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Single molecule magnets of cobalt and zinc homo-
and heterometallic coordination polymers
prepared by a one-step synthetic proceduref
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The synthesis of 1D cobalt and zinc monometallic and heterometallic coordination polymers (CPs) was
carried out applying one-pot synthetic methods by using either supercritical carbon dioxide or ethanol
as the solvent. A collection of four 1D CPs were thus obtained by the combination of a metal (or
a mixture of metals) with the linker 1,4-bis(4-pyridylmethyl)benzene. The used metallic complexes were
zinc and cobalt hexafluoroacetylacetonate, which can easily incorporate pyridine ligands in the
coordination sphere of the metal centre. Independently of the used solvent, the precipitated phases
involving Zn(n), ie., homometallic CP of Zn(1) and bimetallic CP of Zn()/Co(n), were isostructural.

Contrarily, homometallic CPs of Co(i) were precipitated as an isostructural phase of Zn(1) or with
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Accepted 7th Decermber 2020 a different structure, depending on the used solvent. All the structures were resolved by XRD using

synchrotron radiation. In addition, the magnetic properties of the new CPs involving Co(i) were studied.
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Introduction

Coordination polymers (CPs) or metal-organic frameworks
(MOFs) comprise metal nodes, usually transition metals or
metallic clusters, connected in a crystalline network by multi-
podal organic linkers and coordination bonds. One of the
unique features of these extended structures is the tunability in
the design, based on the concept of the modification of the
composition and geometry of the repeating unit. This includes
not only the use of different organic linkers or metal clusters,
but also the preparation of multivariate CPs with more than one
linker and/or inorganic building unit in the design." New
functionalities and applications are described for these hybrid
polymers, particularly in heterogeneous catalysis by designing
systems with more than one active center.> One of the earliest
synthetic routes described to introduce heterogeneity in CPs
was through the organic part, by pre-mixing in the solvothermal
synthesis more than one bridging unit. This design is used for
compounds involving flexible organic linkers, which are diffi-
cult to crystallize in networks with high symmetry factors. The
addition of an auxiliary linker, typically a bipyridine or dicar-
boxylic acid, increases the dimensionality and rigidity of the
framework, often providing permanent porosity to the end
product.® A second option to introduce heterogeneity in CPs is
to use a mixture of metals. Representative heterometallic
frameworks are schematized in Fig. 1. Pioneering studies in
bimetallic networks concern compounds with several inorganic

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Typical heterometallic frameworks combined with the linker L. Compounds in A and B are built with pre-formed homometallic clusters
(c(M1) and c(M2)) or heteronuclear clusters (c(M1M2)), respectively. Compounds in C and D are core—shell structures in which the two
homometallic components have lattice match. In C, crystals are precipitated by soaking seed particles of the most stable CP [M1L-M1L-M1L], in
a solution of the second metal M2 and the ligand L. In D, sophisticated core—shell MOFs are prepared by co-precipitation of M1/L and M2/L pairs
with different nucleation rate, in which the faster precipitating compound (M1L) forms the core and the second precipitates latter as the shell
(M2L). Contrarily, in E the statistic co-precipitation of both phases in small domains occurs by using M1/L and M2/L pairs with similar nucleation
rate. F and G describe post-synthetic transmetalation, in which crystals of the CP with the lowest stability [M2L-M2L-M2L],, are soaked in
a solution of the second metal M1 in the absence of ligand. Core—shell structures are obtained at short processing times (F), while almost total

replacements can be obtained at high running time (G).

clusters of different geometries.*® Next, infinite networks have
also been built with heteronuclear nodes involving two metals
with different oxidation state.”” Finally, multilayer core-shell or
multidomain single crystals of heterometallic CPs are described
for compounds with lattice match.’**® Indeed, the latter has
been extended to systems with 10 different divalent metals,
possessing a wide range of ionic radii sizes, and a structurally
single linker." Core-shell structures can also be obtained by
post-synthetic transmetalation,* a process in which an almost
complete exchange of metals ions would be possible by
increasing sufficiently the processing time.

Transmetalation is proposed for the preparation of iso-
structural networks that are difficult to obtain by a direct
synthetic strategy, like those involving Ti(ui), V(u), Cr(u) and
Fe(u) cations.’®'” It is worth mentioning that this is a single
crystal-to-single crystal process kinetically viable only for porous
compounds with enhanced internal diffusion.*®**

Multivariate CPs are usually solvothermally prepared, either
in routes of one-pot synthesis or by post-synthetic exchange or
cationic substitution. In general, the later can only be used for
metals that occupy chemically identical lattice positions, while
the former can also be used for systems in which the position of
the different cations is not interchangeable. The interest of this

This journal is © The Royal Society of Chemistry 2020

study is to demonstrate the feasibility of using one-pot co-
precipitation methods, performed in either green supercritical
CO, (scCO,) or ethanol (EtOH), to develope heterometallic
systems. The system chosen for study involves a ditopic bipyr-
idyl derivative, the 1,4-bis(4-pyridylmethyl)benzene (bpymb)
linker, and Zn(u) and/or Co(u) hexafluoro acetylacetonates as
nodes. Zn(u) and Co(u) are cations with similar radius, valence
and coordination geometry.”*>* As a consequence, this two
metals have been deeply study to form heterometallic MOFs, in
particular those with a zeolitic imidazolate framework, such as
ZIF-8 and ZIF-67.>*7® In addition, Co(u) cations are very inter-
esting from the magnetic point of view. In the expected octa-
hedral coordination environment, they have large anisotropy
and can behave as single molecule magnets (SMM) or single
chain magnets (SCM) in one dimensional systems.>*** In this
work, four new CPs were crystallized: one involving Zn(u), two
involving Co(u) and one involving the mixture of Zn(u) and
Co(m). The structures of all of them were elucidated by
synchrotron X-ray diffraction. For the compounds involving
Co(u), static and dynamic magnetic studies were performed in
order to provide insight on their magnetic behavior. Remark-
ably, homometallic compounds involving Co(u) and hetero-
metallic Zn(u)/Co(u) act as field-induced single molecule
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magnets (SMMs), expanding this family of appealing systems
devoted to the development of high-density information storage
materials, quantum computing and molecular spintronic.**"’

Experimental section
Materials

1,4-Bis(4-pyridylmethyl)benzene (bpymb) was selected as the
organic linker and obtained from Cymit. Zinc hexa-
fluoroacetylacetonate dihydrate (Zn(hfacac),-H,O) and cobalt
hexafluoroacetylacetonate hydrate (Co(hfacac),-xH,0) were
chosen as metal complexes (Scheme 1). These reagents, ethanol
(EtOH) and chloroform (CHCI;) were all purchased from Sigma
Aldrich. Compressed CO, (99.95%) was supplied by Carburos
Metalicos S.A.

Equipment and methods

Crystallization runs were carried out in two different solvents,
scCO, and EtOH. Reactions in scCO, were performed in a 5 mL
Pyrex vial placed into a 100 mL high pressure autoclave (Thar-
Design). The vial was charged with ca. 100 mg of either Zn(u) or
Co(u) metal complex and 1 equivalent of bpymb, together with
a small magnetic bar. After capping the vial with cellulose
paper, scCO, was added up to a pressure of 15 MPa at 333 K, and
the system was stirred at 500 rpm. For the precipitation of
heterometallic Zn(u)/Co(u) CPs, similar conditions as for the
single metal compound were used, but with a 0.50 : 0.50 molar
ratio in the mixed metal source. After a running period of 3 h,
the product was washed with fresh scCO,. The autoclave was
then depressurized and cooled down to room temperature
before recovering a dry powdered sample. For the crystallization
tests completed in EtOH, each reagent (ca. 100 mg of metal
complex and 1 equivalent of bpymb) was separately dissolved in
20 mL of alcohol, then mixed in a 100 mL flask and stirred at
500 rpm for 3 h at room temperature. In all cases, the recovered
samples were filtered, rinsed with fresh EtOH and air dried. In
some cases, the use of a layering technique was needed to
obtain crystals suitable for the single crystal XRD study. The
used solutions were obtained by dissolving 4.5 mg of bpymb in
12 mL of EtOH : CHCI; (25 : 75 v%) and 9 mg of metal complex
in 2 mL of EtOH. The layering was settled by placing the bpymb
solution at the bottom of a vial and slowly adding the metal
solution on the top. The vial was then capped and left at room
temperature for 1 week to allow the slow liquid-liquid diffusion
of one solution into another. Crystals were recovered at the
liquid/liquid boundary area and located on the walls.

M(hfacac):
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Paper

Characterization

Routine powder X-ray diffraction (PXRD) patterns of the
precipitated compounds were recorded in a Siemens D5000
diffractometer, using the Cu Ko incident radiation in the 26
range of 5 to 30°. Synchrotron single crystal X-ray diffraction (S-
SCXRD) experiments for three of the new compounds, namely
Zn(1), Co(3) and Zn/Co(4), were performed in the XALOC
beamline at the ALBA synchrotron (Spain).*® Data were collected
at 100 K with a 0.72931 A wavelength using the Dectris Pilatus
6M detector placed at 120 mm from the sample. The ¢-scans
were performed from 0 to 360° in steps of 0.5° and at a collec-
tion time of 0.15 s step-1. The scan was repeated at three
different « angles (0, 45°, 90°) and merged afterwards to
increase the completeness and redundancy when possible. Data
were indexed, integrated and scaled using the XDS software.*
The crystal structures were solved by intrinsic phasing
(SHELXT) and refined with SHELXL (version 2014/7)* using
Olex2 as graphical interface.*" For the homometallic Co(u) CP
precipitated in scCO, (compound Co(2)) structure elucidation
was achieved by synchrotron powder X-ray diffraction (S-PXRD)
carried out on a high resolution powder diffraction end station
of the MSPD beamline (BL04) at the ALBA synchrotron. Data
were collected at 100 and 298 K using the Si-microstrip
MYTHEN-II detector (6 modules, 1280 channels per module,
50 um per channel, sample-to-detector distance 550 mm) at an
energy of 25 keV (wavelength = 0.49587 A determined with the
NIST Si standard). Crystallographic data for all compounds are
summarized in Tables S1 and S2 in the ESI,{ and the corre-
sponding CIF files have been deposited in the Cambridge
Crystallographic Data Centre (CCDC 1950459-1950462).

Samples chemical composition was estimated by elemental
analysis (E.A., Thermo Carlo Erba Flash 2000). The percentage
of each metal in mixed metal structures was determined by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7700x) after digesting the solid in hydrochloric and nitric acids.
Metal distribution was assessed by energy dispersive spectros-
copy (EDS, FEI Magellan 400L) in a scanning electron micros-
copy (SEM, Ultim Extreme Oxford Inst.) with high resolution
(0.8-0.9 nm), placing the sample on a holder of silicon wafer
and metalizing with Pt. Ex situ X ray photoelectron spectroscopy
(XPS) was carried out in a XPS Spectrometer Kratos AXIS Supra
using Al-Ka. monochromatic (20 eV) radiation emitted at 225 W
(15 mA/15 kv).

Magnetic measurements were carried out in a Quantum
Design SQUID MPMS magnetometer. The analysis was per-
formed on polycrystalline samples of the Co(n) compounds.

bpymb

Scheme 1 Chemical structures of metal complex M(hfacac), (M = Zn(i) or Cof(i)), and the organic linker bypmb.
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Each sample was grinded and introduced in a gelatine capsule
that was mounted in a capillary tube made of polyimide for the
measurement. Variable temperature magnetic susceptibility
measurements between 2 and 300 K were collected under an
applied field of 3000 Oe. Reduced magnetization measurements
were performed between 1.8 and 6.8 K and applied fields up to 5
T. Dynamic susceptibility measurements under different
applied static fields were performed employing an oscillating ac
field of 4 Oe in the frequencies range between 1 and 1500 Hz.
Diamagnetic corrections of the constituent atoms were esti-
mated using Pascal's tables and the susceptibility was also
corrected for the sample holder. In the case of the hetero-
metallic sample Zn(u)/Co(u), the acquired data was corrected to
have the same xT value at 300 K than the Co(u) isostructural
sample precipitated in EtOH, giving a Zn(u) : Co(n) atomic ratio
of 0.43 : 0.57.

Computational details

Multireference calculations were performed using two different
software packages, OpenMolcas (along with Single Aniso)*> and
Orca®® Neese. The studied systems are CPs, so molecular
models, including one Co(u) ion and the coordinated ligands,
were created for each compound from the crystal structure to
understand the magnetic properties of the subunits at
a molecular level. Employed Cartesian coordinates are on
Tables S3-S5.f OpenMolcas version 18.09 and Orca version
4.1.0 version were employed. With the former, the energy of the
states was calculated at CASSCF level and then the SO-RASSI
(Restricted Active Space State Interaction) approach was
employed to mix them and obtain the final energy states.** All
electron ANO-RCC basis set were employed: Co (6s 5p 4d 2f), Zn
(5s 4p 3d 1f), N (4s 3p 2d 1f), C (3s 2p) and H (25).***” In addi-
tion, the matrix elements of the transition magnetic moments
have been calculated to have an estimation about the proba-
bility of transition between two different states of the mole-
cules.*® Such matrix elements are calculated as proposed by the
golden Fermi rule, as the integral between the two involved
states using a magnetic moment operator. For Orca version
4.1.0, CASSCF and NEVPT?2 calculations were performed. In this
case spin-orbit effects were included using the quasi-
degenerate perturbation theory (QDPT) and scalar relativistic
effects were taken into account using the DKH (Douglas-Kroll-
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Fig. 2 PXRD patterns of: (a) precipitated samples, and (b) simulated
from single-crystal data.

Hess) procedure. The def2-TZVPP basis set was employed,
including the auxiliary basis sets for correlation and Coulomb
fitting, for all the atoms.*>** The employed active space in both
cases includes seven electrons in the five 3d orbitals of the Co(u)
ion, CAS (7,5). All states for the quartet states arising from the
4F and 4P terms of Co(u), and all the 40 states for the doublet
state coming from the 2P, 2D (x2), 2F, 2G and 2H terms of the
Co(u) ion have been included.

Table 1 Solvents of synthesis and composition of the different precipitated compounds

Sample Solvent Compound” Crystal structure E.A. (C, H, N) [%wt]
Zn (sc) scCO, cis-[Zn(hfaac),(bpymb)],, Zn(1) A f. 45.52, 2.43, 3.88
Zn (Et) EtOH c. 45.46, 2.45, 3.79
Co(sc) scCO, trans-[Co(hfaac),(bpymb)],, Co(2) B f. 45.71, 2.36, 3.94
c. 45.86, 2.47, 3.82
Co(Et) EtOH cis-[Co(hfaac),(bpymb)],, Co(3) A f. 45.69, 2.36, 3.91
c. 45.86, 2.47, 3.82
Zn/Co(sc) scCO, cis-[Zn, 5Coy 5(hfaac),(bpymb)], Zn/Co(4) A f. 45.7, 2.36, 3.94
Zn/Co(Et) EtOH c. 45.66, 2.46, 3.80

“ The cis/trans prefix make reference to the relative position of the N pyridine atoms around the metallic center.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Structural description

Table 1 describes the synthetized mono and bimetallic CPs as
a function of processing conditions. Precipitation experiments
were performed in scCO, (samples Zn(sc), Co(sc) and Zn/Co(sc))
and EtOH (samples Zn(Et), Co(Et) and Zn/Co(Et)) solvents. Both
reagents, M(hfacac), and bpymb, were highly soluble in these
solvents. Hence, precipitation experiments were carried out
from solution in both tested solvents. Crystal structures were
first assessed by routine PXRD (Fig. 2a). The patterns of samples
Zn(sc), Zn(Et), Co(Et), Zn/Co(sc) and Zn/Co(Et) were all similar.
On the contrary, the different PXRD pattern displayed by the
Co(sc) sample pointed to a dissimilar structure. Differences
were also reflected in the observed color of the precipitated
samples. Any compound involving only Zn(u) exhibits a white
color, while the products with pure Co(u) reflect either an
orange color for Co(sc) or orange-brown for Co(Et). This last
color was also observed for the Zn/Co(sc) and Zn/Co(Et)
samples. By using the layering method in EtOH, single crys-
tals were successfully produced for the S-SCXRD structure
elucidation of samples Zn(Et) (and, by extension, Zn(sc)), Co(Et)
and Zn/Co(Et) (and, by extension, Zn/Co(sc)), denoted as
compounds Zn(1), Co(3) and Zn/Co(4). The unidentified struc-
ture of Co(sc) was elucidated from the powder by S-PXRD
techniques (compound Co(2)).

(@)

Fig.3 Schematic representation of structures: (aand b) A
red; N, violet; F, violet; H are omitted for clarity.
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The structures of these compounds are described grouped in
the two isostructural frameworks (structures A and B in Fig. 3).

Structure A. Zn(1), Co(3) and Zn/Co(4) crystallize in the
triclinic P1 space group. The crystallographic angles were very
similar for the three products, with values between « = 104.4-
104.7°, 8 =96.0-96.4° and v = 97.4-97.5°. For this structure, the
asymmetric unit involves an hexacoordinated metal linked to
two bpymb (half) molecules and two hfacac groups (Fig. 3a),
thus giving the stoichiometry [M(hfacac),(bpymb)],. The two
bpymb linkers are located in relative cis positions, forming
N-M-N angles of 93.7, 92.8 and 93.1° for Zn(1), Co(3) and Zn/
Co(4), respectively. As a consequence, the structure extends in
zig-zag chains. For all compounds, F---H-C,, and F---F weak
interactions are established among chains, resulting in stable
3D crystals (Fig. 3b). Despite the larger covalent radii of Co(u)
(1.26 A) vs. Zn(u) (1.22 A),* the unit cell volumes of the Co(3)
and Zn(1) compounds were the same (1464 A%). Contrarily, the
heterometallic compound Zn/Co(4) displayed a significant
larger value (1471 A®) than the homometallic counterparts,
likely originated by the slim distortion introduced in the
network by the presence of two metals with distinct radii.

Structure B. Co(2) crystallizes in the triclinic P1 space group.
As occurs for the three isostructural compounds with frame-
work A, the asymmetric unit involves hexacoordinated Co(i)
linked to two bpymb ligands and two hfacac groups (Fig. 3c),
with a stoichiometry of [M(hfacac),(bpymb)],. However, in this

NSO
yAOS

W
. 1‘“"&

(@

x«)ﬁf"
XX
)@f&

(Zn(1), Co(3), Zn/Co(4)), and (c and d) B, Co(2). Color legend: Zn or Co, blue; C, grey; O,

This journal is © The Royal Society of Chemistry 2020
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case the two bpymb linkers are located in a trans positions, with
an N-Co-N angle of 180.0°. The polymer extends in 1D chains
that interact through F---F intermolecular weak bonds (Fig. 3d).

Comparing Co(2) and Co(3) crystal structures with frame-
works B and A, respectively, it becomes evident that the struc-
tural changes are mainly originated on the large differences of
the values of the angle N-Co-N, of 180.0° for Co(2) and almost
half of this value (92.8°) for Co(3). The rest of the structure is
similar, since in both cases the bpymb linker adopts a Z
configuration and the coordination of the Co(u) is completed
with two hfacac units. This change in the N-Co(u)-N angle also
induces a noticeable variation of the density of the crystal,
larger (1.788 ¢ cm®) in Co(2) than in Co(3) (1.664 g cm™>). In
both structures the shortest metal-metal distances are the
intermolecular (ca. 9 A), while an intra-chain metal-metal
distances of ca. 16 A.

Composition and spatial arrangement of Zn(u) and Co(u) in
mixed metal CPs

Phase purity of the different precipitated compounds was
confirmed by comparison of routine PXRD patterns and simu-
lated profiles calculated from data of the single-crystal struc-
tures (Fig. 2a and b). E.A. data also corroborate a high degree of
purity in the precipitated samples, since the C, N, H values
calculated for the stoichiometry [M(hfacac),bpymb], match the
experimentally found values (Table 1). Quantification of the two
metals in the heterometallic compound was performed by ICP-
MS in several samples of the Zn/Co(4) phase prepared in either
EtOH or scCO,. The starting molar ratio of Zn(u) : Co(u) metals
was always 0.50 : 0.50. The measured molar (or equivalent
atomic) percentages were in the order of 0.50 £ 0.10 for both
Zn(u) and Co(u), i.e., the molar ratio values were close to the
added amount of each metal.

The preparation of the heterometallic CP produces at all
times the Zn/Co(4) phase with framework A, indicating that this
structure is the thermodynamically most stable, even the pha-
ses involving pure Co(u) might crystallize in different poly-
morphic crystal lattices. This fact was confirmed in an extra
experiment performed in scCO, with an initial molar ratio

SEM

Zn Lal,2

Fig. 4 EDS mapping of: (a) Zn/Co(sc) sample, and (b
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Zn(u) : Co(u) of 0.2:0.8. The product was an heterometallic
compound with stoichiometry [Zn,5C0, gs5(hfacac),bpymb],
and A-type framework. Hence, even a small amount of Zn(u)
present in the Co(i) scCO, solution directs the crystallization to
the structure A instead of B, which is a framework exclusively
found for homometallic Co(u) in this solvent. It should be taken
into account that only the mixture of Zn(1) and Co(3), both with
framework A, produces a precipitate with lattice match, not
possible for the mixture of Zn(1) and Co(2) with frameworks A
and B, respectively. One additional advantage of the co-
precipitation method is that the metal content of the resulting
heterometallic compound can be controlled through variations
in the molar ratio of the precursor mixture.

EDS general spectra with nanometric resolution were
acquired at different spots of the SEM images of the hetero-
metallic compound to investigate metal distribution. Elemental
mapping for the Zn/Co(sc) sample are here described as an
illustrative example of the Zn/Co(4) compound (Fig. 4a). For
comparison, a physical mixture was obtained by integrating
powder of the isostructural Zn(sc) and Co(Et) samples (Fig. 4b).
The mapping of Zn/Co(sc) shows an identical distribution of
Zn(u) and Co(u) in the analyzed sections, which suggests that
both ions were evenly spread throughout the particles. The EDS
gives an approximated atomic ratio of Zn(u):Co(u) of
0.51 : 0.49. Contrarily, the physical mixture displayed Zn(u) and
Co(u) segregated in spots representing the different homo-
metallic specimens. Additionally, the EDS spectrum obtained
for one individual crystal of the sample Zn/Co(sc) indicates
again equal and homogeneous distribution of both metals,
showing proper intermixing of Zn(u) and Co(u) atoms (Fig. S11).
It is worth pointing that EDS has a nanometric resolution.
Therefore, this technique is only indicating that the Zn(u) and
Co(u) atoms were evenly scattered around the sample at
a nanometric level. However, they can be distributed in the
framework either as intercalated metals or segregated into
small (smaller than the EDS resolution) domains of homo-
metallic CPs. This behavior has been theoretically demon-
strated for other heterometallic MOFs involving Mg/Ni and Mg/
Cd.”

CoLal,2 Zn/Co Lal,2

) physical mixture of Zn(sc) and Co(Et) in a molar ratio 0.50 : 0.50.
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Surface analysis

XPS is a powerful tool to collate information on the chemical
compositions of materials surface, their coordination chemistry
and degradation behavior. Moreover, the technique has also
been proposed to help on the detection of the spatial position of
the different metals in heterometallic CPs. For compounds with
an even distribution of metals, the coordination environment of
each cation would be influenced by the presence of adjacent
metals of different characteristics. Theoretically, significant
shifts in the binding energies would be observed in the mixed
metal compound compared to the corresponding isostructural
homometallic products. However, for the samples studied in
this work no shift in the binding energy of the metals in Zn/
Co(4) was observed with respect to Zn(1) and Co(3) (Fig. S27).
The clearest spectrum was the one obtained for the Zn(sc)
sample, in which the low binding energy peak in the Zn2p3/2
region was placed at 1021.9 eV. The same peak for the Zn/
Co(sc) sample appeared at 1022.1 eV, ie., with a negligible
binding energy shift. The deconvolutions peaks for the Co 2p;,
sub-region were also similar in the Co(Et) and Zn/Co(sc) sample.
The conclusion is that the interaction between the two different
metals was not significant for XPS detection. Again, this tech-
nique cannot discern between structures obtained by metals
intercalation or homometallic domains. The analysis of the
total amount of Zn(u) and Co(u) in the Zn/Co(sc) sample indi-
cated a surface rich in Co(u), with a Zn(u) : Co(r) molar ratio of
0.38 : 0.62. In scCO,, this fact can reflect the faster nucleation of
the Zn(u) phase with respect to the isostructural Co(u) with
framework A, since in this fluid the most stable phase for
homometallic Co(u) solutions was the one with framework B.

For the compounds synthetized in this work, an evident
change of color was observed as a function of the XPS
measurement time, which was as clear indication of the
degradation process provoked by the X-ray radiation.”® A
quantitative analysis performed on the basis of the percentage
of the different atoms in each sample (Table S671) allows to
estimate that the percentage of degradation was higher than
50 mol% for the three studied samples Zn(sc), Co(Et) and Zn/
Co(sc). This fact makes difficult to mine extra information
from XPS data.

Magnetic properties

CPs formed by Co(u) subunits are good candidates as single
chain magnets (SCMs)**** or single molecule magnets
(SMMs)***7 due to the intrinsic magnetic anisotropy of the Co(u)
in various geometries, including the pseudo-octahedral,**** and
the nature of the resulting exchange interaction through their
linkers. The studied systems have a small distortion with
respect to the ideal octahedral geometry as showed by their
shape measurement, 0.059, 0.465 and 0.520 for Co(2), Co(3) and
Zn/Co(4) respectively. Herein, the magnetic properties of the
reported new CPs are explored.

The variable temperature susceptibility and magnetization
curves of Co(2), Co(3) and Zn/Co(4) are similar and depicted in
Fig. 5, S3 and S4.7 Despite the structural differences among

them, the magnetic properties are almost identical,
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Table 2 Results from the fitting of compounds Co(2), Co(3) and Zn/
Co(4), including D, E, gy, 9,. g, and zJ parameters

Confidence
Co(2) Co(3) Zn/Co(4) interval
D (ecm™) 46.3 48.0 55.1 +0.4
E(cm™) 9.4 11.4 14.0 +0.2
. 1.73 1.86 2.09 +0.02
% 2.60 2.58 2.51 +0.01
rA 3.13 3.00 2.91 +0.01
zJ (em™") —0.012 —0.017 —0.019 +0.001

highlighting the similar environment and isolation of the Co()
units in the systems. At room temperature, the x7 product is
close to 3 ecm® K mol ™" in all of the cases, larger than the ex-
pected for a S = 3/2 orbitally non-degenerate ground state (1.875
ecm® K mol™"). This indicates that the systems have a large
unquenched orbital contribution, which is characteristic of
Co(u) ions in pseudo-octahedral coordination.>>*%%>-7

When lowering temperature, the x7 product slowly
decreases to the minimum of 1.64 cm® K mol ' observed at 2 K,
which is mainly due to spin orbit coupling (SOC). For Co(u) ions
in a distorted octahedral geometry the first order SOC would be
important and the experimental data have been sometimes

1 ® cof2) *
* cof3) -
Zn/Co(4

0 100 200 300

Temperature (K)

(b)
2.0

—~15

Nug

—1.0
=

0.5

0 1 2 3 4 5
Field (T)

Fig. 5 (a) xT vs. temperature curve for compounds Co(2), Co(3) and
Zn/Co(4) at an applied field of 3000 Oe, and (b) M vs. field curves at
different temperatures for Co(2). The lines are the results of the fit with
PHI package.
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fitted with the corresponding Hamiltonian. However, the large
energy difference between the states implies that only the lowest
Kramers doublets are populated and, phenomenologically, the
zero-field splitting (ZFS) Hamiltonian can be used to study the
magnetic properties of this compounds.®””7* Herein, we
employed the later approach for sake of simplicity and to allow
further comparison with published systems.*****” This way, the
ZFS Hamiltonian, as implemented in the PHI package (eqn (1)),
was employed for the simultaneous fit of the experimental
susceptibility and magnetization curves.

D -0 A2 - N N
H = ?02 + EOZ + MB (ngxBx + gySyBy + g:SzB:) (1)

where S is the spin (and their spin operators), D is the axial
anisotropy, E the rhombic anisotropy, ug is the Bohr magneton,
B is the magnetic field vector and 0,7 is the equivalent Stevens
operator. The first two terms relate to the crystal-field Hamil-
tonian (following the operator equivalent technique), and the
last term is connected to the Zeeman Hamiltonian. In addition,
due to the polymeric character of the compounds, the possible
antiferromagnetic interactions between the subunits should be
considered despite the long size of the linker. This possible
effect has been included in the fit of the magnetic data by
applying the van Vleck equation in the mean field approxima-
tion as implemented in the PHI package.”

The results of the fit, Table 2 and Fig. 5, show that this kind
of compounds has easy plane anisotropy with a positive and
relatively large, around 50 cm™', D values and with two g;
components larger than g.. Besides the 1D nature of the
compounds the interaction between units is very small with no
significant difference between the magnetically diluted sample
Zn/Co(4) and the others. This indicates that the linker effec-
tively separates the magnetic subunits and no SCM behavior
would be expected, only SMM.”*7® The observed behavior and
anisotropic values are similar to other published mononuclear
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Co(u) complexes in pseudo-octahedral geometry and also in
other Co(i) CPs.””"#

Dynamic susceptibility measurements were performed to
study the possibility of slow relaxation of the magnetization.
Without an applied static dc field, no x’ signal was observed;
however, when an external dc field was used, a dependence of x’
appeared. Therefore, the dependence with the field for the
different compounds was studied (Fig. S5-S71). Under the latest
conditions, a maximum in ¥’ appeared around 500 Hz for the
three different compounds indicating that they all behave as
field induced mononuclear SMMs. The maximum slightly
moves to higher frequencies when the applied dc field was
increased. A common static dc field of 1500 Oe was selected for
the study of the temperature dependence of the dynamic
susceptibility for the three compounds (Fig. 6). Similar
frequency dependence of the out of phase component of the
susceptibility was observed for both Co(2) and Co(3) despite
their different geometry. However, for the magnetically diluted
sample Zn/Co(4) the maximum in y’ moves to lower frequen-
cies, which might be due to the decrease of dipolar interactions.
This result indicates that, although the distance between
paramagnetic centers was already large, and the magnetic
dilution stoichiometry still leaves several nearest neighbors
(assuming a random distribution of the metal ions), part of the
dipolar interactions between Co(u) centers are being reduced.

The Cole-Cole plots were fitted to a generalized Debye model
using CCfit package (Fig. S8-510 and Tables S7-S9%). Temper-
atures from 1.8 to 9 K were analyzed, however for temperatures
larger than 4.6 K less than half semicircles were observed in the
Cole-Cole plot and consequently that data was not included in
the analysis. The obtained « values were always smaller than
0.16, indicating a narrow distribution of relaxation times.

Several different relaxation processes are usually proposed
for mononuclear SMMs.**®* The Arrhenius expression (eqn (2))
was employed to fit the high temperature region of the analyzed
data to account for a thermally activated process, the so-called

Zn/Co(4)

0.20{ -
0.15
0.10

0.05

0.00

10° 10’ 107

10° 10¢ 10°
Frequency (H2)

Fig. 6 Frequency dependence of: (a) real and (b) imaginary parts of the magnetic susceptibility at an applied static dc field of 1500 Oe and for
different temperatures for compounds Co(2), Co(3) and Zn/Co(4). The lines are a guide for the eye.
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Table 3 Fitting parameters obtained from the fit of the relaxation time
using eqgn (3)

Co(2) Co(3) Zn/Co(4)
AT K 9.57 x 10° 1.35 x 10° 6.67 x 10°
B(s™" 8.8 x 107 0 0
C(s K™ 124.5 12.8 14.4
N 2.83 4.42 4.34

Orbach process. The obtained energy barriers are similar for the
studied compounds and they are found in the range of 5.9 and
11.3 em ™, with 7, values in the order of 10> to 10™°. It should
be noticed that the energy barrier should correspond to the
energy difference between the ground and first excited doublet
states. That energy difference can be estimated from the D
values obtained in the simultaneous fit of the susceptibility and
magnetization (vide supra) and from ab initio calculations (vide
infra). In both cases the energy difference between those states
is larger than the obtained here. It indicates that the relaxation
of the spin is not occurring via an Orbach process and other
process or processes are the main responsible.

’Eil — ToflercfdkBT (2)

In this regard, the principal spin relaxation processes are the
quantum tunneling of the magnetization (QTM), direct and
Raman processes. All of them have been considered for the fit of
the dependence of the relaxation time with temperature in eqn
(3), Table 3 and Fig. 7. The first term accounts for the direct
term, with a linear dependence with temperature, the second
corresponds to the temperature independent QTM term and the
last one describes the Raman term, with a temperature n
exponent that can have different values depending on the
system and the available phonons.***

' = AH*T + B+ CT" (3)

* Co@)
Y Co(3)
104 Zn/Co(4)

T_l (S'l)

10°

2.0 2.5 3.0 35 4.0 45
T (K)

Fig. 7 Temperature dependence of the relaxation time for
compounds Co(2), Co(3) and Zn/Co(4). The solid lines are the result of
the fit with egn (3).
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In all three cases, the QTM is not responsible for the relax-
ation process because of the applied static dc field. The direct
process leads the spin relaxation at low temperatures while the
Raman process does it at higher temperatures. Despite the
similitude between Co(2) and Co(3) curves, the results of the fit
are different, especially in the Raman process; the pre-
exponential term decreases one order of magnitude from
Co(2) to Co(3), while the exponent increases. The exponent for
Kramers ions should be 9, however values between 1 and 6 are
usually observed and accepted in this type of compounds and
attributed to the presence of acoustic and optical phonons.?
The differences between Co(2) and Co(3) curves may relate to
the different structure and packing. The main differences
between Co(3) and Zn/Co(4) are observed at low temperature,
where the direct process is the predominant. The smaller 4
value for Zn/Co(4) can be attributed to the magnetic dilution
and the decrease of dipolar interactions. Overall, the systems
have similar magnetic behaviors; the discrepancy found in
some of the parameters may relate to the magnetic dilution and
the lower concentration of the Co(n) ions due to the employed
ratio and despite the non-homogeneous distribution indicated
by XPS of the Zn/Co ions in the samples.

To gain insight on the magnetic properties of the studied
compounds, multireference calculations using OpenMolcas
and ORCA software packages (see Computational details) were
carried out. A molecular model was employed for all the
compounds and the geometries obtained from the crystal
structures were used, where the bridging ligand bpymb was
modelled as 4-methylpyridine. Fig. 8 shows the employed
models for compounds Co(2) and Co(3). For Co(u) complexes,
the dynamic correlation can be relevant so CASPT2 results are
shown in the manuscript while CASSCF are in the ESI (Table
S10%).

In the past, some of us demonstrated that octahedral Co(u)
compounds can present positive or negative large D values
depending on the splitting of the d orbitals by the crystal field.*®
Our predictions were based on the analysis of the D;; compo-
nents of the tensor. The qualitative model shows that the D
value depends on the orbitals involved in the excitation and the

Fig. 8 Graphical representation of the employed models in the mul-
tireference calculations, compounds Co(2) and Co(3), left and right,
respectively.
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Table 4 Calculated first excitation energies with (6E) and without (AE;) spin—orbit coupling (cm™) and ZFS parameters (D and £ incm™?) and g-
factors of the ground and first excited states for the studied molecules at CASPT2 (NEVPT2) level

Co(2) Co(3) Zn/Co(4)
AE; (em™) 302 (374) 680 (591) 699 (531)
3E; (em™) 215 (204) 137 (165) 141 (180)
D (ecm™) 106.2 (99.3) 65.4 (75.8) 66.8 (81.0)
|E| (em™) 10.3 (12.9) 11.4 (18.6) 12.8 (22.4)
KD, Zx 5.48 (2.60) 2.23 (1.99) 2.15 (1.93)
% 4.31 (3.74) 3.50 (2.91) 3.37 (2.66)
g 3.03 (6.31) 6.44 (7.13) 6.58 (7.41)
KD, e 0.40 (0.98) 1.23 (1.76) 1.33 (1.91)
% 0.52 (1.17) 1.33 (1.89) 1.45 (2.15)
2 5.40 (5.39) 5.87 (5.48) 5.79 (5.28)
Co(2) Co(3) Zn/Co(4)
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Fig. 9 Calculated states energies as function of their average projected magnetic moment for the first and second KDs and transition proba-
bilities between states. Values above 0.1 indicate an efficient spin relaxation mechanism. The dashed green arrows correspond to the tunneling
process, dashed purple arrow shows the hypothetical Orbach relaxation process and the red arrows indicate the transition between the ground
and excited Kramer's doublets (solid) and the relaxation pathway to the ground state with the reversed spin (dashed).

energy different between them. This way, small energy differ-
ences results into large D values. If the orbitals involved in the
first excitation have the same |m;| value, then D will be negative,
as the largest contribution will be D,,. On the contrary, when the
orbitals involved in the first excitation have a m; change of +1,
then the largest contributions will be D, and D,,, and D will be
positive.**® The main calculated parameters are collected in
Table 4. It can be observed that the first excitation energy before
SOC is small, which gives to a large energy difference between
the ground and first excited KDs. In addition, the ground state g;
factors indicates an easy plane character that, in some cases, is
closer to an intermediate situation between easy plane and easy
axes, providing three g; factor values larger than 2 and ranging
between 2.1 and 6.6. The large D and E values and the g; factors
of the ground state allow us to describe the system as rhombic
anisotropy. Although the excited state in all the cases is axial.
When comparing with the experimental values obtained from
the simultaneous fit of the susceptibility and magnetization
data can be observed that the anisotropy of this compounds
with a relatively large D and E values is well described. However,
the D and g; values are overestimated, probably due to the
intrinsic limitations of the calculations and the created
molecular model. Although it is worth mentioning that the
comparison of the susceptibility and magnetization curves

This journal is © The Royal Society of Chemistry 2020

obtained from the CASPT2 calculations with the experimental
ones matches well (Fig. S117).

The different transition probabilities have been computed and
are shown in Fig. 9. In all the cases, the transition probabilities of
both tunneling and Orbach processes are large. The large
tunneling probabilities rationalize the absence of SMM behavior at
zero field in this family of compounds. Once an external static field
is applied, an energy barrier of more than 140 cm ™" is expected
due to the also large transition probabilities obtained. However,
the experimental values do not present such pattern. This is
common in mononuclear complexes due to the presence other
relaxation processes not included in the calculations. Those indi-
cate that computational results agree with experimental data,
rationalizing the anisotropy of these CPs. The easy plane anisot-
ropy is confirmed; however, as it is seen from the fit of the dynamic
susceptibility measurements, additional relaxation processes,
such as Raman and direct terms, are the responsible of the
observed spin relaxation at the lowest temperatures.

Conclusions

Multivariate CPs involving two different metals (i.e., Zn(u) and
Co(u), with similar radius and equal valence) and a ditopic
bipyridyl derivative linker were prepared by a one-pot co-
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precipitation method performed in either scCO, or EtOH
solvent. Four new CPs were thus crystallized: one homometallic
involving Zn(u), two homometallic involving Co(u) and one
heterometallic involving the mixture of Zn(um) and Co(u).
Synchrotron XRD characterization was used to elucidate the
crystal structures, but could not discriminate between both
metals in the framework. EDS and XPS analysis indicated that
the metals were evenly mixed along the heterometallic sample.
Static and dynamic magnetic studies were performed in order to
provide insight on the magnetic behavior of Co(un) compounds
linked to metal distribution in the structure. For the three CPs
involving Co(u), despite the structural differences, the magnetic
properties were almost identical, highlighting the similar
environment and isolation of the Co(u) units in each system.
The used linker effectively separates the magnetic subunits and
no single chain magnet behavior was observed. However,
homometallic compounds with Co(u) and heterometallic Zn(u)/
Co(u) act as field-induced single molecular magnets.
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