 2.646(4) 2.638(6) 2.650(3)
Ln(2) - N(8) 2.647(4) 2.652(6) 2.656(3)
C(1) -N(1) 1.159(5) 1.162(7) 1.154(3)
C(2) -N(2) 1.157(7) 1.143(9) 1.150(5)
C(3) -N(3) 1.150(7) 1.158(9) 1.154(5)
C4) -N@4) 1.152(5) 1.160(7) 1.158(3)
Co(1) - C(D) 1.879(4) 1.888(6) 1.883(3)
Co(1) - C(2) 1.913(6) 1.931(8) 1.917(4)
Co(1) - C(3) 1.909(6) 1.915(8) 1.918(4)
Co(1) -C4) 1.898(4) 1.894(6) 1.890(3)

N---O hydrogen bond distances A
N(4) - 0(1) 3.035(5) 3.032(6) 3.029(3)

complexes show hydrogen bonding of ‘moderate’ strength3 be-
tween the water coordinated to the Ho(1) 3% ion and the nitrogen
from the cyanido group, O(1) ---N(4), with a distance of 3.076(5)
A as seen in Figure 12.

3.3 Magnetic properites

The magnetic susceptibility measurements of compounds (1) -
(3) are depicted in Figure 14, and the dashed lines represent the
expected Curie behavior for three independent Ln®* ions and one
cri* ion (S =3/2, *A,). As it has been previously described,
any deviation in the y,,T values from the expected Curie behav-
ior indicates the net magnetic coupling among the ions.34 The
experimental ), T values for compounds (1) - (3) approach the
expected Curie behavior for magnetically independent ions at T
> 100 K, thus, indicating that they do not show ferromagnetic
coupling. Additionally, experimental Curie and Weiss constants
were obtained for each compound by fitting all the data using the
Curie-Weiss equation [1/x, = (T — 6)/C,], and their values are
all summarized in Table 7.

The experimental C, values, which are very close to the theo-
retical C,, confirm that the compounds exhibit the magnetically
independent behavior of their constituting ions. However, it is not
clear if the nature of the negative values of the Weiss constants
arises solely from antiferromagnetic interactions or, except for
Gd3* ions, due to spin-orbit coupling effects from the lanthanide
ions within the trinuclear lanthanide complexes. Although the
magnetic behavior of compound (1) originates from a spin pure
magnetic core [Gd;Cr] and spin-orbit contributions are not ob-
served, it is still not evident if the declining yT values at T < 100
K originate from antiferromagnetic interactions due to spin rever-
sal within the same chain or due to interchain interactions. 3°

Furthermore, magnetization measurements at 1.8 K for com-

This journal is © The Royal Society of Chemistry [year]
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Fig. 14 Magnetic susceptibility for the family of compounds
[Lng(TDCI),(H,0)4(t—CN),Cr(CN),],,. The dashed lines represent the
expected Curie behavior for each compound.
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Fig. 15 Magnetization at 1.8 K for the family of compounds
[Lng(TDCI),(H,0)4(1t—CN),Cr(CN),4],,. The solid line represents the
Brillouin function for three uncorrelated Gd®* ions and a Cr3* ion.
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Table 7 Experimental and theoretical Curie constant for the [LngM] core of the the selected compounds

C,, (emu/mol*K) C,, (emu/mol*K)

Compound Ln Ground State Theoretical Experimental 6 (K)
(1) [Gd,Cr] 5S, 25.52 26.16+0.05 —4.47+025
(2) [TbyCr] 7F6 37.30 38.45+0.08 —4.38+0.29
(3) [Dy,Cr] %H,s 44.24 44.56+0.04 —4.9940.12
(6) [Dy,Fe] ®H,s,, 43.00 43.78+0.12 —5.61+0.37
(7) [HogFe] 518 42.76 43.19+£0.13 —-9.60+0.44
(8) [ErsFe] ®Ls /o 34.95 36.80+0.11 —5.03+0.45
45 - Coney = 43.00 emu/mol*K 18 - -
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Fig. 16 Magnetic susceptibility for the family of compounds
[Lng(TDCI),(H50)5(1t—CN)zFe(CN);],. The dashed lines represent the
expected Curie behavior for each compound.

pounds (1) - (3) confirm that their magnetic behavior is due to
the presence of uncorrelated Ln®* and Cr3* ions. In Figure 15,
the solid line correspond to the Brillouin function for three uncou-
pled Gd®* and Cr3* ions, and the experimental magnetization for
compound (1) does not differ much from its theoretical magneti-
zation behavior. For compounds (2) and (3), crystal-field effects
are expected to reduce the magnetization; for example, the mag-
netization at 7 T for one Dy ion is expected to be 5.23up.3°
Taking into account the magnetic contribution of the Cr3* ion,
the experimental magnetization obtained for compound (3) re-
veal a magnetization of 5.57ug per Dy>* ion at 7T, which is close
to the reported value. Even though the magnetization behavior
of compound (2) gets complicated by crystal-field effects, at low
magnetic fields (H < 1T), the experimental magnetization is con-
sistent to the expected magnetization for three uncorrelated Th3+
and Cr3* ions.

Magnetic susceptibility and magnetization measurements, Fig-
ure 16 and Figure 17, respectively, were also performed on com-
pounds (6) - (8). The magnetic behavior for compounds (6) and
(7) show that there is not a net magnetic coupling among their
ions. However, the magnetic susceptibility of compound (8) sur-
passes the expected Curie behavior at T > 150 K, and instead of
tending to zero at low temperatures, its T values tend to = 27
emu/mol*K. Additionally, the experimental magnetization at H <
1 T is larger than the expected magnetization for three indepen-
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Fig. 17 Magnetization at 1.8 K for the family of compounds
[Lng(TDCl);(H20)4(—CN),Cr(CN)4l,

dent Er®* ions and a Fe?* ion, thus, suggesting the presence of
possible intra ferromagnetic coupling of the trinuclear lanthanide
cluster. In order to better understand the nature of the magnetic
behavior of compound (8), more detailed magnetic studies and
ab initio calculations are required.3”

4 Conclusion

The use of trinuclear lanthanide complexes supported by TDCI
coupled with the versatility of the cyanido groups of the hexa-
cyanometallates to bridge two or three lanthanide tectons yield
a variety of unexpected structures, even though the molecular
shape and the charges are the same for all of the hexacyanomet-
allates.

There exists an intrinsic relationship between the size of the
linker and the size of the ions in the trinuclear lanthanide
complexes. Crystals were obtained when the larger linker
[Cr(CN)6]3‘ was combined with trinuclear lanthanide complexes
having the larger ions Gd3*, Tb3* and Dy3*, but crystals did
not form when the trinuclear lanthanide complexes had the

3* Er3* and Y3*. In contrast, the smaller linker

smaller ions Ho
[CO(CN)6]3" produced crystals when the trinuclear lanthanide
complexes had the smaller ions Ho®*, Er®* and Y3+, but crystals
were not formed when the trinuclear lanthanide complexes con-
tained the larger ions Gd3*, Tb®* and Dy**. Moreover, in the
chemical context reported here, [Fe(CN)6]3‘ has shown to be a

more versatile linker, for crystals were obtained when the trinu-

This journal is © The Royal Society of Chemistry [year]
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clear lanthanide complexes contained Gd3* - Er3* ions, but not
with Y3+,

The family obtained with the linker [Cr(CN)6]3‘ has three
isostructural compounds when the trinuclear lanthanide complex
has the lanthanide ions Gd®*, Tb®* and Dy®*. This family of
compounds features 1-D chains of alternating units of the linker
and the trinuclear lanthanide complexes. The linker bridges two
trinuclear lanthanide complexes through two cis cyanido groups,
and all of the compounds in this family crystallize in the Pmmn
space group.

Despite the close similarity of [Fe(CN)6]3‘ and [Cr(CN)6]3‘,
compounds synthesized with the two different linkers differ in
their structures. [Fe(CN)6]3‘ bridges three trinuclear lanthanide
complexes forming a 2D-network, and all of the compounds in
this family crystallize in the Pnma space group.

Unexpectedly, [Co(CN)()]3 ~ gives yet another family of three
isostructural compounds when the trinuclear lanthanide complex
contains Ho®", Er3* and Y3*. These compounds form 1-D chains
of alternating linker molecules and trinuclear lanthanide complex
units, similarly to the compounds having [Cr(CN)G]B‘. However,
they crystallize in the Pnma space group, and [Co(CN)6]3‘ is not
coplanar to the trinuclear lanthanide complex forming a torsion
angle.

Magnetic  susceptibility and magnetization
ments of the selected compounds show that their mag-
netic behavior is that of their constituent ions, except for
[Er; (TDCD), (H,0)5 (1 —CN)5Fe(CN)4],,. For compounds (1) -
(3) and (6) - (7), their xT values do not surpass the expected
Curie behavior, and the G, constants obtained by fitting the data
are very close to the expected C,, values of each compound.
The magnetization behavior of compound (1) fits the expected
behavior for three Gd3* ions and one Cr®* ion, confirming that
there is not a net magnetic coupling. Even though crystal-field
effects are reflected in the magnetization measurements of
compounds (2), (3), (6) and (7), at H < 1 T, their magnetization
corresponds to that of uncorrelated ions. The magnetic behavior
of compound (8) suggest the presence of ferromagnetic coupling,
but more detailed studies are required to better understand the
interaction of the Er®* ions in the trinuclear lanthanide complex.
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