UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Cyanide-bridged coordination polymers constructed from lanthanide ions and
octacyanometallate building-blocks

Gao, Y.; Viciano-Chumillas, M.; Toader, A.M.; Teat, Simon J.; Ferbinteanu, M.; Tanase, S.

DOI
10.1039/C8QI00357B

Publication date
2018

Document Version
Final published version

Published in
Inorganic Chemistry Frontiers

License
Article 25fa Dutch Copyright Act

Link to publication

Citation for published version (APA):

Gao, Y., Viciano-Chumillas, M., Toader, A. M., Teat, S. J., Ferbinteanu, M., & Tanase, S.
(2018). Cyanide-bridged coordination polymers constructed from lanthanide ions and
octacyanometallate building-blocks. Inorganic Chemistry Frontiers, 5(8), 1967-1977 .
https://doi.org/10.1039/C8QI00357B

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:11 Feb 2023


https://doi.org/10.1039/C8QI00357B
https://dare.uva.nl/personal/pure/en/publications/cyanidebridged-coordination-polymers-constructed-from-lanthanide-ions-and-octacyanometallate-buildingblocks(ce622f42-42c6-497d-98a3-64280591cfcd).html
https://doi.org/10.1039/C8QI00357B

ROYAL SOCIETY
OF CHEMISTRY

INORGANIC CHEMISTRY
FRONTIERS

PEERS

Chinese Chemical Society

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Cyanide-bridged coordination polymers
constructed from lanthanide ions and
octacyanometallate building-blocks¥

’ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2018,
5, 1967

Yuan Gao,? Marta Viciano-Chumillas, @2 ® Ana Maria Toader,® Simon J. Teat, (2 ¢
Marilena Ferbinteanu ‘2 *¢ and Stefania Tanase (2 *@

A new series of cyanide-bridged assemblies, {KH[LNnx(2,3-pzdc),(CHzOH)(H,O)/1[M(CN)gl}-5H,O (L3t =
Nd, Gd, Th, and Dy; M** = Mo and W), were synthesised by self-assembling lanthanide ions and octacyano-
metallate ions in the presence of pyrazine-2,3-dicarboxylic acid (2,3-H,pzdc). These compounds have
a 3D structure in which octagon-like Ln4sM4(CN)g rings are connected through a second Ln** center via
the carboxylate groups of one 2,3-pzdc. The resulting 1D channels are filled with K* ions and lattice water
molecules. The temperature and field dependent magnetization studies as well as ab initio calculations
indicate weak ferromagnetic interactions between the Gd*" ions within the GdMo compound whilst no
magnetic interactions exist in GdW analogues. The magnetic properties of Nd**, Tb*" and Dy** com-
pounds are strongly dominated by the magnetic anisotropy of the lanthanide ions, irrespective of the
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Introduction

Research on molecular magnetic materials stems from the
interest in understanding the magnetic exchange interactions,
performing magneto-structural correlations,"™ and curiosity
in exotic magnetic phenomena (e.g single molecular
magnets,” single chain magnets® ") as well as their potential
applications in high-tech fields, including magnetic refriger-
ation,"”>'* quantum computing'® and information storage.®
Lanthanide ions, with high spin, large intrinsic magnetic an-
isotropy and quantum tunneling of the magnetization (QTM),
are the natural choices for molecular magnetic materials.'”'
Specifically, the magnetic anisotropy is the key property to
achieve permanent and switchable magnetization."> However,
lanthanide ions have inner shell magnetic orbitals, as well as
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octacyanometallate building-block used.

large coordination spheres and flexible coordination geome-
tries. Therefore, achieving strong magnetic exchange and
inserting lanthanide ions into highly ordered structures are
difficult tasks.'®>® One approach to overcome these challenges
is by linking the lanthanide ions to other paramagnetic ions
through small bridging ligands and using building-blocks that
allow controlling the final structural topology.>’>° Thus, com-
bining lanthanide ions and polycyanometallate building-
blocks exploits not only the bridging coordination of the
cyanide ligand but also its ability to provide an exchange path
that mediates the interaction between the electrons localized
on paramagnetic centers. This approach afforded a great diver-
sity of structural architectures displaying a broad range of
magnetic phenomena.’* > Moreover, the cyanide-bridged
molecular assemblies containing lanthanide ions are gaining
increased interest also due to their multifunctional properties.
These are based on the combination of multiple physical pro-
perties, including optical and magnetic properties,® optical
and electrical properties,®* and gas separation properties.’’
Most of the lanthanide-based cyanide-bridged systems have
1D or 2D network structures and only a few 3D assemblies are
reported.>**~**> We showed previously that assembling lantha-
nide ions and octacyanometallate building-blocks in the pres-
ence of 5-methyl-2-pyrazine carboxylic acid (Hmpca) as the
ligand is an efficient route to build isostructural three-dimen-
sional networks.>® Therefore, we extended this strategy to
other pyrazine-carboxylate linkers, by replacing the mono-
carboxylate ligand Hmpca with another small linker, namely

Inorg. Chem. Front,, 2018, 5, 1967-1977 | 1967
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pyrazine-2,3-dicarboxylic acid (2,3-H,pzdc). This approach
aimed at studying the influence of the organic linker on the
final 3D structural topology. The 2,3-H,pzdc ligand has a C,
symmetry and it is commonly used to build extended systems.
Its coordination to d-block transition metal ions is studied in
detail and several lanthanide-based 3D coordination networks
were also synthesised.**?® In this study we discuss the
crystal structure of a new series of isostructural compounds,
{KH[Ln,(2,3-pzdc),(CH;0H)(H,0),][M(CN);]}-5H,0 (Ln**" = Nd,
Gd, Tb, and Dy; M*" = Mo and W) and their corresponding
magnetic properties, with a focus on understanding the
magnetic anisotropy of the lanthanide ions.

Results and discussion
Synthesis and structural characterization

A series of isostructural cyanide-bridged coordination poly-
mers, {KH[Ln,(2,3-pzdc),(CH;0H)(H,0),][M(CN)]}-5H,0 (Ln**
= Nd, Gd, Tb, and Dy; M** = Mo and W; NdMo 1, GdMo 2,
TbMo 3, DyMo 4, NdW 5, GAW 6, TbW 7, and DyW 8) were syn-
thesized by self-assembling lanthanide ions (Ln*") and the
octacyanometallate building-blocks [M(CN)g]*~ in an aqueous
solution and in the presence of pyrazine-2,3-dicarboxylic acid
(2,3-H,pzdc) as the bifunctional (chelate and bridging) ligand.
Attempts to grow single-crystals have shown that the polarity
of the solvent used for crystallization plays a key role, with
methanol giving the materials with the highest purity and
yield. The purity of the compounds was confirmed by elemen-
tal analysis, FTIR, PXRD and TGA-DSC studies (Fig. S1-S37).

The FTIR spectra of all compounds show the vc—y stretch-
ing vibrations in the range of 2090-2120 cm ™", indicating the
presence of both terminal and bridging cyanide groups.
Furthermore, the vooo- stretching vibrations around 1620 and
1570 cm™ ' are shifted towards lower energies as compared
with the free ligand (1754 and 1713 em™"),*° thus confirming
the coordination of carboxylate groups to the lanthanide ions.
The simulated PXRD patterns of 1-8 are consistent with the
simulated PXRD pattern using the single-crystal data of 5. This
indicates that the above synthesis method can be applied for
various lanthanide ions (Nd**, Gd**, Tb*", and Dy**) and
[M(CN)g]*~ (M = Mo and W) building-blocks. The multiple
XRD peaks suggest the low symmetry of this series of com-
pounds, in agreement with the single-crystal XRD parameters
(group space C2/c). The water content was confirmed by
thermogravimetric (TGA) and elemental analysis. The 6.3%
(cale. 6.9%) weight loss below 100 °C corresponds to the
removal of the lattice water. The second weight loss of ca. 5.3%
(cale. 5.6%) below 180 °C belongs to the coordinated water
molecules. The endothermic DSC effects associated with these
weight losses suggest that no major structural changes occur
within the framework upon water removal. The framework col-
lapses around 400 °C.

Crystal data refinement was possible only for compound 5,
and therefore only the structure of this compound will be dis-
cussed in detail. Compound 5 crystallizes in the monoclinic
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Fig. 1 The asymmetric unit of 5. The hydrogen atoms and the lattice
water molecules are omitted for clarity.

space group C2/c. The asymmetric unit of 5 (Fig. 1) consists of
two Nd*" ions, two deprotonated 2,3-pyrazinedicarboxylate
ligands, one [W(CN)]*~ unit and one K" ion. Fig. 2 (top) shows
that both Nd*" ions are nine-coordinated, displaying a trigo-
nal-prismatic geometry, but they have different coordination
surroundings. The Nd1 is surrounded by two carboxylate
oxygen atoms (O1 and O8), three nitrogen atoms (N1, N3, and
N8) from three cyanide groups and two nitrogen atoms (N9
and N12) from different pzdc®~ rings. The remaining two
coordination sites are occupied by two water molecules. The

Nd2

Nd.

Fig. 2 The coordination environments of the Nd** (top) and K* ions
(middle) and the coordination modes of the pzdc®~ ligands (bottom)
in 5.

This journal is © the Partner Organisations 2018
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Nd2 center is coordinated by five oxygen atoms (02, 03, O3/,
04, and O5) coming from the carboxylate groups of the three
pzdc® ligands and one nitrogen atom (N11) from one pzdc>~
ligand. The heptadentate ligand provides the N,O-bidentate
chelating mode whilst the hexadentate ligand binds only
through one oxygen from one carboxylate group. The coordi-
nation of a water molecule, a bridging cyanide ligand and a
methanol molecule completes the coordination number of
nine of the Nd2. The Nd-O and Nd-N bond lengths range
from 2.430 to 2.716 A. Each K' ion is connected to three
oxygen atoms from the two pzdc®>~ ligands and one nitrogen
(N6) from [W(CN)g]*~ and the remaining four coordination
sites are occupied by four H,O molecules. Thus, the
[W(CN)g]*™ unit contains three bridging cyanide ligands co-
ordinated to two Nd*" ions and one K' ion. The average
K-Op,qc bond distance (2.900 A) is similar to the average K-O,,
bond distance (2.940 A), as a result of a very dense molecular
structure. Generally, K is a key cation in stabilizing the crystal
packing due to its low polarizability and high affinity for
oxygen donor molecules.*

Fig. 2 (bottom) shows the coordination of the two pzdc®~
ligands to the Nd** and K' ions. One ligand binds to three
Nd*" ions, namely one Nd1 and two Nd2. The second ligand is
coordinated to two Nd2 and two K' ions. The Nd1 centers and
the [W(CN)g]*~ building-blocks are linked in an alternating
fashion and form a 2D network containing the octagon-like
rings (Nd1),W,(CN); (Fig. 3, top). Neighbouring 2D networks
are linked to each other via Nd2 ions giving a 3D structure
with open channels (Fig. 3, bottom). Notably, this structural
topology is similar to the 3D topology obtained using the

Fig. 3 The 2D connections of Nd1 and [W(CN)gl*~ in the molecular
structure of 5 (top) and its dense 3D structure (bottom).

This journal is © the Partner Organisations 2018
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mpca~ ligand.** In the present case, the dianionic 2,5-pzdc
ligand favours the formation of Nd;-type clusters as secondary
building units and the K' ions compensate for the negative
charge of the 3D framework and sit in the octagon-like 1D
chains. Within the Nd; cluster, the shortest Nd---Nd intra-
molecular distances are: 6.630 A for Nd1---Nd2 and 4.347 A for
Nd2---Nd2, respectively. The shortest Nd1---W distance is
5.261 A whilst the shortest Nd1---Nd1 distance is 10.622 A. The
overall 3D molecular structure is further stabilized by multiple
hydrogen-bonding interactions established between the car-
boxylate groups of the organic linkers, the water and methanol
molecules as well, as the cyanide terminal groups. This might
also explain the higher thermal stability of the studied com-
pounds as compared with the thermal stability of their ana-
logues obtained from the mpca™ ligand.*”

Magnetic properties

The presence of the Nd1(Nd2), type of clusters bridged by dia-
magnetic octacyanometallate building-blocks (see Fig. 2, top)
in the 3D molecular structure of the compounds studied as
well as the short Nd---Nd distances (4.347-6.630 A) make these
isostructural materials interesting for studying their magnetic
properties. Therefore, the temperature-dependent magnetic
susceptibility data of the compacted polycrystalline samples of
1-8 were measured in the 1.8-300 K temperature domain, in a
0.1 T magnetic field (Fig. 4). The experimental data are com-
plemented with computed simulations which will be detailed
in the following section. The y\7 values at room temperature
are 3.14 (1), 16.46 (2), 24.32 (3), 29.12 (4), 3.19 (5), 15.69 (6),
23.70 (7) and 28.73 cm® K mol ™" (8). These values are close to
those expected for two lanthanide(m) ions: yyTnaz = 3.28 cm®
K mol™" with § = 3/2, L = 6, *1g), g = 8/11; ymTgas = 15.74 cm?
K mol™" with § = 7/2, L = 0, %S, & = 2; ymTrpz = 23.64 cm® K
mol ™" with § = 3, L = 3, "Fe, g = 3/2 and yuTpy, = 28.34 cm® K
mol ™! with § = 5/2, L = 5, ®*Hy5/, g = 4/3.*" With the exception
of Gd*" that has a f” electronic configuration and an orbital
nondegenerate ground state, all the lanthanide ions have
orbital degenerate ground states, which are split by spin-orbit
(SO) coupling and ligand field (LF) effects.**** The field
dependence magnetization curves for compounds 1-8 are
shown in Fig. S4.7 The magnetization values at 5 T reaches the
expected saturation value of 14Np (2 Gd*") for 2 and 6, whilst
for the other compounds, the magnetization values do not
reach the saturation values for two isolated Ln** ions [M =
6.54Np (2 Nd**), 18Np (2Tb*") and 20N (2 Dy**)]. This fact is
mainly due to the crystal field effects on the Ln*" ions.

The yuT product of the Tb** (3 and 7) and Dy** (4 and 8)
compounds decreases smoothly until 25 K and then more pro-
nounced until 2 K. For Nd** polymers (1 and 5), the yT value
decreases constantly from 300 K till 2 K. These behaviors can
be ascribed to the spin-orbit coupling and the crystal field
effects of the lanthanide ions. By lowering the temperature,
the ymT values of 2 and 6 remained constant up to ca. 10 K,
then increase slightly up to ca. 2 K. This behavior suggests the
occurrence of very weak ferromagnetic interactions between
Gd*" perhaps combined with the ZFS of Gd*" at very low temp-

Inorg. Chem. Front,, 2018, 5, 1967-1977 | 1969
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Fig. 4 Temperature dependence of ymT of {KH[Lnx(2,3-pzdc),(CH;OH)
(H20)71IMo(CN)gl}-5H,0, 1-4 (top) and {KH[Ln,(2,3-pzdc),(CHsOH)
(H20)71[W(CN)gl}-5H,O, 5-8 (bottom). The continuous lines in the
bottom panel mark the ab initio simulated curves (vide infra).

erature. To get further insight into the nature of the magnetic
exchange interactions between the Gd** ions, we have com-
pared the experimental data to the Brillouin function calcu-
lated assuming non-interacting spins, with Sgq = 7/2 and ggq =
2. As seen in Fig. S5,1 small deviations appear for 2 which can
be attributed to the ferromagnetic behaviour whilst the non-
interacting limit describes the data for compound 6 quite well.
This difference might be explained in terms of different
residual contribution from the d-type ion. Namely, the spin
orbit coupling silences the magnetism of the d* configuration.
The parallel pairing of electrons in non-relativistic orbitals
turns to a paired configuration in relativistic ones. Because the
spin orbit interaction is larger in W than in Mo, the spin-
paired configuration is spaced by a larger gap from states with
magnetic moment. Therefore, the magnetic response of com-
pound 2 may be larger as compared to 6, due to such factors.
Although the Ln’"---Ln*" separation is not so large
(4.347-6.63 A), the magnetic interactions between Ln*" ions
are usually very weak. Therefore, we also studied the dynamic
magnetic properties of all compounds. In a zero dc magnetic
field, AC magnetic measurements show no y"\; signals for all

1970 | Inorg. Chem. Front., 2018, 5, 196/-1977
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compounds. However, in the presence of a magnetic field (0.1
and 0.25 T), there is a frequency dependence of the y"\, values
for all compounds, except for 3 and 7. The fact that the Tb**
compounds do not present a slow relaxation of the magnetiza-
tion has also been observed in other lanthanide molecular
systems.”> In this work only compound 4 was studied in
detail (Fig. S6). The y"y displays a maximum value around
2.70 K which is slightly shifted at higher frequencies and in a
0.1 T applied field; this maximum disappears at low frequen-
cies. Due to the lack of maxima, combined with the fact that
there is no clear frequency dependence of the y”y;, the pre-
exponential factor (zy) and the effective energy barrier (E,) were
calculated approximately from the linear graphics of In(y"\/
') versus 1/T, assuming only one slow relaxation of the mag-
netization process (Fig. S7f). Such a methodology was
employed successfully in other SMMs.***” The obtained
values are 7, = 6.12 x 10~% s and E, = 12.77 K. Although similar
values were determined for other lanthanide compounds,*® we
believe that these values should be considered as a simplifica-
tion of the system, since there are two different lanthanide
centers weakly coupled through a doubly oxide bridge.

Multi-configuration ab initio calculations: the d-f exchange
coupling and ligand field effects

In order to understand the magnetic properties of the com-
pounds studied, we performed multi-configurational calcu-
lations on molecular fragments representing the two distinct
crystallographic sites, corresponding to Nd1 and Nd2 in the
resolved structure of compound 5. For each crystallographic
species, the symmetric dimer sequences were selected, repla-
cing one lanthanide site by the diamagnetic Lu®" ion. The
dimeric fragments are needed for the realistic account of the
effects exerted by the bridging ligands, while the artificial re-
placement of one site by the magnetically silent f'* configur-
ation is the appropriate numeric experiment aiming at describ-
ing the ligand field around a given ion. A lanthanide with a
f" configuration is accounted for by a CASSCF(n,7), i.e. with
n electrons in the seven f-type orbitals representing the given
problem.

We showed previously® that setting ab initio calculations
for lanthanide complexes is a non-trivial task, the delicate situ-
ation being a reliable orbital guess, to initiate the calculations.
Therefore, a customized choice is a starting set which is pro-
duced by merging the fragment orbitals obtained in preamble
for the free lanthanide ion and the remainder of the molecule.
This setting describes most appropriately the weakly interact-
ing f shell of the lanthanide ions. The self-consistent canonical
molecular orbitals (MOs) are obtained as almost pure f-type
atomic orbitals (AOs). Cyanide-bridged lanthanide extended
systems are often isostructural series with very similar geome-
try parameters.*® Therefore, we have performed the modelling
using the same structure for the above discussed series,
including Nd**, Gd**, Tb** and Dy’”, respectively. Since we aim
for a semi-quantitative description, the small change due to
the lanthanide contraction effect, usually confined within 4%
variation and taking into account the La** and Lu®" ions as

This journal is © the Partner Organisations 2018
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extremes, does not affect the range and the ordering of the
computed quantities. The assumed unique structure has the
advantage of unitary description of the magnetic anisotropy of
different ions, driven by the geometry of the local environ-
ment. Additionally, CASSCF calculations were performed to
account for the LF effects. The resulting set of states corres-
pond to the split of the ground multiplet of each lanthanide
ion under the effect of the local environment. Adding the
spin-orbit (SO) contribution, one obtains the full description
of the magnetic properties at first principles level. The com-
bined CASSCF-SO procedures can be regarded as describing
the Ligand Field (LF) split of the J multiplets resulting from a
given **'[L] spectral term.

Table 1 summarizes the results for Nd**, Tb*>" and Dy**
ions in the model molecules corresponding to sites 1 and 2.
Thus, the Nd*" ion has a J = 9/2 SO multiplet (resulted from
the I parent), which is split in a series of degenerate doublets.
The Tb*" ion corresponds to a J = 6 quantum number (spring-
ing from the ’F term). Because of the odd 2/ + 1 count, the
system does not have doublets, but certain sequences of the
spectra can be considered as almost degenerate couples. The
Dy*" ion has a J = 15/2 quantum number (from °H term), the
splitting being organized again in a series of doublets. One
observes that the total gaps within the multiplets are in the
order of several hundreds of reciprocal centimetres, i.e. the
expected range of the LF effects of the f shell, thus confirming
that the calculation accounted for the effects in a well-tem-
pered balance. One observes that, for each lanthanide ion, the
total split is larger in site 1 than in site 2. This is due to the
presence of more nitrogen-based strong field ligands in the
coordination sphere of site 2. Namely, site 1 has one pyrazine
and one cyanide coordination bonds whilst site 2 is sur-
rounded by two pyrazine and three cyanide links.

A detailed characterization of the magnetic anisotropy is
achieved by analysing the polar maps of the state-specific mag-

Table 1 The CASSCF-SO computed lowest levels corresponding to the
LF split of the J ground multiplets of the considered ions and sites. All
the values are in cm™

Site 1 Site 2

Nd Tb Dy Nd Tb Dy
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0
3 100.1 126.7 195.4 42.6 103.5 128.2
4 100.1 127.0 195.4 42.6 104.4 128.2
5 163.3 251.6 342.7 162.2 191.2 229.1
6 163.3 252.4 342.7 162.2 197.0 229.1
7 271.8 365.9 448.5 209.0 247.8 291.8
8 271.8 378.2 448.5 209.0 280.1 291.8
9 332.0 458.7 519.1 293.7 287.7 331.2
10 332.0 504.2 519.1 293.7 351.9 331.2
11 549.2 573.2 356.5 3771
12 571.5 573.2 447.3 377.1
13 588.1 616.5 448.4 417.4
14 616.5 417.4
15 631.9 491.1
16 631.9 491.1

This journal is © the Partner Organisations 2018
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netization function of # and the ¢ angular coordinates which
corresponds to a given direction inside the coordination
sphere, taking the derivative with respect to the field along
this axis:

dE;
Mi(0,¢9) = *(@) .
0.9

The polar map represents the points at the {0, ¢, and M;}
sets of coordinates, i.e. it consists of a surface with the points
in the {0, ¢} direction placed at the M; distance from the
selected paramagnetic centre. Usually, the magnetization polar
maps have a bi-lobate aspect, the direction of the lobes indi-
cating the easy-magnetization axis, while their size corres-
ponds to the nominal magnetic moment of the given state.

A non-trivial result is the identification of the magnetiza-
tion axis and the carried effective magnetic moment for each
state of the computed magnetic spectrum. Fig. 5 illustrates the
ground states of the Nd**, Tb*" and Dy®" ions in the case of
site 1, whilst Fig. 6 corresponds to the site 2. The anisotropic
magnetization plots for all the states of the above-mentioned J
multiplets of the chosen lanthanide ions and sites are outlined
in Fig. S8-S13.7 The molecular skeleton is represented at arbi-
trary scale, the 3D axis frame being based on Bohr magneton
units. The orientation of the frame is chosen with the easy axis
of the ground state aligned to the z line.

Although J and J, are not good quantum numbers under a
ligand field with low symmetry, a part of the electronic states
can still be associated with the J, projections. In certain cases,
the size of the lobes can be estimated as the |g;J,| values,
taking the ideal Landé factors of the parent J quantum

Ligand Field Nd
potential x M, =285 pg
3 &

e 2
v s,
-1
/ s /-
[ 0
A e L, ¥ (1p)
2 4 o i S
M, (np)
Tb M, .= 8.97 pg Dy M, =995 ug

Ml e

Fig. 5 The computational characterization of site 1: the map of ligand
field potential, common for all the lanthanide ions and the easy magne-
tization axis specific for the ground state of each ion in the modelled
environment. Note that the Nd** vs. Tb®" and Dy®' cases are rep-
resented on different scales.
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Fig. 6 The computational characterization of site 2. The description is
similar to that in Fig. 5.

numbers. Such a regularity is retrieved for the ground levels of
Tb*" and Dy’" units. For both coordination environments, the
extensions of the ground state magnetization lobes are close to
the expected values of 9up and 10ug, respectively. These values
are related to the maximal J, = +6 and J, = +15/2, considering
the ideal g; = 3/2 and g; = 4/3, respectively (see the values
ascribed on panels from Fig. 5 and 6). For Nd**, the maximal
ideal value is 3.27up. The magnetic moment estimated from
g7 = 8/11 and J, = +9/2 is not reached in any state. The actual
maximum attained by the ground level is 2.85u5 for site 1 and
2.36u3 for site 2.

For the ground state, all the lanthanide ions in a given site
type show almost the same easy axis. This can be roughly
related to the line undergoing the strongest ligand field, but in
the present case the field cannot be assumed as being domi-
nantly axial. In a symmetry which demands an axial pattern,
i.e. Dyq case, the easy magnetization axes of all the states will
be on the four-fold axis, the polar maps having lobes with the
|g7Jz| size. In such a case, the strength of the ligand field will
determine only the energy ordering of the states described by
the J, quantum numbers (a generally non-monotonous depen-
dence). The analysis of the full spectrum of state-specific mag-
netic anisotropy shows a complicated pattern. For instance, for
the Nd** ion from site 1, the magnetization maps of first
(ground) and third doublets are aligned on the z axis, while
for the second and the fourth doublets, the magnetization
maps are intermediates between the axial (bi-lobal) and the in-
plane (torus shape) patterns. In the Nd2 site the magnetization
lobes of first and second doublets are aligned on the z axis,
the third one, approximately on x, while the fourth one goes
roughly along the y direction. For Tb>" ions, many states have
small intrinsic magnetic moments. Thus, for site 1, the first
three couples carry most of the magnetism, and the middle
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and the upper parts show maps with small lobes. For site 2,
only the first, the second and the last couples, carry a sizeable
magnetism. All levels from the fifth to eleventh show weak
responses to the magnetic field. The Dy*" has a rich array of
polarization maps. For both sites, the first two doublets have
the anisotropy along the z axis, the penultimate and last pairs
being almost on x and y, respectively, while the middle of the
spectrum shows maps with lobes between the chosen
Cartesian axes.

In a given series, as a function of the local environment, all
the lanthanide congeners have the same ligand field para-
meters because of the imposed unique geometry. The different
magnetic features of the individual ions are related to the
specific interplay of the orbital part with the spin components.
The ligand field parameters are displayed in the ESI (Tables S1
and S2t) including the suggestive representation of the poten-
tial as a color map on the sphere. The ligand field potential
can be thought as a sum of a series of parameters (up to 27,
for a f site with no symmetry) factoring certain trigonometric-
alike expressions (resulted from spherical harmonics), being
therefore a function of polar coordinates. Rendering this
potential on a sphere, one achieves a clear view of the given set
of LF parameters. The areas colored in the yellow to red rep-
resent the relatively large ligand field zones (positive values),
the green lands average effects, while the blue corresponds to
the negative counterpart, usually found in the voids between
the ligands. Such maps are given in the left-upper corners of
Fig. 5 and 6, different other views being given in Fig. S14 and
S15 (see ESIT for details).

It is worth noting a less known technical aspect: the LF
potential is affected by the so-called holohedrization effect,*’
because it consists of only components with even behaviour at
inversion. This means that the perturbation exerted by a
ligand from a direction described by certain x, y and z com-
ponents is mirrored also on the —x, —y and —z antipodes, on a
sphere. Then, the positive areas recorded in the ligand field
color map are placed not only under the ligands, but also in
zones coming, by inversion, in ¢rans to a given donor. The
stronger fields are occurring on the axis spanning exact or
approximate trans couples of a coordination sphere.

Obtaining the LF parameters enables a deeper insight into
the magnetism of the presented compounds. Consequently,
we employed an approximation known as the Steven’s equi-
valent operators.’®”" This gives the LF split of the ground
multiplets J of lanthanides needing only the LF parameters
(i.e. the values from Tables S1 or S2, from the ESIT), without
demanding the explicit spin-orbit or the inter-electronic
(Slater-Condon) integrals. This method consists of using
triads of coefficients specific to each lanthanide and its J
ground state, multiplying respectively the LF parameters of the
second, fourth and sixth ranks. The procedure retrieves rela-
tively well the ab initio computed LF-SO levels, being trustful
for the analysis depicted in the Fig. 7. In this way, we can find
conveniently the composition of each state from the LF driven
J spectrum, in terms of J, projections. The histograms drawn at
each level correspond to the relative percentage of the
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Fig. 7 The ligand field split of the J of the ground J of the Ln** ions.
The left side corresponds to site 1, while the right side stands for site
2. The vertical bars at each levels mark, in relative scaling the percentage
of J, projections contributing to the given state.

J- elements in the corresponding wavefunction. The diagrams
are symmetric with respect to the +/, couples. One may observe
that the ground states are made preponderantly of elements
close to the extremal projections, J, = 4J. Such a situation is
well evidenced for the Dy case, where, for both sites, the
ground state consists of almost pure +15/2 components. For
the other states of each spectrum, there is no simple formula
to understand the pattern. One may find however that the
states with low amplitude in the lobes of computed magnetiza-
tion polar maps have compositions made of null or small J,
projections.
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With the non-routine post-computational treatment of the
CASSCF-SO data, we emulated the ab initio magnetic suscepti-
bility. The anisotropic magnetic susceptibility for a direction
given by the {6, ¢} couple of polar coordinates is expressed as:

2

x(0,9) = (% In(z(0, %B))

0.

where Z is the sum function:

Z(H, @, B) = Z Exp(fEi(ay ¢7B)/kBT)'

The averaged susceptibility corresponds to the average on
the orientations:

O=n rp=2n
7 = (1/4n) J J x(0,9) sin(0)dodg

0=0 Jp=0

The derivatives were estimated numerically, with a dB =
0.01 T finite difference, while the integration was approxi-
mated as sum over a 24 x 48 mesh of the 6, ¢ variables.
Summing the simulated the T vs. y\T curves of the two sites,
one obtains patterns similar to the experimental curves, as
illustrated in the bottom panel of Fig. 4. The small quantitative
deviations are totally acceptable in light of inherent approxi-
mations present even at the ab initio level of computer
experiments.

The magnetic susceptibility on the directions of the
Cartesian frame, after setting the z line along the easy axes of
ground states, is given in S16-S21.7 Because the ground level
carries the maximal moment of the given multiplet under the
ligand field in all the cases, the y,T vs. T curve along the z axis
has a descendent pattern. With the onset of thermal averaging,
the levels with a lower magnetic response are populated.
Conversely, the T dependencies along the x and y lines start
from lower values, increase with 7, since the states with mag-
netic responses along these directions are placed on a higher
position in the LF spectrum of the J multiplet. On average, the
increasing pattern dominates.

We tested through calculations that the [W(CN)g]*~ ion is
magnetically silent. This is due to the contribution of the large
ligand field with a strong spin-orbit coupling. With appropri-
ate modelling experiments, it was probed that the magnetic
response of the [W(CN);)]*~ compounds is very sensitive to the
coordination geometry. Thus, in an antiprism elongated geo-
metry along the fourfold axis, the ground state carries a mag-
netic moment close to the ideal estimation for the maximal
projection from a *F, term. In a compressed antiprism geome-
try, the ground state is non-magnetic, the effective moment
being carried in excited components. When a distortion from
a fourfold symmetry is present, e.g. moving from D,q to Dyq by
transforming the square faces to diamonds, all the states from
the °F origin become almost magnetically silent. Therefore,
the observed magnetism of the compounds studied is effec-
tively due to the lanthanide ions.

An analysis of the exchange coupling between lanthanide
ions was performed for the gadolinium compounds. Dimeric
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units were cut from the experimental structure corresponding
to the Gd1-Gd1 and Gd2-Gd2 pairs, discarding the Gd1-Gd2
part of the chain, because of the obvious large separation
between ions. With CASSCF(14,14) calculations in both mole-
cular models we obtained weak ferromagnetic coupling, with a
very small value for the first case, Jga1-gar = 1.3 x 107> cm™"
and a small one for the site 2 correspondent, Jgaz-gdz = 9.5 X
107 em™". To verify these outcomes, we performed Broken-
Symmetry (BS) DFT calculations® on the same systems obtain-
ing about J = 0.01 cm™" for both types of symmetric dimeric
moieties. The situation may be corroborated with the experi-
mental findings suggesting either weak ferromagnetism or
uncoupled limits. There is a good match between CASSCF vs.
DFT estimation for site 2. In the other case, possibly the
BS-DFT is less precise, detecting in the final spin maps a
leakage of spin density on the bridges, larger than expected for
the confined f electrons. In spite of small values, one may
accept that the coupling is, indeed, ferromagnetic.

The inter-centre coupling has a small impact on the mag-
netic properties, being active only at a very low temperature. To
complete the analysis, we aimed at the ab initio estimation of
the Zero Field Splitting parameters, performing CASSCF-SO
calculations at each gadolinium site, replacing the above-men-
tioned dimers with diamagnetic lutetium. The spin-orbit spec-
trum included the levels related to the ®S atomic ground term
and all the sextets of the f” configuration: °P, °D, °F, °G, °H and
°L The lowest eight eigenvalues present in doublets correspond
to the ZFS spectrum. Their doublet nature is due to the fact that
the phenomenological ZFS Hamiltonian of Gd*", i.e. a matrix of
8 x 8 size, is factorized in two equivalent 4 x 4 blocks:>*

7D—x  +/21E 0 0
det V21E —3D—x 2\/15E 0 o
0 2v/15E —5D—x 3+/5E
0 0 3v5E D—x

The computed ZFS spectra match well with the following
effective parameters: D; = 0.0285 cm™' and E; = 0.0155 cm™*
for site 1, while D, = 0.0613 and E, = 0.0245 for site
2. Introduced in the simulation of y\T curves, the above values
exhibit trends resembling the antiferromagnetic pattern. This
prompts us to regard the experimental situation as a compe-
tition between the weak ferromagnetism of the Gd-Gd coup-
lings and the local small anisotropy of the Gd sites. We point
that, although getting small absolute values for the ZFS para-
meters and the exchange coupling, the ab initio calculations
are relatively reliable in a qualitative sense. These calculations
may have errors amounting to a certain fraction from the
expected range of a given quantity, while are safe in the repro-
duction of the mechanism, trends and relative values.>?

When the magnetism of the Gd-based chain is approxi-
mated as a dimer and the ZFS values for site 1 are imposed,
one obtains a pattern with a shallow maximum at low tempera-
tures and a value around Jgg_gq = 0.02 cm™" for the exchange.
This looks alike to antiferro in the left domain, and like ferro
on the right side, before reaching the paramagnetic plateau.
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One may propose that this is qualitatively similar to the low-
temperature details of compound 2 (see Fig. 4). For the ZFS
parameters of site 2, a similar trend is reached at about Jg4-ga
0.04 cm ™', Then, assuming that the ab initio estimation of ZFS
parameters is more stable than those of the exchange, one
may obtain in this way a range of ferromagnetic coupling.
Even the apparent paramagnetism of compound 6 can be sup-
posed as a null-game between the trends given by the ZFS and
exchange part, considering the compounds as having a weak
but yet sizeable ferromagnetism.

Conclusions

A new series of isostructural lanthanide-based cyanide-bridged
assemblies were obtained by self-assembling Ln** ions (Ln*" =
Nd, Gd, Tb and Dy) and [M(CN)g]*~ (M*" = Mo and W) build-
ing-blocks in the presence of pyrazine-2,3-dicarboxylate acid.
The obtained 3D dense networks have 1D open channels
which are occupied by K* ions and water molecules. Detailed
experimental and theoretical studies show that the magnetic
interaction between the Gd*" ions is weakly ferromagnetic for
the compound containing [Mo(CN)g]*~ units whilst the Gd**
ions are not coupled in the analogue compound obtained
from the [W(CN)g]*~ building-blocks. At the same time, the
magnetic properties of Nd**, Tb**, and Dy** compounds are
dominated by the interplay between the ligand field and spin-
orbit effects, with a little impact from the magnetic super-
exchange interaction between the lanthanide ions. The theore-
tical calculations confirm indeed that the recorded magnetism
of the presented systems is mainly due to the strong magnetic
anisotropy of the lanthanide ions. We foresee that further
research on these types of materials will emerge in the direc-
tion of advanced multifunctional materials.

Experimental
Materials

Lanthanide nitrates, pyrazine-2,3-dicarboxylic acid, and all the
solvents were commercially available (Aldrich, >99% pure) and
used as received. The K,[M(CN)g]-2H,O0 (M** = Mo and W) pre-
cursors were synthesized as reported previously.**

Synthesis

A solution of Ln(NO3);-5H,0 (Ln = Nd, Gd, Tb, and Dy)
(1 mmol, 440 mg) in water (5 mL) was added to a suspension
of pyrazine-2,3-dicarboxylic acid (1 mmol, 173 mg) in water
(5 mL). The reaction mixture was stirred for 5 min at room
temperature until it became a clear solution. Then, this
mixture was added to a solution of K,[M(CN)g]-4H,O (1 mmol,
530 mg (Mo) and 620 mg (W)) in water (2 ml). The slow
diffusion of methanol into the water mixture (1:2 volume
ratio) gave crystalline orange materials within 2 days.

{KH[Nd,( pzdc),(CH;0H)(H,0),][Mo(CN)s]}-5H,O (1). Yield:
628 mg (57%). C, H, N analysis (%): caled C 20.34, H 2.46,
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N 14.24; found C 20.42, H 2.11, N 14.63. FTIR (KBr, cm™"):
3427 br, 2117 s, 1622 m, 1568 m, 1448 w, 1442 m, 1379 m,
1243 m, 1216 m, 1121 s, 1075 m, 901 w, 852 w.

{KH[Gd,( pzdc),(CH;0H)(H,0),][Mo(CN)g]}-5H,0 (2). Yield:
464 mg (42%). C, H, N analysis (%): caled C 19.29, H 2.65,
N 13.5; found C 19.41, H 2.66, N 11.08. FTIR (KBr, cm™): 3353
br, 2129 s, 2097 m, 1611 m, 1566 m, 1445 w, 1396 m, 1362 m,
1206 m, 1169 m, 1119 s, 1074 m, 896 w, 843 w.

{KH[Tb,( pzdc),(CH;0H)(H,0),][Mo(CN)g]}-5H,O (3). Yield:
680 mg (62%). C, H, N analysis: (%) caled C 21.75, H 2,
N 14.50; found C 20.16, H 3.45, N 13.23. FTIR (KBr, cm™%):
3360 br, 2127 s, 2010 m, 1610 m, 1568 m, 1445 w, 1395 m,
1363 m, 1207 m, 1170 m, 1120 s, 1075 m, 896 w, 845 w.

{KH[Dy,( pzdc),(CH;0H)(H,0),][Mo(CN)g]}-5H,O0 (4). Yield:
700 mg (65%). C, H, N analysis (%): caled C 21.89 H 2.01,
N 14.59; found C 19.33, H 3.54, N 13.8. FTIR (KBr, cm™'): 3354
br, 2130 s, 2096 m, 1611 m, 1567 m, 1446 w, 1396 m, 1360 m,
1206 m, 1170 m, 118 s, 1072 m, 896 w, 846 w.

{KH[Nd,( pzdc),(CH;0H)(H,0),][W(CN)s]}-5H,O (5). Yield:
737 mg (62%). C, H, N analysis: (%) caled C 18.40, H 2.53,
N 12.88; found C 18.44, H 1.78, N 14.47. FTIR (KBr, cm™):
3535 br, 2119 s, 2097 m, 1615 m, 1567 m, 1451 w, 1418 m,
1376 m, 1245 m, 1215 m, 1124 s, 1077 m, 903 w, 852 w.

{KH[Gd,( pzdc),(CH;0H)(H,0),][W(CN)g]}-5H,0 (6). Yield:
692 mg (58%). C, H, N analysis (%): caled C 18.02, H 2.48,
N 12.61; found C 18.3, H 1.70, N 14.51. FTIR (KBr, cm™~'): 3416
br, 2115 s, 2096 m, 1617 m, 1573 m, 1451 w, 1424 m, 1377 m,
1248 m, 1221 m, 1125 s, 1075 m, 903 w, 858 w.

{KH[Tb,( pzdc),(CH;0H)(H,0),][W(CN)g]}-5H,0 (7). Yield:
740 mg (66%). C, H, N analysis (%): caled C 20.34, H 1.87,
N 13.55; found C 18.8, H 3.48, N 12.51. FTIR (KBr, cm™): 3415
br, 2117 s, 2096 m, 1620 m, 1570 m, 1450 w, 1424 m, 1379 m,
1248 m, 1220 m, 1129 s, 1075 m, 900 w, 856 w.

{KH[Dy,( pzdc),(CH;0H)(H,0),][W(CN)g]}-5H,O0 (8). Yield:
760 mg (68%). C, H, N analysis (%): caled C 20.22, H 1.86,
N 13.47; found C 19.48, H 3.06, N 13.12. FTIR (KBr, cm™'):
3410 br, 2120 s, 2096 m, 1620 m, 1577 m, 1451 w, 1422 m,
1377 m, 1248 m, 1219 m, 1125 s, 1075 m, 906 w, 860 w.

Physical measurements

Infrared spectra (4000-400 cm™, resol. 0.5 cm™) were
recorded using a Varian 660 FTIR spectrometer using KBr
pellets and the transmission technique. Powder X-ray diffrac-
tion (PXRD) was carried out on a Rigaku Miniflex X-ray
Diffractometer. Measurements were performed from 3° to 50°
with a turning speed of 2.0° min~'. Thermogravimetric ana-
lysis (TGA) and differential scanning calorimetry (DSC) were
performed using a NETZSCH Jupiter® STA 449F3 instrument.
The measurements were carried under argon (20 ml min™") at
35-900 °C. Diffuse reflectance spectra were obtained on a
Perkin-Elmer Lambda 900 spectrophotometer using MgO as a
reference.

X-ray single-crystal structure determination

The single-crystal structure of compound 5 was determined
based on the crystallographic data collected using a beamline
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11.3.1 at the Advanced Light Source, Lawrence Berkeley
National Lab. Samples were mounted on MiTeGen kapton
loops and placed on the goniometer head of a Bruker D8 diffr-
actometer equipped with a PHOTON100 CMOS detector oper-
ating in shutterless mode. The samples were in a 100 K nitro-
gen cold stream provided by an Oxford Cryostream 800 Plus
low temperature apparatus. Diffraction data were collected
using synchrotron radiation monochromated by using silicon
(111) to a wavelength of 0.7749 (1) A. The structure was solved
by intrinsic phasing (SHELXT) and refined by fullmatrix least-
squares on F* (SHELXL-2014). Crystallographic data are regis-
tered at the Cambridge Structural Data Base as CCDC
1818714.%

Magnetic measurements

Variable-temperature (2.0-10 K) alternating current (ac) mag-
netic susceptibility measurements under +5.0 G oscillating
field at frequencies in the range of 0.1-10 kHz were carried out
on crystalline samples under 0 and 1 kG applied static dc
fields with a Quantum Design Physical Property Measurement
System (PPMS).

Calculations and modelling

Ab initio®>* calculations were performed with GAMESS
code,’® using fragment geometries cut from the experimental
crystal structure.’' The lanthanide center was accounted for by
the effective core potential basis set of SBKJC type (Stevens-
Basch-Krauss-Jasien-Cundari).””>° The tungsten atom was
accounted for by the SARC-ZORA basis set®® The O and N
atoms were treated with the 6-311G* basis, while the C and H
atoms remaining in the ligand structure were treated with the
6-31G basis. The magnetic properties were discussed with sub-
sequent modelling based on the data extracted from the black
box of Complete Active Space Self Consistent Field (CASSCF)
calculations complemented with Spin-Orbit (SO) treatment.
To asses exchange coupling parameters we also used Broken
Symmetry (BS),*! in the frame of Density Functional Theory®>
(DFT) realized with the B3LYP option. We retrieved the orbital
components of the Zeeman Hamiltonian by extracting extra-
output from the black box of the computation, namely the
matrix elements of the L,, L, and L, operators. This part as well
as the spin-type Zeeman part enabled the explicit implemen-
tation of the magnetic field dependence in the CASSCF-SO
matrix.
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