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An in solution adsorption characterization
technique based on the response to an external
magnetic field of porous paramagnetic materials:
application on supramolecular metal—adenine
frameworks containing heterometallic heptameric
clusterst

2 Rubén Pérez-Aguirre,1*° Garikoitz Beobide, () @€

a,c
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Oscar Castillo, 2 **¢ Imanol de Pedro,® Antonio Luque,
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Herein we explore the opportunities arising from combining magnetic properties and porosity in metal—
organic materials. In this sense, we have prepared an adenine based homometallic wheel-shaped hepta-
meric [Cus(p-adeninato)g(us-OH)g(u-OH,)4l?" entity containing two metal coordination environments:
CuQg at the core of the wheel with an unusually modest Jahn—-Teller distortion and six peripheral
CuN,O4 with a more pronounced elongation. The difference in the coordination environments of this
compound facilitates the selective replacement of the central metal position by other metal centers
(zn", Ni"", Co" and Cr'") and boosts the magnetic properties of the homometallic heptameric entity. The
nature of the central metal modulates the complex net of ferro- and antiferromagnetic superexchange
pathways within the heptameric entity to tune the total spin (St = 3 (CugZn), 5/2 (CugCu), 2 (CugNi),
3/2 (CugCo), and 9/2 (CueCr)). No evidence of single-molecule magnet behavior has been observed
at 2 K, but at room temperature, where these compounds are still in the paramagnetic regime, the
attraction force exerted by an external magnetic field (H) on particles immersed in a liquid is enough to
keep them attached to an electromagnet pole. The 4S(S + 1) value of the central metal follows a linear
dependence with respect to the 1/[H-V(H)] value at which the particles are detached from the pole of the
electromagnet. There is also a linear dependence of the H-V(H) term with respect to the adsorbate mass
incorporated inside the pores of the paramagnetic adsorbent which has allowed performing straight-
forward sorption selectivity experiments on CugCu directly in solution, which are based on a property of
the adsorbent and not as usually based on an indirect assessment of the adsorbate remaining in solution.
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There is great interest in developing polynuclear transition
metal entities with a high total magnetic spin state as they are
potential sources of single-molecule magnets and also show a
broad scope of potential applications.'™ In these efforts, one
of the most successful strategies relies on the combination of
a central paramagnetic metal atom connected to an external
collection of surrounding paramagnetic metal centers through

tElectronic supplementary information (ESI) available: Films describing the
magnetic sustentation experiment, details of FTIR spectroscopic data, thermo-
gravimetric measurements, X-ray photoelectronic spectroscopy data, and crystal-
lographic and structural data. CCDC 2153696-2153698. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d2qi01994a

{These authors contributed equally.
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bridging ligands with a great ability to mediate strong mag-
netic interactions (cyanido, oxalato, oxido, and hydroxido).® A
very successful strategy has been capping growing metal oxide
entities with carboxylic ligands to limit its polymerization. The
first example of this kind of material is the Mnj,-acetate
species, a prototypical single molecule magnet.” There are

This journal is © the Partner Organisations 2023
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some other examples following this approach but they are
limited to oxophilic transition metals such as manganese and
iron, providing in this way very robust polynuclear discrete
entities with single molecule magnet behaviour coming from
the great anisotropy of these ions.® On the other hand, the
anti-anti coordination mode of the carboxylate is similar and
can be replaced by the p-xN3:kN9 coordination mode of the
adenine nucleobase providing access to a similar capping
approach but in less oxophilic transition metals such as those
at the right end of d-block. We have proved that the use of the
adenine nucleobase with copper under basic conditions pro-
motes the formation of heptanuclear discrete copper-hydro-
xido entities capped by the adeninato ligands ([Cu,(p-
adeninato)s(p3-OH)6(1-OH,)6]**).> ™" The coordination environ-
ment of the central position with a reduced Jahn-Teller distor-
tion makes it suitable for metal replacement allowing us to
obtain a family of heptameric entities: [CusM(p-adeninato)e(p;-
OH)4(1-OH,),]SO, with M™: Cu and Ni, and [CugM(p-
adeninato)s(ps-OH)s(1-OH,)6](SO4), with M (with x = 1): Zn,
Co and M™ (with x = 1.5): Cr.

Coming back to the magnetic properties, it is well known
that bridging ligands play a key role in determining the
strength and nature of the superexchange magnetic inter-
action, but the nature of these interactions can also be modu-
lated by the careful selection of the paramagnetic centers. In
this sense, the antiferromagnetic interactions for overlapping
magnetic orbitals can flip to the ferromagnetic nature
when those magnetic orbitals are orthogonal.'>'® In fact, in
this work we use extensively this strategy to obtain a great
variety of magnetically ordered ground state total spins: from
3/2 to 9/2.

Usually, the reported studies on this kind of material are
focused on the analysis of their magnetic ordering that takes
place well below room temperature.>'* However, the gene-
ration of a high total magnetic spin state does not necess-
arily imply a single-molecule magnet behaviour as great
magnetic anisotropy is required among other parameters.'’
Instead of that, we herein address the challenge of using
the room temperature paramagnetic response of this kind of
compound towards an external magnetic field to prompt a
driven motion of its particles while immersed in a liquid
and even to accomplish sensing through the quantification
of this response. Related to the latter, recently we have
reported the use of the compound [CusCr(p-adeninato)s
(n3-OH)s(p-OH,)6](SO4)1.5, CueCr, to capture anti-inflamma-
tory anionic drugs from aqueous effluents and to quantify
them through this new magnetic sensing approach.'® In this
work, we are focused on performing a more specific
sorption selectivity study using a broader selection of adsor-
bates. It is also aimed to determine experimentally the
dependence that the response toward an external magnetic
field has with respect to the paramagnetic centers
incorporated in the heptameric entity as within the [CusM
(p-adeninato)s(p3-OH)s(p-OH,)6(SO4)y compounds all other
parameters that could have an impact on this response are
almost equalized.
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Experimental

Synthetic procedures

Synthesis of [CueZn(p-adeninato-kN3:kN9)e(p3-OH)e(p-
OH,)6]S04:32H,0 (CugZn). 20 mL of an aqueous solution of
copper(u) sulfate pentahydrate (0.8 mmol, 0.200 g) and zinc(u)
sulfate pentahydrate (0.2 mmol, 0.055 g) were poured into
20 mL of a hot water/methanol solution containing adenine
(0.8 mmol, 0.108 g). The pH of the resulting light blue suspen-
sion (pH = 3.1) was shifted to 8.5 by adding dropwise 1 M solu-
tion of sodium hydroxide. The reaction mixture was left eva-
porating at room temperature in a crystallizer sealed with a
sealing film (Parafilm™") slightly holed to allow slow solvent
evaporation. Six days later, needle-like light blue crystals were
formed. Yield: 55% (based on copper). Main IR features (cm™;
KBr pellets): 3400vs, 3200sh, 1640s, 1610vs, 1550s, 1465m,
1400m, 1305m, 1270m, 1195m, 1150m, 1110m, 1030w, 935w.

Synthesis of [Cu,(p-adeninato-kN3:kN9)e(j1;-OH)s(p-OH,),4]
S0,4-20H,0 (CugCu). Adenine (0.8 mmol, 0.108 g) was dissolved
in 20 mL of a water-methanol mixture in a 1:1 ratio under
continuous stirring and heating. Thereafter, it was added to an
aqueous solution of 20 mL of copper(u) sulfate pentahydrate
(0.8 mmol, 0.200 g). The appearance of a bluish suspension
was observed at pH = 2.9. The suspension was redissolved by
adding sulfuric acid dropwise to pH = 1.8. Then, 1 M sodium
hydroxide was added dropwise obtaining a new dark blue sus-
pension (pH = 10.1) that was placed in a small beaker and
introduced into an Erlenmeyer flask containing a 1/5 (v/v) sul-
furic acid solution. The vapor diffusion taking place inside the
closed Erlenmeyer flask acidified the solution slowly. After
four days, blue cubic crystals of CugCu were obtained (pH =
9.1). Yield: 60%. Main IR features (cm™'; KBr pellets): 3430vs,
3420sh, 1640s, 1605vs, 1545s, 1465m, 1400m, 1305m, 1275m,
1200m, 1150m, 1110m, 1030w, 935w.

Synthesis of compound [CugNi(p-adeninato-kN3:kN9)e(j;-
OH)(p-OH})4]S0,4-14H,0 (CugNi). Adenine (0.8 mmol, 0.108 g)
and nickel(n) chloride (0.2 mmol, 0.048 g) were added into a
solution of 20 mL of methanol/water (1:1 volume ratio),
heating it up under continuous stirring until a green solution
was obtained. To that, 20 mL of an aqueous solution of copper
() sulfate pentahydrate (0.8 mmol, 0.200 g) was added, obtain-
ing a bluish suspension with pH = 3.3 which was acidified
with sulfuric acid until it was completely dissolved (pH = 2.1)
into a light green solution. Thereafter, triethylamine was
added until the formation of a blue-green suspension at pH =
9.5 which was transferred to a crystallizer covered with a
sealing film. After two days, rectangular blue crystals were
obtained. Yield: 55%. Main IR features (cm™'; KBr pellets):
3335vs, 3200sh, 1640s, 1600vs, 1545s, 1465m, 1395m, 1305m,
1275m, 1200m, 1150m, 1110m, 1030w, 935w.

Synthesis of [CusCo(p-adeninato-kN3:kN9)e(p3-OH)s(j1-OH,)6]
S0,-35H,0 (CueCo). An aqueous solution containing copper(u)
sulfate pentahydrate (0.8 mmol, 0.200 g) and cobalt(u) sulfate
heptahydrate (0.2 mmol, 0.056 g) was added to a solution of
adenine (0.8 mmol, 0.108 g) in 20 mL of methanol/water
(1:1 volume ratio), heating under continuous stirring. After
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10 minutes, the reaction mixture was left to temper, obtaining
a blue suspension with pH = 3.78 which was left stirring for
one hour (the colour turns to violet). Then, sodium hydroxide
(1 M) was added dropwise until a pH value of 10.1 is reached.
Finally, the resulting suspension was placed into a crystallizer
covered with a sealing film and left in a fridge at 6 °C. After
five days, blue needle-shaped crystals were obtained. Yield:
65%. Main IR features (cm™'; KBr pellets): 3335vs, 3200sh,
1640s, 1600vs, 1545s, 1465m, 1395m, 1305m, 1275m, 1200m,
1150m, 1110m, 1030w, 935w.

Synthesis of [CusCr(p-adeninato-kN3:kN9)g(p3-OH)g(j1-OH,)6]
(SO4)1.5:17H,0 (CugCr). The synthesis was performed as pre-
viously reported."®

Characterization

General characterization techniques. The IR spectra (KBr
pellets) were recorded on a FTIR 8400S Shimadzu spectrometer
in the 4000-600 cm™" spectral region. Variable-temperature
magnetic susceptibility measurements were performed using a
standard Quantum Design PPMS magnetometer whilst heating
from 2 to 300 K at 1 kOe range after cooling in the absence
(zero field cooling, ZFC) of the applied field. Magnetization as
a function of field (H) was measured using the same magnet-
ometer in the range of —50 < H/kOe < 50 at 2 K after cooling
the sample in zero field. The susceptibility data were corrected
for the diamagnetism estimated from Pascal’s tables,'” the
temperature-independent paramagnetism and the magnetiza-
tion of the sample holder. Thermal analyses (TG/DTA) were
performed on a METTLER TOLEDO TGA/SDTA851 thermal
analyzer in a synthetic air (79% N,/21% O,) flux of 50 cm®
min~" with a heating rate of 5 °C min~". Magnetic sustentation
experiments were performed using a Newport Pagnell England
Electromagnet Type C sourced with a Hewlett Packard 6655A
System DC Power Supply to provide a variable magnetic field
under which the particles of the compound dispersed in water
are attached to the lower end of the electromagnet pole until
the magnetic field decreases enough for the gravitation to
prevail and the particles to fall down. The '"H-NMR spectra
were acquired in a Bruker AVANCE 500 (one-bay; 500 MHz) at
293 K. The purity of the samples was assessed by powder X-ray
diffraction, thermogravimetry and FTIR analysis. The powder
X-ray diffraction (PXRD) patterns were collected on a Philips
X'PERT powder diffractometer with Cu Ka radiation (4 =
1.5418 A) over the 5 < 20 < 70° range with a step size of 0.02°
and an acquisition time of 2.5 s per step at 25 °C. See further
details in the ESL.{

Single-crystal X-ray determination. Single-crystal X-ray diffr-
action data were collected at 100(2) K on an Agilent
Technologies Supernova diffractometer. The data reduction
was done with the CrysAlisPro program.'® Crystal structures
were solved by direct methods using the SIR92 program'® and
refined by full-matrix least-squares on F* including all reflec-
tions (WINGX).>*?! In all compounds some of the adeninato
ligands are disordered into two arrangements with inverted
orientation regarding the coordination mode (p-kN3:kN9/p-
kN9:xkN3).>>?* Furthermore, in compound CugCo several
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restraints (DFIX and FLAT) were required to retain the expected
geometry of the adeninato ligands. In all these crystal struc-
tures the sulfate counterions are disordered over several posi-
tions related by the symmetry elements. The crystal structure
of these compounds revealed the presence of large channels in
which the solvent molecules are placed. The high disorder that
these molecules show precluded their modeling and, as a con-
sequence, the electron density at the voids of the crystal struc-
ture was subtracted from the reflection data by the SQUEEZE
method®! as implemented in the PLATON.>® Details of the
structure determination and refinement of compounds CugZn,
CueCu and CugCo are summarized in Table S3.1 As it was not
possible to obtain single crystals of the CugNi compound its
structural characterization was performed by XRPD.
Indexation of its diffraction profile was carried out using the
FULLPROF program®® on the basis of the space group and cell
parameters found for isostructural CusCu, providing the fol-
lowing unit cell parameters: Cccm, a = 10.559(1) A, b = 25.048
(2) A and ¢ = 27.301(4) A. See further details in the ESL}
Sorption quantification by "H-NMR. The 'H-NMR spectra
were acquired in a Bruker AVANCE 500 (one-bay; 500 MHz) at
293 K. The sorption experiment was repeated but using D,O:
15 mg of compound CueCu, 1.5 mL of deuterated water D,O
and 15 mg of the adsorbate of interest (aniline, ribose, glucose
or sucrose). The samples were left under continuous stirring
for 24 h under room conditions (25 °C). Later 15 pL of isopro-
panol were added and immediately the sample was filtered to
separate the solid from the solution. The same procedure was
applied for each adsorbate but without adding the porous
material (CusCu) in order to set the initial adsorbate amount
in the sorption experiment. '"H-NMR measurement was per-
formed on the filtered solution and the characteristic signals
of the adsorbate and isopropanol were employed to quantify
the amount of it remaining in solution and with their differ-
ence from the initial value to determine the amount adsorbed
within the porous material. See further details in the ESL¥

Results and discussion
Crystal structure determination

Single crystal X-ray diffraction data allowed us to elucidate the
crystal structure of the compounds.§ In previous works we
have designed and characterized several supramolecular
metal-organic frameworks containing a wheel shaped hepta-
meric  [Cu,(p-adeninato)s(p;-OH)e(1-OH, )" entity whose
positive charge is counterbalanced by inorganic (sulfate)
or organic species (theobrominate, terephthalate and
benzoate).”*" Both types of counterions can play a role in the

§ Crystallographic data. CueZn: crystal system: trigonal; space group: R3c; cell
parameters: @ = b = 19.108(1) A, ¢ = 43.046(3) A and V = 13611(2) A*. CueCu:
crystal system: orthorhombic; space group: Cccm; cell parameters: a = 10.5080(3)
A, b =24.8920(8) A, ¢ = 27.0312(9) A, and V = 7070.4(4) A*. CueCo: crystal system:
trigonal; space group: R3c; cell parameters: a = b = 19.058(3) A, ¢ = 43.157(9) A
and V=13 575(5) A®. See the ESI{ for further details.

This journal is © the Partner Organisations 2023
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supramolecular forces (hydrogen-bonding and z-stacking inter-
actions) that govern the overall crystal packing but they have
little impact on the magnetic behaviour, which is greatly domi-
nated by the superexchange pathways within the discrete hep-
tameric entities and only at very low temperatures (below 5 K)
some differences arise from the far more weaker super-
exchange pathways involving the dissimilar supramolecular
interactions. A closer analysis of the discrete heptameric
[Cu,(u-adeninato)e(p;-OH)e(1-OH,)s |** entity revealed the pres-
ence of two types of metal coordination environments, a
Cu(OH)e chromophore at the core of the wheel with an un-
usually modest Jahn-Teller distortion and the six peripheral
CuN,(OH),(Ow), environments with the common and pro-
nounced Jahn-Teller distortion affecting the coordinated water
molecules. This feature suggested us the possibility of repla-
cing central copper(u) by other transition metal ions with a
usually more regular coordination environment, in this way, to
tune the magnetic properties of the heptameric entity. A
recent work in which this central position was replaced by a
Cr'™" atom (CugCr) confirms the suitability of this approach.®
Now, we report herein four compounds, the homometallic
[Cu,(p-adeninato-kN3:kN9)e(p3-OH)s(1-OH,)4](SO4)-nH,0 com-
pound (CugCu), and heterometallic [CusM(p-adeninato-
KN3:kN9)6(13-OH)6(1-OH, )6 (S04)-nH,0; M'™: Zn (CugZn),
Ni (CugNi), Co (CugCo). Fig. 1 shows a schematic representation
of the discrete heptameric units in which the connectivity is
essentially identical, in such a way that a central [M"(OH)e]*"
or [M™(OH)e]>~ core (CueCr) is connected to the six copper()
metal centers comprising the external ring. The peripheral
copper atoms are further connected among them through the

M = zn'!, Cul, N, Cof!, Cr"

Fig. 1 Heptameric clusters depicting the targeted replacement of the
central metal center. Symbol “*" indicates the absent coordination water
molecules in compound CugCu.

This journal is © the Partner Organisations 2023
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double p-H,O and six p-adeninato-kN3:kN9 bridges. It is
necessary to note that in homometallic CugCu, two water mole-
cules, labelled as * in Fig. 1, are not present owing to the
arrangement of the adjacent adeninato ligands that precludes
their attachment.

Regarding the self-assembly of the heptameric cations in
the crystal packing, two basic arrangements are observed
(Fig. 2). Each entity, in the trigonal R3¢ CugZn and CugCo com-
pounds, is six-connected by means of =n-n interactions
(comprising its six adeninato ligands) to three upper and to
three lower ones to give a pcu topology with a 4'%.6® point
symbol.”” In CugCu and CugCr compounds, the complex enti-
ties are four connected by single n-r stacking interactions with

A A o
3 AL r‘ i /‘}h' R

< I Y.

~

AN A
\
08
Y
S

(b)
Fig. 2 Details of the =-stacking interactions (+ symbol and double

dashed lines) in compounds CugZn (a) and CugCu (b). The insets show a
projection of the crystal packing.
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two adjacent polynuclear entities and by double n-n stacking
interactions with another two ones that require the interacting
entities to be perpendicularly oriented among them.

However, there is a subtle difference on the single n-n stack-
ing interaction: the face exposed by the adeninato ligands for
this interaction is at the side of the hydroxido ligand bridging
the same metal centers in CugCr whereas it employs the other
face in CugCu. This fact is at the bottom of their different space
group and topology. CusCu and CugNi crystallize in the ortho-
rhombic Cccm space group and present an sql/Shubnikov tetra-
gonal plane net topology with a 4*.6> point symbol, whereas
CueCr belongs to the monoclinic C2/c space group and it shows
a cds CdSO, like topology with a 6°-8 point symbol.>”

The sulfate anions are inserted in the cavities left by the
n-n arrangement of the discrete heptameric entities and do
not play a crucial role in directing the crystal packing, but
provide mere counterbalance of the charge of the cationic enti-
ties. Each sulfate anion in CusCo, with a S-O bond lying in a
three-fold axis, is hydrogen bonded like a tripod to three OH
groups of the heptameric cation, whereas in the isostructural
CueZn compound the disposition of the sulfate anion differs,
with only one of the sulfate O-atoms placed on the ternary axis
(Fig. 3). In the CusCr compound, the sulfate arrangement is
similar to CugZn, but the total site occupancy for each sulfate is
set to 1/2 to counterbalance the charge of the complex entity.

The above-described supramolecular assembling of cations
and anions in all the compounds leads to a three-dimensional
crystal packing with channels that occupy a very significant
percentage of the total unit cell volume: from 32% (CusCu)
to 51% (CueZn). These channels are occupied by crystallization
water molecules. The innocent structural role of the sulfate
anions, the high tendency of the heptameric cation to form
crystal networks sustained by supramolecular adeninato---
adeninato n-r interactions, and the intrinsic porosity of the
these networks suggest the insertion of other guest molecules
as feasible, as corroborated by the fact that the trigonal CusZn
and CusCo compounds present the same space group and a
very similar cell parameters to those of the previously reported

Fig. 3 Heptameric cluster and disposition of sulfate counterions for
compounds CugZn and CugCo.
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[Cu,(p-adeninato-kN3:kxN9)e(p3-OH)s(p-OH, )6 (NHEL;),(SO.),:
23H,0 compound, whereas monoclinic CugCr is isostruc-
tural with the [Cu,(p-adeninato-kN3:kN9)s(p3-OH)s(p-OH,)s]
(NHE;),(S04),-42H,0 compound.’ Both compounds show the
co-crystallization of the (NHEt;),(SO,) salt inside the channels
of the supramolecular network of the heptameric cations
without modifying it.

Magnetic characterization

Fig. 4 shows the thermal dependence of the yyT product
measured at 1 kOe after cooling without an applied magnetic
field (ZFC) and the magnetization curves at 2 K for compounds
CueM. Data corresponding to previously published CusCr have
been included for comparative purposes.*®

The experimental y\T values at 300 K agree with those
values calculated for magnetically non interacting six Cu(u)
and one central M™ or M" atoms, indicating that these com-
pounds are still within the paramagnetic regime at room temp-
erature with the exception of compound CueCr which shows a
slightly higher and not constant value of y,,T near room temp-
erature. On the other hand, the thermal evolution of the y\T
products and the St value observed in the magnetization
curves make clear that compounds CugZn and CugCr are ferro-
magnetic whereas compounds CugCu, CugNi and CugCo are
ferrimagnetic, in good agreement with the magnetic ordering
and magnetic superexchange pathways depicted in Fig. 5.

Moreover, a slight decrease of the y\T product to below 5 K
happens, which has been attributed to the presence of very
weak intermolecular antiferromagnetic superexchange path-
ways mediated by the supramolecular interactions that hold
the heptameric entities together. In the case of compound
CueCo, which presents a more accused decrease, this behav-
iour can be explained by the presence of a ground state zero-
field splitting of cobalt(n) ion due to its great orbital
contribution®®° that it is added to the previously described
intermolecular antiferromagnetic interactions. The magnetiza-
tion curves at 2 K do not show hysteresis indicative of the
absence of single-molecule magnet behaviour up to this temp-
erature, despite the non-zero spin ground state. A fitting of the
amT curves above 10 K was performed using the MagProp soft-
ware tool distributed with the DAVE.?' The resulting magnetic
coupling constants (Table 1) for the superexchange magnetic
pathways depicted in Fig. 5 are in concordance with the expec-
tations on the magnetic topology inferred from the saturation
magnetization of CugM clusters. The magnetic data fitting of
CueCo has not been performed because the complexity of the
cobalt(u) magnetic behaviour would require the introduction
of additional parameters that would lead to an over parametri-
zation of the system.

In all compounds, the external superexchange interaction
between the Cu" ions bridged by p-adeninato and u;-OH
bridges (/;) results in ferromagnetic values. Usually, the pres-
ence of both non-linear NCN bridges and wide angle p-hydro-
xido bridges (ca. 104°) cause strong antiferromagnetic
couplings.?*** However, the coexistence of these two types of
bridges connecting the same metal centers counterbalances

This journal is © the Partner Organisations 2023
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Fig. 4 (a) Thermal evolution of the ymT products with the best fitting
theoretical models depicted as a continuous line. (b) Magnetization
curves at 2 K.

their effects.>® In fact, the splitting of the molecular mag-

netic orbitals is reversed for each type of bridging ligand
(orbital counter-complementarity), thus leading to an almost
negligible energy difference between them and, as a conse-
quence, to the observed ferromagnetic interaction.

The radial magnetic pathway J,, involving double short
coordination bond distance p-OH bridges, depends on the
nature of the central metal ion. In CugZn, the diamagnetic
nature of Zn(u) simplifies the magnetic superexchange path-
ways solely to external J; and thus, it provides a ferromagnetic
compound with Sy = 3. In compounds CugNi, CusCo and
CueCr with paramagnetic metal centers, the nature of the mag-
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Fig. 5 Ground state of the magnetic ordering at low temperature and
the phenomenological Hamiltonian employed for modeling the super-
exchange interactions of the heptameric entities with a diamagnetic
metal center (a) and with paramagnetic ones (b and c).

Table 1 Best fitting parameters of the magnetic susceptibility curves®

J1 J2 J3 7 St K
CugZn +18 — — —0.36 3
CucCu +97 212 +49 ~0.03 5/2
CugNi +47 _31 — — 2
CugCr +80 +50 — —0.02 9/2

“Jis (Cmil)-

netic orbitals determines the parallel or antiparallel alignment
between the magnetic spins of the peripheral and central para-
magnetic centres. In the case of CueCr, a total spin of 9/2
results from a ferromagnetic interaction of the central chro-
mium(ur) ion with the ferromagnetically coupled Cug-ring. The
ferromagnetic nature of this coupling is expectable consider-
ing the orbital orthogonality taking place between copper(u)
(eg) and chromium(m) (t,;) magnetic orbitals. In compounds
CugCo and CugNi, the presence of e, symmetry magnetic orbi-
tals ensures an efficient overlap through the hydroxido bridges
and an antiferromagnetic coupling leading to St = 3/2 and 2,
respectively.>’ *° The superexchange magnetic pathways in
CueCu are more complex due to the Jahn-Teller tetragonal
elongation present in the central copper(u) atom. The simplest
Hamiltonian describing the magnetic behaviour of this com-
pound involves an additional third superexchange magnetic
pathway (/3; see Fig. 5b). J; involves a mixture of equatorial-
equatorial (short-short) and equatorial-axial (short-long) co-
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ordinated p-OH bridges, whereas, as previously stated J, pre-
sents only an equatorial-equatorial (short-short) arrangement
of the bridging hydroxide ligands. The antiferromagnetic
nature of J, agrees with that stated by Hatfield et al. for sym-
metrically double bridged hydroxido dinuclear complexes, in
which angles larger than 98.5° promote an antiferromagnetic
coupling.*’ On the other hand, the weak ferromagnetic J;
interaction is related to the orthogonality between the mag-
netic orbitals imposed by the combination of symmetric and
asymmetric p-OH bridges. According to previous results,
copper(u) centres bridged by this arrangement of the hydrox-
ide bridges usually show a ferromagnetic behaviour with J
values ranging from +10 to +90 em™".** As a consequence of
the presence of these three magnetic pathways, a spin frustra-
tion situation arises as there is no optimal spin ordering
within the heptameric entity that could fulfill all the magnetic
interaction preferences. The relative strength of these
pathways: |/ (antiferromagnetic)|, |/i(ferromagnetic)| >
|/3(ferromagnetic)| determines a Sy = 5/2 ground state as
observed in its magnetization curve at 2 K.

Magnetic sustentation experiments

As previously stated, these compounds establish complex mag-
netic interactions at low temperatures, but at room tempera-
ture they are well placed in the paramagnetic regime as it can
be deduced from their y\T product at room temperature with
the exception of CueCr as mentioned previously. Therefore, the
attraction force exerted by a relatively strong external magnetic
field (i.e. that of magnets or electromagnets) on the particles
of the samples is not strong enough to overcome the earth
gravity attraction under normal conditions and, as a conse-
quence, no displacement takes place on these particles.
Contrarily, under attenuated gravity force, such as it occurs for
particles suspended in a liquid, the magnetic field attraction is
capable to sustain the particles avoiding their deposition at
the bottom and even to induce their motion upon magnetic
field shifts (Fig. 6). In this sense, a double pole electromagnet
was employed in order to get fine control over the applied

Fig. 6 CueZn particles attached to the poles of the electromagnet
while submerged in water.

2256 | Inorg. Chem. Front., 2023, 10, 2250-2261

View Article Online

Inorganic Chemistry Frontiers

magnetic field. The equation that accounts for the attraction
between the paramagnetic particles and the magnetic field is:
F = V(m-H), where the gradient V is the change of the quantity
m-H per unit distance (m: magnetic dipole of the particle and
H: external magnetic field), and the direction is that of the
maximum increase of m-H. If m is aligned with H, as it is the
case for paramagnetic particles, the gradient brings the par-
ticles towards the regions of maximum H-field.

The paramagnetic nature of the particles implies that their
magnetic dipole is related to the external magnetic field and
assuming the particles are small, it can be considered constant
and taken away from the gradient (eqn (1)):

Fo=m-V(Hp) = po i py - Vo H-V(Hy) (1)

where F, is the magnetic attraction force on the particle, u, is
the permeability of vacuum, y, is molar susceptibility, MW is
the molecular weight of the compound framework (excluding
the solvent molecules hosted in the pores), pp is the density of
the compound framework, V,, is the particle volume occupied
by the framework (excluding the pore volume), H and V(H,)
are the magnetic field and field gradient in the centre of the
particle.

The magnetic force on the particles is not uniform on the
whole surface of the pole but it becomes the maximum at the
edge, because of the maximum magnetic field gradient placed
there. Therefore, the particles are going to accumulate prefer-
entially at this position where the magnetic attraction force is
opposite to the gravitation force (Fig. 6).

The use of an electromagnet that allows dialling the mag-
netic field at the expense of the experimentalist facilitates
determining the critical magnetic field at which the particles
fall from the pole bottom edge. The molecular susceptibility
can be estimated, in a first approximation, using spin-only
expression depicted using eqn (2):

[4Sm(Sm + 1)] + 6 - [4Scu(Scu + 1)]
8T

Im = (2)

Considering eqn (1) and (2), and having in mind that the
buoyancy force exerted by the solvent on the particles applies
only to the compound framework (not to the volume occupied
by the pores of the material, as the solvent molecules placed
there freely exchange with the solution molecules), the men-
tioned critical magnetic field can be calculated from the fol-
lowing expression (3):

[4Sm(Sm + 1)] + 6 - [4Scu(Scu + 1)]
Ho 8T - MW (3)
pp-Vo-H-V(Hp) = (pp —ps) - Vp- &

where pg is the solvent density and g is the gravity of Earth. At
this point, it is necessary to perform two approximations in
order to simplify the previous equation. The first one relies on
the molecular mass similarity of the most of the compounds
reported herein (see Table 2), which allows us to assume that
the MW parameter remains essentially constant. The same
applies for the density of the compound framework (pp).
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Table 2 Formula and molecular mass of compounds
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Formula MW (g mol™) pp (cm® g™ 48y (Sp +1)
CugZn [CusZn(CsH,N;5)s(OH)s(OH,)s](SO.) 1557 2.09 0
CueCu [CueCu(CsH,4N5)s(OH)(OH,)4](SO.) 1520 2.08 3
CugNi [CugNi(C5H4N5)6(OH)s(OH,)4](SO4) 1515 — 8
CugCo [CusCo(CsH,N;)s(OH)s(OH,)s(SO,) 1551 2.11 15
Cu,Cr [CugCr(CsH4N5)s(OH)s(OH,)6](SO4)1.5 1592 2.18 15

Accepting those two approximations implies that now there
are only two variables: 4Sy(Sy + 1) and H-V(Hp). The remain-
ing parameters in the formula can be simplified into A and B
constant terms (eqn (4) and (5)) to lead to eqn (6):

[4Sm(Sm + 1)] 4 6 - [4Scu(Scu + 1))]
_(pp—ps) g-8T MW @)
Ho - pp - H -V (Hp)

[4Sm(Sm +1)] = %(I_IP) —A (6)

Therefore, the experimental points at which the particles
detach from the pole must fit to a straight line in a 4Sy(Sy +
1) vs 1/[H-V(Hp)] plot. In order to check the validity of these
equations, the magnetic field and its gradient were measured
on the pole surface of the electromagnet at different current /
values. Fig. 7 depicts the magnetic field measured along the
plane corresponding to the surface of the magnetic pole in the
vertical z-axis. The magnetic data were fitted to a fourth order
polynomial expression, and VH and H-VH were computed. The
particles are sustained at the position where the upwards force
is maximum; according to eqn (1), it corresponds to the posi-
tion of the most negative H-VH product: close to the lower end
of the pole. Fig. 8 shows the dependence of the most negative
H-VH product for each current value with the magnetic field
measured in the center of the pole.

From the experimental data shown in the 4Sy(Sy + 1) vs
1/[H-V(Hp)] plot (Fig. 9a), the values lie in a straight line with a

H: VH (T?/cm)
02 -01 00 01

Fig. 7 Magnetic field profile [H and H-V(H)] on the electromagnet pole
along the dashed line. The different colours refer to the applied intensity
current: increasing from 0.0 to 2.5 A (step: 0.1 A).
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Fig. 9 Spin-term dependence with respect to 1/[H-V(Hp)] (a) and 1/H
(b) values at which the particles are detached from the electromagnet
pole when submerged in MeOH.

positive slope as predicted with the exception of CugCo and
CueCr. The first one is probably due to the well-known orbital
contribution of Co" that significantly deviates the spin-only
susceptibility towards greater values. The second exception
corresponds to CugCr whose magnetic coupling regime is
closer to room temperature and it makes the spin only suscep-
tibility calculation less realistic. It is noteworthy that at mag-
netic fields above 0.4 T, there is a linear relationship between
VH and H (Fig. 9b); as a consequence the experimental data,
all of them lying within this H region show also a linear corre-
lation between 4Sy(Sy + 1) and 1/H.

Once it has been observed that these sustentation experi-
ments provide a characteristic value for each compound
depending on the total spin of the metal centers, it can be
extended to the quantification of adsorbed molecules within
the channels of these materials. Any increase of the particle

Inorg. Chem. Front., 2023, 10, 2250-2261 | 2257
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weight (due to a sorption phenomenon for example) will have
a profound effect on the subtle balance between the magnetic
attraction, gravity and buoyancy forces that determine the criti-
cal magnetic field at which the particles are detached from the
poles of the electromagnet. Therefore, according to eqn (1)-(4)
the modification of this critical value towards higher magnetic
fields will indicate the sorption of the adsorbate molecules
within the pores of the material. It has been exemplified by
placing 15 mg of CusCu in 2 mL of an aqueous solution con-
taining 15 mg of different adsorbates (or 15 pL if the
adsorbate is liquid) for 12 hours at room temperature (25 °C)
while gently stirred. Afterwards, the critical magnetic field
is determined by placing these particles in a test tube attached
to the pole of the electromagnet and containing distilled
water. A film describing the experiment is provided in
the ESL.}

The results are depicted in Fig. 10, where we can observe
that CugCu presents both the selectivity based on the chemical
nature of the adsorbates and also a size exclusion based
selectivity. Chemical nature selectivity is observed for CH;CN,
DMSO and THF which provide negligible deviation with
respect to the pristine CugCu compound (value indicated as
). These molecules are small enough to get into the pores of
this material but do not interact strong enough to be
adsorbed. In fact, the presence of adeninato molecules in the
periphery of the heptameric entities makes this material well
suited to strongly interact with molecules able to establish
strong hydrogen bonding or =-stacking interactions. It
becomes clear when observing a strong increase of the critical
magnetic field measured for aniline, ribose and glucose.
Besides, using a disaccharide (sucrose) and a trisaccharide

° 4

H(T)

€
O

No adsorption!

0.26 —— Molecular size ——
T T T _I| T T T T T
(@] (@] x w X
£ T g T ; o IQ CcC >
w - = Cc (@] m
o o © cC 0O ™ =
c 2 o 2 8 o o =
S m 2 %0
m

Fig. 10 Measured critical magnetic field at which the CugCu particles
are detached from the pole of the electromagnet after the sorption
experiment in aqueous solutions of a series of substances. @ indicates
control experiment using pure water.

2258 | Inorg. Chem. Front.,, 2023, 10, 2250-2261

View Article Online

Inorganic Chemistry Frontiers

(raffinose), the size exclusion selectivity becomes evident, with
no sorption at all for raffinose. A detailed study of the size and
shape compatibility between the main void present in this
compound (11.4 x 6.9 x 5.9 A) and those of the adsorbate
molecules helps understanding the different sorption capacity
of CusCu toward the saccharides (Fig. S16%1). The shapes of
ribose (8.7 x 6.8 x 5.2 A) and glucose (9.9 x 7.4 x 5.2 A) mono-
saccharides fit relatively well inside this void leading to a high
sorption capacity. In the case of sucrose disaccharide (11.2 x
9.1 x 6.7 A), its dimensions are close or even slightly greater
than the dimensions of the main void. However due to the
flexibility of the supramolecular architecture and the confor-
mational flexibility of sucrose it can accommodate into these
voids but at the cost of a lower sorption capacity towards this
adsorbate. Finally, in the case of raffinose trisaccharide (15.7 x
10.7 x 8.7 A), its dimensions are far above those of the main
void and no sorption is observed.

As is below described, the equations governing this
phenomena (eqn 7, 8, 9 and 10) indicate a linear correlation
between the adsorbed mass of guest molecules and the H-V(H)
product, in such a way that the greater the deviation with
respect to the pristine critical magnetic value, the greater the
mass of adsorbates captured by the porous material. To
demonstrate this relation, we must separate the magnetic
attraction force, gravitation and buoyancy in terms accounting
for the framework of the compound (the heptameric entity
plus the sulfate counterions) and for the adsorbates. The
solvent molecules placed in the channels are not taken into
consideration as previously stated.

By Ve H - VH = (Vi py+ Vads - Paas) - €
MWy (7)
— (Ve - pr,o + Vads - Pry0) - &

X
M—‘I\)\/I/-F'/JF “H-VH = (pp — pu,0) - &
y (8)
Ads
+ (PAds */)Hzo) -—VF :

with Vz (pr) and Vags (pags) being the volume (density) occupied

by the framework and the adsorbate in the particle. As Vy =

My n-MWg Mags n-x-MWags Vads
— —— and VAds = = , then — =
Pr Pr PAds Pads Ve
X - MWygs - . . ;
T Wads ' Pr (n being the times the framework formula is
MWE - pags

repeated in the particle and x is the relative ratio between the
adsorbed guest molecules and the compound framework
formula). As a consequence eqn (8) transforms into eqn (9):

(PF - pHZO) . MWrp )
M Pr
)
(/)Ads - /)HZO) X MWags
M

H-VH =

+
Pads

In this latter equation, as all parameters except “H-VH” and
“x-MW,qs” are constants (we assume that the p values of the
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Fig. 11 Linear correlation between the adsorbed mass percentage and
the H-V(H) value at which the particles of the adsorbent are detached
from the electromagnet pole.

different adsorbates are nearly the same), the above equation
can be simplified to:

H-VH=A+B -x - MWags = A+ B - Mags (10)

with M,gs being the mass of the adsorbed molecules per
formula of the framework compound. Therefore, there should
be a linear relationship between the adsorbed mass and the
H-VH parameter at which the particles are detached from the
pole of the electromagnet. The validity of this linear depen-
dency has been checked by repeating the sorption experiments
of aniline, ribose, glucose and sucrose using deuterated water
and quantifying the amount of these adsorbates still in solu-
tion by "H-NMR (see further details in the ESI{). The represen-
tation of these values (in mass percentage with respect to
CusCu) vs H-VH fully validates the previous mathematical
development (Fig. 11).

Conclusions

In summary, we have shown that it is possible to exploit the
coordination environment diversity present in homometallic
polynuclear entities to incorporate selected metal centers and
tailor in this way the magnetic properties of the resulting het-
erometallic compounds. The room temperature magnetic
response of these porous materials in the presence of external
magnetic fields is strong enough to provide a novel sorption
characterization technique. In this sense, the magnetic susten-
tation experiments that allow determining the minimum mag-
netic field required to attach these particles to the electromag-
net pole provide a straightforward parameter that can be
related to the amount of unpaired electrons and also to the
density of the material. We have analyzed in depth the first of
these parameters observing a linear correlation between
4S\(Sm + 1) and 1/[H-V(Hp)] that can provide a new method to

This journal is © the Partner Organisations 2023
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estimate the susceptibility value of a compound if its density
is known.

In a previous work, we exploited the variation of the second
parameter (density) to monitor how [CueCr(p-adeninato-
KN3:kN9)o(13-OH)(1-OH,)6]** was able to capture an increas-
ing amount of ibuprofen and naproxen anti-inflammatory
drugs.’® In this work, we have gone further being able to
demonstrate the sorption selectivity of compound CuCu
which showed a selectivity based on both the chemical nature
of the adsorbate and its size. Finally, we just emphasize that
this study has been performed directly in solution based on a
property of the adsorbent and not as usually based on an
indirect assessment by measuring the adsorbate remaining in
solution.
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