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Abstract: We report a new structure of {[Co(bpy),(0x)][{Cu;(bpy)2(ox)}Fe(0x)3]}n-8.5nH,O NCU-1
presenting a rare ladder topology among oxalate-based coordination polymers with anionic chains
composed of alternately arranged [Cuz(bpy)z(ox)]2+ and [Fe(ox)3]3~ moieties. Along the a axis, they
are separated by Co(III) units to give porous material with voids of 963.7 A3 (16.9% of cell volume).
The stability of this structure is assured by a network of stacking interactions and charge-assisted
C-H... O hydrogen bonds formed between adjacent chains, adjacent cobalt(III) units, and alternately
arranged cobalt(IIl) and chain motifs. The soaking experiment with acetonitrile and bromobenzene
showed that water molecules (8.5 water molecules dispersed over 15 positions) are bonded tightly,
despite partial occupancy. Water adsorption experiments are described by a D’arcy and Watt model
being the sum of Langmuir and Dubinin-Serpinski isotherms. The amount of primary adsorption
sites calculated from this model is equal 8.2 mol H,O/mol, being very close to the value obtained
from the XRD experiments and indicates that water was adsorbed mainly on the primary sites. The
antiferromagnetic properties could be only approximately described with the simple Cu''-ox-Cu!!
dimer using H = —]-S1-S;,, thus, considering non-trivial topology of the whole Cu-Fe chain, we
developed our own general approach, based on the semiclassical model (SC) and molecular field
(MF) model, to describe precisely the magnetic superexchange interactions in NCU-1. We established
that Cu(II)-Cu(II) coupling dominates over multiple Cu(Il)-Fe(Il) interactions, with Jcycy = —275(29)
and Jcyre = —3.8(1.6) cm ™! and discussed the obtained values against the literature data.

Keywords: coordination polymer; oxalate complex; single crystal XRD; magnetic properties; sorption
properties; charge assisted hydrogen bonds

1. Introduction

Oxalate anions act as bridges assuring the effective transfer of magnetic couplings
between paramagnetic centers [1]. The large number of coordination modes defined for
this anion [2] enables the tailoring of the formed networks. Therefore, oxalato-based coordi-
nation polymers were synthesized and studied as materials showing numerous topologies
(chains, layers, or 3D networks) [3-14] and hence, also different properties, being e.g., single
chain magnets [1,15], water soluble magnets [10,16], chiral magnets [17], spin-crossover
compounds [18], luminescent materials [19-21], NLO materials [22], photocatalysts and
catalysts [23,24], materials showing conductivity [11,25,26], sorption materials [27,28], and
precursors for nanomaterials possessing pharmacological potential [29].
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Formation of 2D and 3D frameworks can be achieved using different templates
(e.g., quaternary amine cations and [M(AA);]?* cations with Ds symmetry) [3]. To limit
dimensions of the formed compounds, additional auxiliary capping ligands are used [30,31]
as well as crown ethers [10]. Ladder chain was detected in [Cuy(bpy)2(0ox)Cr/Fe(ox)s]~
1D compounds [4,32] and the interactions were described using 0D model and a single
exchange parameter because of the dominating antiferromagnetic interactions in the copper
dimer over other couplings. For the description of the magnetic properties of homo- and
heterometallic oxalato-based chains, the Heisenberg model was often used with a single
exchange parameter [30,33]. A more complex description was proposed for a chain with
two copper(Il) ions in the asymmetric unit [1]. To properly model xT vs. T curve, the chain
was split into ferromagnetic trimers which were subsequently antiferromagnetically cou-
pled. Five exchange parameters were proposed for a trimetallic MnCuCr system showing a
highly complex topology with three different ligands acting as bridges [8]. In modeling
of the exchange pathways via oxalate anion connecting clusters into a chain, a classical
spin approach useful for the description of systems with high spin (in this case S = 5) and
relatively weak coupling between them was applied.

Parallel to the above mentioned works of Kanizaj et al. [4,32] we aimed to prepare
a trimetallic (Co-Fe-Cu) compound with oxalate anions acting as bridges starting with
tris(oxalato)ferrate unit and bpy as a capping ligand. Oxalate anions also offer an opportunity
to create a robust hydrogen bond network. Hence, we intended to exploit these proper-
ties for the preparation of 1D chains forming 3D network. As the result, we have obtained new
oxalato-based trimetallic open framework {[Co(bpy),(0x)[[{Cuy (bpy)2(0x)}Fe(0x)3]}n -8.5nH,O
NCU-1 (NCU—Nicolaus Copernicus University). In NCU-1, the [{Cuy(bpy)2(0x)}Fe(ox)3]~
1D oxalate-bridged chains [32] are spontaneously co-crystallized with [Co(bpy)z(ox)]3+
cations, exploiting charge-assisted hydrogen bonds and 7-t interactions, to establish the
new coordination secondary building unit (SBU) for rigid porous architectures providing a
new generation of magnets with predesigned and controllable structures susceptible for
postsynthetic modifications [34]. The global approach for the more complete description
of 1D magnetic properties was applied and water sorption/desorption properties were
studied in detail, to provide the new quality born by this 1D modular form.

2. Results and Discussion
2.1. Synthesis

According to our procedure, two products were formed. First, the salmon crystals
of NCU-1 are formed, and then green rods of [Cu(NCS),(bpy)] [35] emerged. Neverthe-
less, owing to the time gap in crystallization of both complexes, they can be separately
collected, and pure {[Co(bpy)2(0x)][{Cuz(bpy)20x}Fe(0x)3]}n-8.5nH,O can be afforded. The
composition of NCU-1 indicates significant changes to the substrates, beginning with the
partial decomposition of [Fe(ox)3]°>~ and dissociation of [Cu(bpy)>NCS]*. These processes
were accompanied by coordination of ox>~ to Cu(Il), and uptake of both ox>~ and bpy
by Co(II) centers, the latter followed by oxidation of Co(Il) to Co(Ill) in the air during
the crystallization process. Finally, new forms were self-assembled with the remaining
[Fe(0x)3]*~ metaloligands. It should be noted that the final compound was obtained solely
according to the procedure described in the experimental part. The starting point was
[Cu(bpy)2(NCS)](NO3). Although, theoretically more appropriate direct strategies failed;
an attempt of synthesis from simple salts and bpy or using the building blocks approach
with [Cuy(bpy)2(0x)(H20),] [36] did not yield any salmon crystals. We also tried to use
Ks5[Cr(ox)3]-3H,O but the chromium analog was not synthesized probably because of
its inertness.

2.2. Structure Description

{[Co(bpy)2(0x)][{Cus (bpy)2(0x)}Fe(0x)3]}n-8.5nH, O crystallizes in the monoclinic P27 /c
space group with all atoms found in the general positions and with the whole formula motif
composing the asymmetric unit (Figure S1). There are 8.5 crystallization water molecules
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dispersed over 15 sites. The structure is composed of anionic chains [{Cuy(bpy)z2(ox)}Fe(ox)3] ™
and complex cations intercalated between them, whereas water molecules are found in
large channels (11.6 x 9.0 A) of the network. The chain is composed of alternately arranged
copper dimers and tris(oxalato)ferrate anions connected via bidentate/monodentate and
bidentate/bismonodentate oxalate bridges (Figure 1). The bridging oxalate anions are
coordinated bidentately to iron(III) cations and monodentately to copper(Il) cations either
by the outer oxygen atoms (mode 1) or via the inner oxygen atoms (mode 2) (Figure S2).
Because of chain topology and manner of coordination binding between tris(oxalato)ferrate
blocks and copper(Il) dimers, four different Fe-Cu distances (4.018-5.325 A) are formed.
These are the shortest intermetallic distances in this compound and they fall in the range
found for structures with identical topology [32]. In the dimer copper(Il), cations are
coupled via bisbidentately coordinated oxalate anion (mode 3) (Figure S2) with the Cu-
Cu distance (5.132 A) falling in the range found for dimers with two copper(Il) ions
bridged by bisbidentately coordinated oxalate anion with four short Cu-O,x distances [4,32]
(Table S2, Figure S3). This indicates that there are many pathways of possible coupling
between paramagnetic metal cations and hence, an extremely complex model of exchange
interactions is expected.

Figure 1. The topology of the anionic [{Cuy(bpy)20x}Fe(ox)3]~ chain is presented with selected bond
lengths and intermetallic distances. Cobalt(IIl) unit and crystallization water molecules are skipped.

Both copper(II) cations show elongated octahedral (Soc = 1.325 for Cul and Spoc = 2.771
for Cu2) environments, with different deviation from planarity in the equatorial plane
(Ssp-4 = 0.412 for Cul and Sgp.4 = 1.405 for Cu2) [37]. The coordination sphere is composed
of two nitrogen atoms from bpy molecules and four oxygen atoms from oxalate anions in
the coordination sphere. The equatorial plane is formed by two oxygen atoms (1.9691(19)
to 1.9787(19) A) and two nitrogen atoms (1.965(3) to 1.983(2) A), whereas oxygen atoms in
axial positions form very long Cu-O bonds ranging from 2.434(3) to 2.712(2) A with the
longest value corresponding to a semi-coordination (Table S3). These distances are similar
to those found in ammonium and potassium compounds [32] apart from Cul-O54 and
Cu2-061 which are significantly shorter than the bond lengths found in the ammonium and
potassium complexes (Figure S4). In the reported structure, the two equatorial short Cu-O
distances are similar and we can anticipate significant antiferromagnetic Cu-Cu couplings,
whereas substantial differences in those bonds result in the reduction of the exchange
integral value [12]. Iron(Ill) is found in a trigonally distorted octahedral environment
formed by six oxygen atoms from oxalate anions. The Fe-O bonds range from 2.005(2) to
2.023(2) A and are in the range observed for bridging and terminal oxalate anions [38-40].
The cobalt(I1I) cations coordination sphere consists of two oxygen atoms from bidentately
coordinated oxalate anion (mode 4, 1.893(2)-1.900(2) A) (Figure 52) and four nitrogen atoms
coming from bpy (1.947(3)-1.954(3) A) ligands. The latter bonds fall in the range found for
Co-Ngr bonds, clearly indicating the low spin configuration by both experimental (XRD)
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and theoretical methods [41-43] and +3 (3.12) oxidation number by bond valence sum
calculation [44].

Up to the best of our knowledge, such a ladder represents a very rare topology [4,32]
with oxalate anions connecting iron(III) and copper(II) and rungs made of bisbidentately
coordinated oxalate anions joining both copper(Il) cations. Their superposition showed dif-
ferences in 041/05 oxalate position and bpy position due to the significant twist observed
in NCU-1 (Figure S5). The already published structures are much more tightly packed due
to small ions (potassium or ammonium) connecting adjacent chains either via coordination
bonds (potassium) or by hydrogen bonds (ammonium). In these compounds there is only
one water molecule (ammonium compound) or the crystallization water molecule is absent
(potassium compound). Therefore, for the models with removed solvent molecules, the
packing indices are 68.1 and 75.1%, respectively [45]. The voids accessible for solvent are
present only for ammonium compound and account for only 1.0% of the cell volume and
16.4 A3 per cell. In the reported structure we exploited the ability of oxalate anions for
creation of non-covalent interactions. The packing shows channels running along the c
axis filled with crystallization water molecules (Figure 2a). Hence, the additional coordi-
nation unit introduces significant changes in symmetry and even more importantly in the
network—Ilarge and stable channels are formed with cobalt units separating the chains
along the a axis. It results in a much lower packing index of the backbone being 61.6% and
the volume accessible for the solvent is 963.7 A3 (16.9%) which is sufficient for sorption of
gases and/or solvents.

Figure 2. Packing of NCU-1 along the c axis shows channels filled with crystallization water molecules
(in orange) (a), interactions between chains along the b axis with marked hydrogen bonds (in green)
and stacking interactions formed by N1 and N11 bpy ligands (b), interactions of cobalt(III) units
along the c axis with marked hydrogen bonds (in green) and a zipper formed by oxalate anions
(c), and interactions of cobalt(Il) units and chains with marked hydrogen bonds (marked in green)
running along the a axis (d).
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The crucial problem is the stability of such an open framework which is located
between a classical covalently bonded 3D coordination MOF and a hydrogen-bonded
organic framework (HOF), which relies on weak (mainly hydrogen bonds) interactions [46].
In the reported case, an additional moiety generates voids and we exploited oxalate ability
for non-covalent interactions which were able to maintain the permanent porosity [47-49].
In NCU-1, the covalent bonds are formed only along the chain between copper and iron
moieties, whereas in two other directions weak intermolecular interactions (between cobalt
units as well as cobalt units and chains) are present. The crystal network is maintained by
numerous C-H ... O hydrogen bonds with hydrogen atoms coming from bpy molecules
and acceptor atoms from all oxalate anions as well as by 7-7t interactions between bpy
ligands. The observed hydrogen bonds can be split into three groups according to the unit
type involved in the interaction (Table S54). Adjacent chains form strong interactions along
the b axis due to hydrogen bonds between N1 bpy ligand and O52 and O54 outer oxygen
atoms as well as N11 bpy molecules and outer O42 and O62 oxygen atoms (Figure 2b).
Apart from that, there are two zipper motifs formed by stacking interactions between solely
N1 as well as solely N11 bpy molecules. Along the c axis, each cobalt unit is involved in
four hydrogen bonds with two adjacent [Co(bpy)2(0ox)]* moieties (Figure 2c). They are
created between both outer oxygen atoms (082 and O84) and N21 and N31 bpy molecules.
This pattern is completed by a zipper formed by O81 oxalate anions and two stacking
interactions between bpy ligands (N21-N21 and N31-N31). Along the a axis there is a robust
set of hydrogen bonds between alternately arranged cobalt units and chains (Figure 2d).
The cobalt units limit the channel size and stabilize the crystal network connecting chains
translated along this direction. The hydrogen bonds are created between all ligands of
Co(III) units and N1 bpy ligand as well as O61 and O71 oxalate anions from chains and
they are reinforced by m-7 interactions formed between strongly inclined N1, N31 bpy
ligands. In HOF chemistry, usually strong hydrogen bonds are required to stabilize the
open frameworks, whereas weak interactions usually are not able to maintain porosity [46].
Therefore, it is worth noting that in the reported case the relatively weak C-H ... O bonds
are sufficient for structure stabilization and permanent porosity of this system. We can
hypothesize that the channels do not collapse for several reasons. First, these interactions
are charged assisted according to the definition given by Lopes Jesus and Redinha [50]
(“H-bonds wherein the donor group has a positive charge or the acceptor group a negative
one are called charge-assisted (CAHBs), ionic, or low-barrier hydrogen bonds”). In our
case, oxygen atoms of the oxalate ligand are negatively charged. Moreover, it is proved
that weak and labile C-H ... N interactions are capable of forming a very complex porous
structure [51]. Secondly, multipoint hydrogen bonds are a key factor for the stabilization of
MOFs [21]. The presented interactions (Figure 2b—d) clearly indicate that our compound can
complete this requirement. Finally, for HOFs stability, additional interactions reinforcing
hydrogen bonds and assuring better rigidity are required [46]. Such interactions are driving
forces for the preparation of covalent organic frameworks (COFs). In NCU-1, we found
multiple 7t-7r interactions forming zippers (Figure 2b,c)

In the channels formed by such a crystal network, there are water molecules dispersed
over 15 sites. In the final model, their hydrogen atoms are missing and hence, detailed
interaction analysis cannot be performed and must be limited to oxygen atoms acting as
acceptors of hydrogen bonds. There is only one such interaction, C21-H21 ... O93[1 + x, y, z].
Taking into account the partial occupancy found for many of the water positions and the
lack of efficient bonding, we can expect that they could be easily removed. However, the
performed EDX and single crystal experiments showed that the water molecules could not
be easily substituted by other solvents (e.g., acetonitrile and bromobenzene).

2.3. Thermal Analysis

Thermal decomposition studied by the combined TGA-DTA techniques proceeds in
two steps (Figure 56). Loss of crystallization water molecules starts at room temperature
(experimental: 8.68%, calculated: 10.48%), and is accomplished at ca. 120 °C. This behavior
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indicates that the quantity of solvent in the channels may vary and the initial loss of
1.5 water molecules at RT (resulting in 7 water molecules remaining in the system) matches
the experimental value ideally. Subsequently, one exothermic and complex step related to a
continuous mass loss (67.49%) of oxalate and bipyridine is observed and completed at ca.
400 °C. Finally, a small mass loss occurs and the mass residue corresponds to a mixture of
oxides (CuO and CoxFeyOy; the experimental value is 23.79%, whereas for 7 crystallization
water molecules the calculated value is 22.00%). Their presence was confirmed by the
powder XRD method registered for products of thermal decomposition. Similar behavior
and discrepancy were found for other porous structures indicating that the amount of
water in side channels might vary in the broad range [52].

2.4. Powder Experiments

The PXRD patterns for the dehydrated (3 h in 120 °C) and rehydrated samples (RT) of
NCU-1 show diffraction peaks identical to those observed in the pattern calculated using
the single crystal model (Figure 3 and Figure S7). It was shown that careful analysis of
certain peak positions could be useful for the determination of the framework stability [52].
The position of the (020) (ca. 3.6° 20) and (100) (ca. 5.8° 26) reflections can be considered
as markers of the channel stability as they are parallel to the ¢ direction. We observed a
small shift (ca. 0.1°) of the former peak towards lower angles and to the higher angles
(ca. 0.05°) for the latter one. After the heating and cooling cycle, both peaks are present
approximately at their starting positions, indicating that this framework is robust and
stabilized by charge-assisted hydrogen bonds resulting in the permanent porosity.

40,000 —

22,500 —

Intensity (counts)

10,000 —|

2500 —

o [T L |
4 6 8 10 12 14 16 18 20 22
2Theta (°)

Figure 3. Powder diffractograms for NCU-1: calculated pattern (red), pristine sample at room
temperature (blue), sample after heating at 120 °C during 3 h (green), and sample after cooling to
room temperature (violet). Only the low angle part is presented (3-22.5°).

2.5. Sorption Properties

When water is adsorbed on hydrophilic surfaces, the D’ Arcy and Watt (DW) adsorp-
tion isotherm can be taken into account [53]. The model assumes that the adsorption of
water occurs quite independently, on strong—high-energy and on weak—low-energy sites.
The former binding primary centers consist mainly of hydrophilic groups. In the model, it
is simplified that there is only one type of secondary sites on which, for the adsorbed water,
two-or three-dimensional hydrogen-bonded clusters can begin to build up even before
all the primary sites are occupied. The simplest and most popular form of the original
DW equation is the sum of Langmuir (adsorption on primary sites) and DS1 isotherms
(describing adsorption on secondary sites available for water molecules):

{ZmLKLh aoch

a4 = Apriy + Asec 1/ps+Keh ' 1—ch 1)
-
4 Ds1

where a,,; is the total surface concentration of all Langmuir-type (high-energy) sites, K} is
the Langmuir constant, and h = p/ps, ap and c are the number of adsorption centers and
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the kinetic constant related to the adsorption on secondary sites (of Dubinin-Serpinsky
type), respectively.

It is well-known that the difference in the shape of water isotherms is caused by
the combined effects of surface hydrophobicity (low-energy centers) and hydrophilicity
(high-energy centers). Water is known to have an extremely low affinity toward the
“pure” benzene ring and a high affinity toward polar sites leading even to chemisorption.
Subsequently, those adsorbed molecules on primary sites (both mentioned above types of
centers should be considered) can become secondary ones and adsorption on them occurs
following the original Dubinin-Serpinsky mechanism. Thus, the total adsorption is the
sum of the adsorption on all available for water molecules, primary (4,,;,,) and secondary
sites (asec). This simple model was presented as applicable to the description of different
adsorption data (see, e.g., [54,55]).

As NCU-1 possesses a high amount of high-energy adsorptive centers for the fitting
of experimental adsorption data (Figure 4) we have chosen the D-W Equation (1). It is seen
that it fits the experimental data satisfactorily—the determination coefficient is 0.9997, the
standard error of estimates is low, only in the case of 4y it exceeds 10% of the estimated
value. The fitted values of K, c and ay (x = L or 0) are summarized in Table 1. The Langmuir
constant K, is related to the affinity between the adsorbate and the adsorbent, while the
parameter c is the ratio of adsorption and desorption constants; value of ¢ = 1 suggests
non-interacting sites.

Adsorption (mmol/g)

P/Ps

Figure 4. Water adsorption isotherm on NCU-1, filled circles—adsorption, empty circles—desorption;
solid line—the fit of DW model (Equation (1)), and dashed lines—its components L and DS1.

Table 1. The estimates of model parameters for water adsorption on 1.

Parameter Estimate Std. Error p-Value
Amr, [mmol/g] 6.259 0.074 7.7 x 102
K, 3.27 0.15 25 x 10714
C 1.0073 0.0016 1.8 x 10740
ap [mmol/g] 0.0386 0.0052 7.6 x 1077

R? 0.9997
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It is seen that practically in the p/ps range 0-0.85 the Langmuir term is sufficient to
fit the data properly, the DS1 term is needed only for p/ps > 0.85 (Figure 4). Taking the
molar mass of {[Co(bpy)2(0x)][{Cuz(bpy)2(ox)}Fe(ox)3]}n without water (it was dehydrated
before the adsorption measurement) equal 1306.8 g/mol we obtain a,;, equal 8.2 mol
HyO/mol {[Co(bpy)2(0x)][{Cuy(bpy)2(0x)}Fe(ox)3]}n) (Table 1) which is very close to the
value obtained from the XRD experiments. Thus, one can conclude that H;O was adsorbed
mainly on primary sites. Moreover, it explained the specific surface area, determined from
low temperature adsorption of Ny, being close to zero.

To confirm the HyO adsorption on primary sites the DRIFT measurements were per-
formed. The IR spectrum of NCU-1 (Figure 5) shows the characteristic bands of all ligands.
Crystallization water molecules can be detected due to the broad intense band with the
maximum at 3424 cm™ related to O-H stretching vibrations. The presence of bisbidentately
coordinated 2,2’-bipyridine molecules can be confirmed by intense bands at 1600 and
1580 cm ! assigned to v(C=C) and v(C=N), respectively, as well as 6(C-H) vibrations in
the aromatic ring, whereas medium intensity bands at 3068, 1180, and 1033 cm ™! corre-
spond to CH vibrations of aromatic rings [56-59]. There are four coordination modes of
oxalate anions and hence, several bands corresponding to different vibrations of this five-
membered ring were registered. Intense bands in the region of 1720-1620 cm ! are related
to asymmetric vco vibrations, whereas those at 1400-1340 cm™! come from symmetric vco
vibrations [38,60]. Another bands occurred at 1274, 1246 (v(CO) + §(OCO)) ecm 1.

E(A) 0(OH) v(CH)
i P 3+ 0.20 I
© o 20°C s mi— o > 1
m E_ —— 2 e -
(%] F
= |
© -
2
5 i
S |
2 |
< |
4000 3600 3400 3200 3000 280(
Wavenumbers (cm)
(B) 1 | (C)
o UCO) 5wy B(0-C-0)
L 5-R
20°C
[} 8
(5]
=
o
=]
(=]
wn
E=]
a
= 120 °C |}
1850 1800 1750 1700 1650 1600 1550 1400 1350 1300 1250 1200 1150

Wavenumbers (cm-') Wavenumbers (cm-')

Figure 5. The influence of heat treatment temperature (20-120 °C) in H,O/He atmosphere studied
via IR spectroscopy. Changes in spectra are shown in 4000-2800 cm~! (A), 1850-1550 cm ! (B) and
1440-1150 cm ! (C) ranges.

The increase in temperature causes a gradual removal of HyO from the structure—
observed mainly as the decrease in the intensity of v(OH) band (3700-2800 cm™). The band
shape being very broad indicates that H-bonding occurs to a great extent. Interestingly,
simultaneously to the HyO removal from the structure, the v(CH) bands of bpy ligands



Int. . Mol. Sci. 2022, 23, 1556

9of22

become more intense. It proves the strong interactions (through H-bonding) of Hppy with
O (from H,O). Moreover, these interactions are much stronger than H-bonds between two
H,O molecules. This observation explains (i) the complete lack of hysteresis loop, (ii) the
Langmuir-shape in the low and middle pressure range, and (iii) the drastic rise during pore
filling (high pressure range) in H,O adsorption isotherm.

Oxalate binds to a metal ion, forming five-membered chelating rings [61,62]. Co-
ordination of oxalate to metal (Me) ions drastically changes its structural and electronic
environment, thereby leading to the appearance of more complex IR spectra compared
to the free oxalate spectrum [63]. As can be seen from Figure 5C, the position of the IR
bands change progressively when H,O is removed from the structure. Changes of the
five-member ring are more pronounced, while for v(C=0) are not so obvious. When H,O
is present in the system, the ring looks to be stressed while it expands (red shift of the IR
bands) when removing H,O.

Full reversibility of adsorption H,O isotherm (Figure 4) requires a robust structure
which cannot undergo a transformation during H,O adsorption. Thus H,O-D,0O exchange
was studied. The experiments showed that the sorption of both, H,O and D,O is equal
quantitatively (Figure S8). But the most important is that the whole structure remains
unchanged—all the characteristic bands mentioned above persist their positions. The only
observable spectral changes are connected to H,O to D,O exchange (Figure 6). Interestingly,
the declining §(H>O) band intensities are much smaller than increasing 6(D,0O). This,
together with the facts that: (i) zig-zagged bands appear in 6(H,O) region and (ii) some
differences in the kinetic of HyO and D,O desorption from NCU-1 are observed (Figure S8);
is most likely the reflection of the stronger interaction of H,O than D,O with the structure
of NCU-1. It is not possible at this moment to distinguish if HDO molecules appear in the
channels or as results of proton exchange on the adsorbed molecule.

I

H,0
1800 1700 1600 1500 1400 1300 1200
Wavenumbers (cm™)
Figure 6. The isotopic effect of HyO/D,0O and D,0/H,0 exchange on the fingerprint region of

NCU-1. Upper panel the original FTIR spectra, bottom—the differential spectra relative to the
spectrum after H,O adsorption.



Int. J. Mol. Sci. 2022, 23,1556

10 of 22

2.6. XAS Experiments

The energy ranges for iron, cobalt, and copper were carefully selected to avoid the edge
regions of other elements, which is crucial for proper spectra normalization. It is especially
important for iron which has to be truncated relatively early because of the presence of
cobalt. These spectra show a more intense band corresponding to L3 edge followed by much
smaller L, peaks and the former one is discussed in detail in the Supplementary Materials
(Table S5). For iron(IIl) and copper(Il) the observed spectra are similar to those registered
for the identical building blocks reported in the literature [64,65] (Figure S9). Hence, we
can suppose that the electron structure of those units and the metal oxidation states are also
similar (see discussion in Supplementary Materials). For cobalt, the multiplet is complicated
and consists of four bands (Table S5). The first two components occurs at 777.2 and 779.0 eV,
whereas the main peak is found at 781.0 eV (Figure 7) with a small postedge feature at
783.7 eV. This pattern is similar to [Co(bpy);]** complex [41]. However, in NCU-1 one of
these ligands is substituted by oxalate anion producing a much weaker ligand field and
hence, impairing the direct comparison of multiplets in both complexes. Nevertheless,
some observations are useful. In [Co(bpy)3]3+, the main feature is attributed to the low
spin configuration and the weak high energy peak to MLCT transition, whereas two low
energy peaks can be ascribed mainly to high spin configuration. Therefore, in the reported
compounds it is conceivable that the ligand substitution with oxalate reducing ligand field
splitting can result in some admixture of this configuration. However, the magnetic data
clearly indicate the diamagnetic low spin state of [Co(bpy).(0ox)]* accompanying the active
exchange interactions along the [{Cuy(bpy),0x}Fe(0x)3]~ chain counterions.

12 = I.3

10 - w

Normalized xpyE)

O T T T T T T 1
770 775 780 785 790 795 800 805

Energy [eV]

Figure 7. Normalized XANES spectra of cobalt(IIl) L, 3-edge with the multiplet components at 777.2,
779.0 (2p—3d(tag, €g)), 781.0 (2p—3d(eg)), 783.7 (MLCT), and 795.4 eV.

2.7. Magnetic Properties

Figure 8a shows the plot of the molar magnetic susceptibility in the form of the xT
product against temperature T for the powder sample of NCU-1 (black symbols). The xT
values decrease on lowering the temperature from 5.33 cm3-K-mol ! at 300 K first steadily
and next below 10 K abruptly displaying at the lowest temperatures an upturned kink
with the value of 4.44 cm®-K-mol~! at 1.98 K and 4.48 cm?®-K-mol~! at 1.80 K. The high
temperature value of XT is slightly higher than the value of 5.13 cm3-K-mol ! expected
for combined contributions from one Fe(Ill) ion (Sp. = 5/2, gre = 2.0) and two Cu(Il)
ions (Scy = 1/2, gcy = 2.0). Figure 8b shows the inverse susceptibility of the studied
system (symbols). On lowering the temperature, it displays an almost linear decrease
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meeting the origin of the coordinate system (T, x~1). The measurements of the isothermal
magnetization demonstrated the lack of opening magnetic hysteresis (not shown) implying
a soft magnetic material with negligible anisotropy. In Figure 8c, the experimental data
for the field dependence of the magnetization at 1.8 K (symbols) are shown. The curve
displays a monotonic increase with an increasing field value, not exceeding the maximal
field value level of 5.13 N4 up, which points to the strongly antiferromagnetic character
of the coupling between the Cu(Il) ions leaving effectively the sole contribution from the
Fe(IIl) ion (Spe = 5/2 with gpe ~ 2.065).

54 . T T T T T 60 . .
* experiment
., 524 50 MF fit
S 50+ S 401
E £
X
o 481 "?E 301
5 G
= 461 = 201
~ IR
R 4.4 @ experiment | 104
SC model
4.2 T T T T T T 0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK] TIK]
(a) (b)
5_
— 41
<
Z. 3
s )
14 s experiment ]
Brillouin function
0 1 2 3 4 5 6 7
HoH [T]
(c)

Figure 8. (a) Temperature dependence of the xT product of NCU-1 (symbols) together with the
best fit to the semiclassical model (red line). (b) Temperature dependence of the inverse molar
susceptibility of NCU-1 (symbols) together with the best fit to the molecular field model (red line).
(c) Field dependence of the molar magnetization of NCU-1 at 1.8 K (symbols). The red line shows the
Brillouin function for the single Fe(III) spin with Sg, = 5/2 and gg. = 2.065 (the best fit value implied
by the SC model).

In what follows we make an effort to extract the magnetic interactions present in the
studied system from the magnetic measurements. Unlike in [4,32], where similar ladder-like
topologies have been reported, we attempt, here, to go beyond a simple zero-dimensional
(0D) spin Hamiltonian, developed in the next section for the sake of comparison, and reflect
the genuine topology of NCU-1 taking duly into account all interaction pathways (see
sections; Molecular field prediction and Semiclassical model).

2.7.1. Simple Dimer Model

The structural analysis of NCU-1 exhibited the dinuclear “Cul-ox-Cu2” cations, with
an almost symmetrical oxalate bridge forming a ladder due to the connection through
tris(oxalato)ferrate(IlI) ions (Figure 1). To explain the magnetic properties, a simple model
involving only copper(Il)-copper(Il) interaction was first used and copper(Il)-iron(Ill) inter-
actions were ignored. We applied Hamiltonian in the form H = —Jcy-cu(Scu1Scu2). We used
the PHI program [66] in the fitting procedure, which allows for the simultaneous fitting
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of xT(T) and M(H) dependences. In this simple model, temperature-independent mag-
netism (X() and molecular field corrections term (z]’) were also introduced. Two different
approaches to g-factors were used. In the first, only one g-factor was used. The best reason-
able fit parameters were gcy = gre = 2.068, Jcy-cu = —324.4 em ™1, %o = +0.00089 cm3-mol 1,
7]’ = +0.007 cm~! and with good values of the test functions Ryt =2 (XTops — XTcatc)? /%
(XTops)? = 3.66:107° for xT(T) data and Ryt = & Mgps — Meate)?/Z (Mgps)? = 4.54-1074
for M(H) data. In the second, g-factors, gcy = 2.00 and gpe = 2.065, were taken from
SC model (see below) and fixed. In this case, the best reasonable fit parameters were
Jeuw-cu = —327.0cm ™1, xo = +0.00095 cm®-mol !, zJ’ = —-0.006 cm ! and with following
values of the test functions R defined as above, Ryt = 3.17-107° for xT(T) data and Ry; =
4.31-10~* for M(H) data. As we can see, in both cases, the key parameter, i.e., the Cu-Cu
exchange integral, has shown almost identical values.

2.7.2. Molecular Field (MF) Prediction
Let us consider a chain with A;A;B topology, as depicted in Figure 9, where single
centers of spin Sg with the spectroscopic factor gp alternate with a couple of spins Sy with
the spectroscopic factor g4. Centers A, Ay and B are exchange coupled with Jq, J2, J3, J4,
and J5 being the exchange coupling constants. The chain is of length N in terms of the
A1 A;B units. The pertinent Hamiltonian has the following form
.~ N A oA A oA A oA A oA A oA
H= 421 {—=T15A,i"Sapi — ]2 asi-SBi+1 — J3SAi-SBi+1 — JaSa,i-SBi — J5SA,i-SBi +
= S @
gamB(Sai + Sayi)-H+ gBﬂBSBi'H}

—
where up is the Bohr magneton, H denotes the external magnetic field, and the peri-

odic boundary conditions are imposed, i.e., §BN+1 = Sp1. The molecular field the-
—
ory is expressed in terms of net magnetization My,; = —N AgAyB<S A1i>, May,i =
— —
—Nagaps( Sa,i ) and Mp; = —NAgByB< SBi> (molar quantities are considered here

and angle brackets denote thermodynamical averaging) corresponding to the i-th subsys-
tem of A-type and B-type, respectively, rather than the subsequent spin variables.

MB i-2 MM i-2 MB i1 MA1 i1 MBf MM i MB i+ MM i+ MB 2 MA1 2 MB H3 MA1 3

MAZ 2 MAZ i1 MAZl' MAZiﬂ MAZ 2 MAZ +3

Figure 9. Scheme of a chain with A; A, B topology. The system consists of alternating single-center
subsystems of type B and two single-center subsystems of type A. The molecular field theory is
expressed in terms of net magnetization M 4,;, M,; and Mp; (i=1,...,N).

Applying the procedure described in Supplementary Information, and identifying
sublattices A; and A; with the Cu(Il) subsystem (Sc,, = 1/2) and sublattice B with the Fe(III)
subsystem (Sge = 5/2), one arrives at the following practical formula for the MF molar
susceptibility of the studied system xyp = P/Q, where

_ Napg 1, 35, 35 Joa+Js 1 5 |

- kg T EgCu + ﬁgFe + ﬂgCugFe kgT ggCukBiT 33)
35 2gcugrel1(Joa + J35) — 8te)? — 884 (J2a — J35)? a
192 (kT)?




Int. J. Mol. Sci. 2022, 23,1556

13 of 22

_ 1| 7003 +J35) + 6] | 3511)aa)a5
Q=1-— > + 3 (3b)
96 (kgT) (ksT)
where kg—the Boltzmann constant, Jo4 =], + J4, and J35 = J3 + J5. The above formula will
be used in what follows to obtain a preliminary estimate of the exchange interactions in the
system under study.

2.7.3. Semiclassical (SC) Model

There is no available exact model to treat such a complex system with a knotted
arrangement of spins within the chain. Nevertheless, even a necessarily approximate
approach aimed at rationalizing the magnetic behavior may shed some light on the nature
of magnetic interactions in this system. To obtain the zero-field susceptibility of the
chain segment, a semiclassical analytical approach [67] is employed. In this scheme,
the relatively large spin of the Fe(Ill) ion of the FeCuy unit (Sge = 5/2) is treated as a
classical commuting variable, while the remaining two Cu(Il) spins (Scy = 1/2) are given a
rigorous quantum mechanical treatment. Unfortunately, the ensuing calculation cannot be
performed analytically for the configuration of exchange couplings depicted in Figure 9,
representing one of the pathological situations mentioned by the authors of [67]. Only
by accepting the further restriction of J, = J3 = Jo3 and J4 = J5 = J45 the calculation can be
brought to its final explicit conclusion. The Hamiltonian of the finite chain involving N
trimer units in Equation (2) may be rewritten as the sum of partial Hamiltonians

. N - = -
Hy =) Hiiv1(¥i, Si, Siv1, H) 4)
i=1
where ¥; denotes the quantum subsystem of the two Cu(Il) ions within the i-th trimer, Ei

denotes the classical spin of the Fe(IlI) ion of that trimer, and I?I is the external magnetic
field, and the partial Hamiltonians real
. . . — — — R . . =

Hij1 = (Scuyi + Scuyi)(—Jas Si — J23Siv1 + gcubBH) — J1Scuyi*Scuyi + §rettsSi-H - (5)
where isotropic Heisenberg exchange interactions between the constituent ions are assumed
and the Zeeman terms introduced. In addition to the coupling constant J;, describing the
superexchange interaction between the two Cu(ll) ions of the trimer unit, two different
superexchange coupling constants Jo3(= ], =J3) and J45(= J4 = J5) alternating along the chain
are assumed. The corresponding partition function may be written as

— —

— — — — - = - =
Zn(H) = /dsl/dsz . -/d5N+1V1,2(51, So,H)...VnN+1(S, Sny1, H)  (6)
- = — ~ - = —
where V;;11(Si, Siy1, H) = Tr{exp[—BH;i+1(¥i, Si, Si+1, H]} and the trace is performed
—
over the degrees of freedom of the quantum subsystem ¥;. In Equation (6) [ dS; denotes
—

integrating over all directions available to the classical variable S; and B = 1/kgT is
the Boltzmann factor. The zero-field magnetic susceptibility is obtained through second-
—

order differentiation of Z N(ﬁ ) with respect to H. As argued in [67], if only the exchange
couplings in the system are isotropic, the calculation can be performed rigorously. Taking
in the final step the thermodynamic limit (N — o) one obtains the following expression
for the zero-field susceptibility of the FeCu, chain unit

1+
{ 8FeSre(Sre + 1)% + 682,00+

288, Srel(Sre + V(B + F)o"o + 2slisp”s ]+ %
+49FegCuSre(Sre + 1)ﬁ Uns + Jus) (/g + p'1)+

+882SFe (Sre + 1) 125 82 (J3po + Jasp'1) (Jazp'y + ]45P/0)}

_ Napg
Xsc = kT
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where the quantities p, py’, and p,” (x = 0, 1) are dimensionless functions of Jy, J»3, J45, and
B, and their definitions are provided in the Supporting Information. There is no rigorous
way one can introduce the interchain interactions into the model. Therefore, we decide
here to employ the molecular field approximation, which yields the molar susceptibility
of the interacting FeCuy chain unit xccy (CCU stands for Coupled Chain Unit) in the
following form

XscC

z]"xsc ®

Napgg’
where z]/ is the effective interchain coupling constant, and § = {/¢%,gr. is the average
spectroscopic factor of the FeCu, chain unit.

Xccu =

2.7.4. MS and SC Results

Let us start the presentation of the results with the analysis of the high-temperature
behavior of the x ! signal by employing the molecular field theory. The MF theory was
demonstrated above to give rise to the specific prediction for the high-temperature regime
quoted in Equation (3a,b). The function (xmr + xo) " was fitted to the experimental data
of the inverse susceptibility above 80 K. All parameters gcy, gre, J1, J24, J35, and xo were
relaxed during the fitting run. The best fit shown in Figure 8b by the solid line yielded the
agreement quotient of

Rt = ¥ op(T) = Xbaa(T)] /L ()] =151077 ©)
T>80K T>80K

and the following set of parameters: gc, = 1.9(1), gre = 2.063(2), J1 = —226(51) cm L, Jou
= —20(1) em™1, J35 = —20(2) em ™!, and ¥ = +0.0014(1) cm3-mol~!. The Landé factors
are plausible for the Cu(II) and Fe(IIl) ions, although that of the Cu(ll) ions is slightly
reduced. There is a large antiferromagnetic superexchange coupling between the Cu(II)
ions, and relatively smaller and, also, antiferromagnetic couplings between the Cu(Il)
and Fe(III) ions on the order of —10 cm~! (let us remind you that Jo4 =J» + J4 and J35
=]J3 + J5). Let us note that the amplitudes of the Jo4 and J35 are exactly the same not
allowing to differentiate between the bridges joining the Cul and Cu2 ions with the Fe
ion. The temperature-independent susceptibility correction X, turns out to be positive
with the amplitude comparable to that reported for the Co(Ill) ion in SrTig ¢5Co0¢ 3503
(~0.00081 cm3-mol~1) by Pascanut et al. [68] and in oligonuclear Fe(ITT)-Co(IIT) compound

with oxido-, sulfato-, and cyanido-bridging ligands (~0.000985 cm3-mol 1) [69].
Preliminary calculations of the xT signal using the SC chain model with an additive
temperature-independent susceptibility correction xo showed a large discrepancy between
the experimental and calculated values (the calculated signal was substantially larger in
the low temperature regime). This indicated the need to take into account the interchain
interactions. They originate from the system of hydrogen bonding, n-7t stacking contacts,
and finally from the through-space dipole-dipole coupling of the constituent magnetic
moments. The reality-faithful introduction of the interchain coupling into the procedure
would pose a cumbersome and complex computational problem, therefore we decided to
conduct it within the simple and well-known molecular field approximation, where the
resultant susceptibility signal is calculated according to the formula in Equation (8). The
trials to relax the whole set of parameters, gcy, gre, J1, J23(=J2 =J3), Jas(=J4=J5), X0, and
z]” were all unsuccessful failing to reproduce the low-temperature end of the xT signal,
although the values of the coupling constants J,3 and J45 fell very close. Therefore, we
decided to reduce the number of fitted parameters by setting these coupling constants
equal. Just thereon we observed an instant improvement of the fit quality resulting in
an excellent agreement of the model with the experimental data, however it involved an
unphysical prediction of gc,, = 1.28(4), and, therefore, must be dismissed. In the next and
final step, we carried out the fitting procedure with the Landé factor of the Cu(II) ions fixed
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at the value of gc,, = 2.0. The ensuing fit is shown in Figure 8a by the solid line and yielded
the satisfactory agreement quotient of

Ryr = LI(T)E® = ()™ /L [(r) ) = 43107 (10)
]

1

and the following parameter values: gg. = 2.0650(3), J; = —275(29) em L, Jos = Ju5 =
—3.8(1.6) cm 1, % = 0.00105(5) cm®-mol 1, zJ’ = —0.0273(5) cm L. The value of the Landé
factor of the Fe(IlI) ion is consistent with molecular field prediction. The exchange cou-
pling constant between the Cu(lIl) ions J; is negative and larger in magnitude than its
MF counterpart, but their values agree within the error margins (their error intervals do
overlap). The values of the coupling constants J»3 = J45 between the Cu(II) and Fe(IIl) ions
are smaller than the MF prediction of —10 cm ™!, however the MF model usually tends to
overestimate the coupling strength. The susceptibility correction X is likewise positive and
smaller, which makes it closer to the values reported in the literature [68,69]. And finally,
the interchain coupling constant is of plausible magnitude and negative, which implies an
antiferromagnetic arrangement of magnetic moments originating in adjacent chains. The
solid line in Figure 8c shows the shape of the Brillouin function corresponding to a single
Fe(III) ion (Sge = 5/2) with the Landé factor equal to the best fit value gp. = 2.065. A good
agreement is consistent with the strong antiferromagnetic coupling between the Cu(II) ions.
A small discrepancy is observed at intermediate field values, most probably due to the state
of weak frustration, which is the case with all coupling constants J; to J5 being negative.

2.7.5. Magnetostructural Comparison

In the reported structure, copper(Il) cations are close to each other (5.132 A) and the
bridge geometry given by coplanar arrangement of Cul and Cu2 basal planes (12.57°)
as well as angles between basal planes and bridging oxalate (3.40 and 9.54°) result in
strong antiferromagnetic Cu-Cu coupling (—275 cm™1). Table S2 shows a list of compounds
containing the oxalate-bridged Cu(Il) dimer units together with the corresponding values
of the Cu(Il)-Cu(Il) exchange coupling constant. It can be seen that the magnetic cou-
pling ranges from —400 cm~! to weak antiferromagnetic or ferromagnetic coupling. The
studied compound falls onto the weaker side of the strong antiferromagnetic coupling,
being most close to compounds 3 or 38. It is well established for oxalate-bridged Cu(II)
complexes [70-72] that the value and type of the exchange coupling is essentially deter-
mined by the magnitude of the overlap between the symmetry-adapted highest occupied
molecular orbitals of the oxalate ligand and the metal-centered magnetic orbitals. If the four
oxalate oxygen atoms are coordinated with short bond distances to each Cu(Il) center in a
way that is coplanar with the singly occupied molecular orbitals (SOMOs) of the copper
atoms (coplanar topology) the strong antiferromagnetic coupling arises. On the other
hand, if the oxalate ligand behaves as an asymmetric bis-bidentate bridging ligand and the
two metal-centered magnetic orbitals are parallel to each other and perpendicular to the
oxalate ligand (perpendicular topology), a weak ferromagnetic (accidental orthogonality)
or antiferromagnetic coupling is implied. The full discussion of the geometric parameters
affecting the bridge geometry, and hence, possibly influencing magnetic properties is given
in the Supplementary Materials (Figures 510-514, Table S2).

3. Materials and Methods
3.1. Materials and General Procedure

The starting K3[Fe(ox)3]-3H,O [73] and [Cu(bpy)2(NCS)](NO3) [74] complexes were
prepared according to the literature procedures. Other reagents used in the synthesis
were of analytical grade and used without further purification. Elemental analysis (C,
H, N) was carried out with a Vario MACRO analyser. IR spectrum was recorded on
a Perkin Elmer FT-IR 2000 spectrophotometer in the 4000400 cm~! region using KBr
discs. Thermal behavior was studied on an SDT 2600 TA Instruments by simultaneous
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) in a stream
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of synthetic air up to 1000 °C. The powder diffraction patterns were collected using a
Phillips X'Pert Pro diffractometer equipped with an X’Celerator Scientific RTMS detector
using CuKy radiation. The diffractograms were registered with step of 0.017° 26 and
exposure time 300 s in the range 3 < 20 < 50° for NCU-1 and 180 s in the range 5 <20 <
120° for the products of the thermal analysis. X-ray absorption spectra were recorded at
the National Synchrotron Radiation Centre SOLARIS at the bending magnet PEEM/XAS
beamline for Fe (680-770 eV), Co (750-920 eV) and Cu (900-1050 eV) L, 3-edges. The
sample was finely ground and attached to double-sided adhesive conductive graphite
tape. The measurements were performed with the step size of 0.2 eV for the pre-edge
region, 0.1 eV for the edge regions, and 0.5 eV for the high energy part. The data sets
were collected at room temperature in ultra-high vacuum (UHV) using total electron yield
mode (TEY). The measurements were repeated at least five-fold. The data were processed
using the ATHENA program from Demeter package [75]. Magnetic measurements in the
temperature range 1.8-300 K (1oH = 0.1 T) and in the magnetic field range 0-7 T (T = 1.8 K)
were performed using a SQUID MPMS-3 magnetometer, in a sample holder made from a
small plastic envelope with very well estimated diamagnetic characteristics. The raw data
have been corrected for the diamagnetic contribution of the sample holder measured in
a separate run. The diamagnetic susceptibility of the studied compound estimated using
Pascal constants was found to amount to —660 x 10~° cm®-mol~!, however, it was not
subtracted from the measured susceptibility. Instead, it will be taken into account within
the following fitting procedures in the form of an additive correction X together with the
expected positive temperature-independent contribution (TIP, the second-order Zeeman
contribution) from the off-chain Co(Ill) diamagnetic ion and two Cu(Il) ions.

3.2. Synthesis of {[Co(bpy),(0x)I[{ Cuy(bpy)s0x}Fe(ox)3]},-8.5nH,0 1

First, 0.0971 g (ca. 0.41 mmol) CoCl,-6H,O and 0.1684 g (ca. 0.43 mmol) Kz[Fe(ox)3]-3H,O
were placed in a beaker and dissolved in 10 mL of distilled water yielding orange solution
which was added dropwise to a green solution of 0.1970 g (ca. 0.40 mmol) [Cu(bpy),NCS](NO3)
dissolved in 45 mL of acetonitrile. After 2-3 weeks, salmon needles of NCU-1 appeared.
They were isolated by filtration and identified by SC XRD analysis. The number Yield:
73.0 mg. Found: C, 41.59; H, 3.17; N, 7.73%. Calc. for C50H49CoCuyFeNgOyg5: C, 41.14; H,
3.38; N, 7.68%. IR/cm™!: 3424 (br, s), 3116 (w), 3068(m), 3037 (w), 2921 (m), 1725 (s), 1657
(vs), 1620 (vs), 1605 (w), 1571 (m), 1499 (m), 1474 (s), 1444 (s), 1384 (m), 1345 (s), 1317 (s),
1274 (m), 1246 (w), 1224 (m), 1164 (s), 1104 (s), 1033 (s), 981 (s), 881 (vs), 855 (m), 771 (vs),
728 (m), 656 (s), 618 (s), 529 (s), 476 (vs), 421 (m). After another month, the green crystals
were grown from the supernatant and identified by SC XRD as [Cu(bpy)(NCS),] (see the
discussion below).

3.3. Single Crystal X-ray Diffraction Measurements

The preliminary experiments were carried out at room temperature using an Oxford
Diffraction Sapphire CCD diffractometer, MoK« radiation A = 0.71073 A. However, due to
the large b value, a significant spot overlapping was observed, and hence, the symmetry
and this cell parameter were erroneously identified as P2/c and 24.682(4) A, respectively.
The final diffraction data of the studied compound were collected at 100 K on MX14-2
beamline (Helmholtz Zentrum Berlin, Bessy II). First, the data were processed in xdsapp
software [76,77], and subsequently CrysAlis Pro [78] was used to apply the numerical
absorption correction. The structure was solved by the direct methods and refined with
the full-matrix least-squares procedure on F2 (SHELX 2013/4) [79]. All heavy atoms were
refined with anisotropic displacement parameters. Positions of hydrogen atoms were
assigned at the calculated positions with thermal displacement parameters fixed to a value
of 20% higher than those of the corresponding carbon atoms. There are 15 water positions
accounting for 8.5 water molecules given in the formula. ISOR restraints were applied
for some atoms, mainly partially occupied water molecules to assure stable refinement.
All figures were prepared in DIAMOND and ORTEP-3 [80,81]. The results of the data
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collection and refinement have been summarized in Table S1. Additional single crystal
experiments were performed also at MX14-2 beamline for crystals soaked over 48-72 h in
acetonitrile and bromobenzene.

3.4. Water Adsorption-Desorption Measurements

The detailed specification of the implemented procedure, was described elsewhere [82-84].
Briefly, water adsorption-desorption measurements were performed at the temperature
of 25 °C using a typical gravimetric adsorption apparatus equipped with the Baratron
pressure transducers (MKS Instruments, Miinchen, Germany). Before the measurements,
each sample was thermally desorbed under a high vacuum until a constant mass was
obtained (usually after 3 days).

3.5. In-Situ DRIFT Investigations

Water adsorption was performed under isobaric conditions (p = 4 kPa by flowing
He gas through H,O scrubber at 25 °C). By changing the temperature of the chamber (A
Praying Mantis in-situ cell from Harrick Scientific Corporation) up to 120 °C (with the
ramp 1 °C/min), the adsorption isobars were obtained. The construction of this cell enables
the thermal treatment of the powdered sample up to 600 °C in any controlled atmosphere
or in vacuum. The IR spectra of the samples were recorded (using Nicollet S10, Thermo
Scientific, Waltham, MA, USA) with a period of 2 min.

4. Conclusions

Tending to develop new multimetallic coordination complexes [85,86], we report the
original architecture {[Co(bpy)2(0x)][{Cuz(bpy)2(0x)}Fe(0x)3]}n-8.5nH,O NCU-1, as a prod-
uct of the self-assembly between the complex building block originating from the recombi-
nation of [Co(H20)4]Cly, [Cu(bpy)2NCS](NOs3) and Ks[Fe(ox)3] in aqueous solution. The
molecular recognition led to the occurrence of oxalate-bridged 1D [{Cuy (bpy)2(0x)}Fe(0X)3] ™ e
ladders of very rare topology, shown only very recently to crystallize with simple alkali
metal cations. In NCU-1, however, these molecular 1D modules co-crystallize with much
larger in situ formed [Co(bpy)2(0x)]* cations to produce a new robust porous architec-
ture stabilized by charge-assisted hydrogen bonds and 7-m interactions. The sorption
studies coupled with the IR studies indicated the full reversibility of quantitative sorp-
tion/desorption of H,O over the hydrophilic surface within the porous space 963.7 A% per
one cell (16.9% of cell volume). Thus, NCU-1 exhibits an interesting hybrid porous molec-
ular system combining the structural features of MOFs and HOFs. Finally, considering
a relatively complicated 1D ladder topology of NCU-1, we developed our own general
approach to optimize the description of super-exchange magnetic interactions in the like
systems. The presented studies could be important from the viewpoint of a still developing
field of multicomponent modular systems.

The presented studies could be important from the viewpoint of the still developing
field of multicomponent modular systems. While the individual molecular architecture of
NCU-1 seemed to be unavailable using the direct self-assembly method from the building
blocks, we conclude that its overall scheme may be advantageous towards the creative
design through the systematic modular structure-property modification approach. Each of
the NCU-1 components, namely anionic bimetallic chain, monometallic cationic complex,
and crystallization solvent molecules creates its own specific zone (Figure 10). It is quite
easy to imagine that other cationic species of the functional potential, e.g., the spin-crossover
complexes (switchability) or non-innocent organic cations (electronic conductance) may
be arranged in the dedicated 1-dimensional space (orange zone in Figure 10) to shape the
separate functional subnetwork. The implementation of the building blocks of diverse
size or/and electronic charge should implicate, on the other hand, the tuning of solvent
accessible space zone, to reinforce the sorption potential (green zone in Figure 10). This
functionality might be also built up by a systematic use of accessible oxalato ligands
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analogues, e.g., broad family of anilato ligands, through the formation of analogous (or
modified) coordination arrangement (blue zone in Figure 10).

Figure 10. The partition of the molecular architecture of NCU-1 for the modular structure-function
modification. Yellow zones provide the space for various functional cations, the green zones provide
the solvent accessible space, and the blue zones provide the modification of the extended coordination
skeleton. For more details see text.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23031556 /s1.

Author Contributions: Conceptualization T.M.M.; methodology TM.M., R.P. (Robert Podgajny), R.P.
(Robert Petka) and M.W.; formal analysis TM.M., R.P. (Robert Podgajny), R.P. (Robert Petka), M.W.
and G.W.,; synthesis N.T.; IR spectroscopy N.T. and M.W.; thermal analysis TM.M.; XAS TM.M.; XRD,
and PXRD T.M.M.; magnetic measurements and data analysis R.P. (Robert Podgajny), R.P. (Robert Petka),
D.C. and G.W,; sorption studies M.W. and S.K.; writing TM.M., R.P. (Robert Podgajny), R.P. (Robert
Petka), G.W. and M.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Higher Education, Republic of
Poland (Core funding for statutory R & D activities). R. Podgajny acknowledges the support from the
National Science Center in Poland; grant OPUS 18, UMO 2019/35/B/ST5/01481. Magnetic measure-
ments were performed using the equipment purchased from the Large Research Infrastructure Fund
of the Polish Ministry of Science and Higher Education (decision no. 6350/IA/158/2013.1).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: Diffraction data were collected on MX14-2 at the BESSY II electron storage ring
operated by the Helmholtz Zentrum Berlin [87]. We would particularly like to acknowledge the
help and support of Piotr Wilk during the experiment. XAS research took place at the National
Synchrotron Radiation Centre SOLARIS, at the PEEM/XAS beamline. The experiment was performed
thanks to collaboration of the SOLARIS team (Marcin Zajac and Tomasz Giela).

Conflicts of Interest: There are no conflict to declare.

1.  Keene, T.D.; Zimmermann, I.; Neels, A.; Sereda, O.; Hauser, J.; Bonin, M.; Hursthouse, M.B.; Price, D.].; Decurtins, S. Heterocyclic
amine directed synthesis of metal(II)-oxalates: Investigating the magnetic properties of two complete series of chains with S =
5/2to S =1/2. Dalt. Trans. 2010, 39, 4937—4950. [CrossRef] [PubMed]

2. Marinescu, G.; Andruh, M,; Lloret, F; Julve, M. Bis(Oxalato)Chromium(III) complexes: Versatile tectons in designing heterometal-
lic coordination compounds. Coord. Chem. Rev. 2011, 255, 161-185. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23031556/s1
https://www.mdpi.com/article/10.3390/ijms23031556/s1
http://doi.org/10.1039/b927522c
http://www.ncbi.nlm.nih.gov/pubmed/20407670
http://doi.org/10.1016/j.ccr.2010.08.004

Int. J. Mol. Sci. 2022, 23,1556 19 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Clemente-Leén, M.; Coronado, E.; Marti-Gastaldo, C.; Romero, FEM. Multifunctionality in hybrid magnetic materials based on
bimetallic oxalate complexes. Chem. Soc. Rev. 2011, 40, 473-497. [CrossRef] [PubMed]

KaniZzaj, L.; Mol¢anov, K.; Tori¢, F,; Paji¢, D.; Loncari¢, I; Santi¢, A.; Juri¢, M. Ladder-LIKE [CrCu] coordination polymers
containing unique bridging modes of [Cr(Cy04)3]°~ and CryO;2~. Dalt. Trans. 2019, 48, 7891-7898. [CrossRef] [PubMed]

Wu, WY,; Tang, T.H.; Li, Y.,; Xu, S. Versatile oxalato-bridging modes: A novel three-dimensional framework structure of
manganese(ii) oxalate complex [MnC204]-0.5H20 and the relationship with other manganese(ii) oxalates. Dalt. Trans. 2021, 50,
485-489. [CrossRef] [PubMed]

Zhang, B.; Zhang, Y.; Zhang, J.; Yan, X.; Zhu, D. Step by step crystal-to-crystal transformation from 1D K,Cu(C;04)>(H;0)4 (1) to
1D KyCu(Cp04)2(H70); (2) and then 1D K,Cu(C,04), (3) by dehydration. CrystEngComm 2016, 18, 5062-5065. [CrossRef]
Fernandes, T.S.; Melo, W.D.C.; Kalinke, L.H.G.; Rabelo, R.; Valdo, A.K.; Da Silva, C.C.; Martins, ET.; Amords, I.; Lloret, F.;
Julve, M; et al. 2D and 3D mixed MII/Cull metal-organic frameworks (M = Ca and Sr) with: N,N’-2,6-pyridinebis(oxamate) and
oxalate: Preparation and magneto-structural study. Dalt. Trans. 2018, 47, 11539-11553. [CrossRef]

Alexandru, M.G,; Visinescu, D.; Shova, S.; Andruh, M.; Lloret, F.; Cano, ].; Julve, M. Three different types of bridging ligands in a
3d-3d’-3d” heterotrimetallic chain. Dalt. Trans. 2018, 47, 1010-1013. [CrossRef]

Li, A.M.; Rentschler, E. 1,2,4-triazole schiff base directed synthesis of polynuclear iron complexes: Investigating the magnetic
properties going from a dimer to a 1D chain to a 3D framework. Polyhedron 2018, 154, 364-372. [CrossRef]

Coronado, E.; Galan-Mascaros, ].R.; Marti-Gastaldo, C. A “cation-less” oxalate-based ferromagnet formed by neutral bimetallic
layers: {[Co(H0),13[Cr(0x)3]2(18-crown-6),}e0 (0Xx = oxalate dianion; 18-Crown-6 = C1oH4Og). Inorg. Chem. 2007, 46, 8108-8110.
[CrossRef]

Sadakiyo, M.; Okawa, H,; Shigematsu, A.; Ohba, M.; Yamada, T.; Kitagawa, H. Promotion of low-humidity proton conduction by
controlling hydrophilicity in layered metal-organic frameworks. J. Am. Chem. Soc. 2012, 134, 5472-5475. [CrossRef] [PubMed]
Garcia-Couceiro, U.; Castillo, O.; Luque, A.; Garcia-Teran, J.P.; Beobide, G.; Roman, P. Rational design of 2D magnetic metal-
organic coordination polymers assembled from oxalato and dipyridyl spacers. Cryst. Growth Des. 2006, 6, 1839-1847. [CrossRef]
Sanchez-Sanchez, C.; Desplanches, C.; Clemente-Juan, ].M.; Clemente-Leén, M.; Coronado, E. Photomagnetic properties of
an Fe(Il) spin-crossover complex of 6-(3,5-diamino-2,4,6-triazinyl)-2,2'-bipyridine and its insertion into 2D and 3D bimetallic
oxalate-based networks. Dalt. Trans. 2017, 46, 2680-2689. [CrossRef] [PubMed]

Dazem, C.L.F; Ndosiri, B.N.; Nfor, E.N.; Koferstein, R.; Shankhari, P.; Fokwa, B.P.T.; Nenwa, J. Synthesis, structures, thermal and
magnetic properties of two Bis(Oxalato)Cuprate(II) hybrid salts containing pyridinium derivative cations. J. Mol. Struct. 2020,
1203, 127399. [CrossRef]

Coronado, E.; Galan-Mascar6s, J.R.; Marti-Gastaldo, C. Single chain magnets based on the oxalate ligand. J. Am. Chem. Soc. 2008,
130, 14987-14989. [CrossRef]

Coronado, E.; Galan-Mascards, ].R.; Gomez-Garcia, C.J.; Martinez-Ferrero, E.; Almeida, M.; Waerenborgh, J.C. Oxalate-based
3D chiral magnets: The series [ZH(bpy)3][CIO4][MHFeIH(ox)3] (Z" = Fe, Ru; M = Mn, Fe; bpy = 2,2-bipyridine; ox = oxalate
dianion). Eur. J. Inorg. Chem. 2005, 11, 2064-2070. [CrossRef]

Clemente-Leén, M.; Coronado, E.; Lopez-Jorda, M.; Waerenborgh, J.C. Multifunctional magnetic materials obtained by insertion of
spin-crossover felll complexes into chiral 3D bimetallic oxalate-based ferromagnets. Inorg. Chem. 2011, 50, 9122-9130. [CrossRef]
Loépez-Jorda, M.; Giménez-Marqués, M.; Desplanches, C.; Minguez Espallargas, G.; Clemente-Leén, M.; Coronado, E. Insertion of
a [Fe'l(pyimH)3]?* [pyimH = 2-(1H-Imidazol-2-yl)pyridine] spin-crossover complex inside a ferromagnetic lattice based on a
chiral 3D bimetallic oxalate network. Eur. J. Inorg. Chem. 2016, 13-14, 2187-2192. [CrossRef]

Tiwari, RK,; Behera, ].N. Organic-Inorganic hybrid three-dimensional metal sulfite-oxalates with honeycomb-like structures.
Dalt. Trans. 2017, 46, 5911-5917. [CrossRef]

Ma, L-N,; Li, X.-Y,; Shi, W.-].; Li, Y.-Z.; Liu, G.; Hou, L.; Wang, Y.-Y. Luminescent and magnetic properties of coordination
polymers induced by coordinating modes of a Bis(Oxamate) ligand. Chempluschem 2019, 84, 62—-68. [CrossRef]

Xu, N.; Xing, Y.; Liu, X,; Song, D.; Ma, L.; Sun, X. Synthesis, structure and photoluminescent properties of [C sNyH14][Nd»(C;04),
(504)2(H20)4]-H,0O, a new organically templated Neodymlum(IIl) oxalate-sulfate. Z. Anorg. Allg. Chem. 2009, 635, 558-562.
[CrossRef]

Evans, ].5.0.; Bénard, S.; Yu, P.; Clément, R. Ferroelectric alignment of NLO chromophores in layered inorganic lattices: Structure
of a stilbazolium metal-oxalate from powder diffraction data. Chem. Mater. 2001, 13, 3813-3816. [CrossRef]

Li, Y.; Zhang, X.; Cui, X.B.; Xu, ].Q. A Series of compounds based on [P;W1506]0~ and transition metal mixed organic ligand
complexes with high catalytic properties for styrene epoxidation. Inorg. Chem. 2018, 57, 11123-11134. [CrossRef] [PubMed]
Xiao, L.N.; Zhao, C.X,; Shi, X.M.; Zhang, H.; Wu, W.; Cui, X.B. Three new compounds based on similar molybdenum-vanadium
clusters and several types of copper complexes. CrystEngComm 2018, 20, 969-977. [CrossRef]

Tominaka, S.; Coudert, EX.; Dao, T.D.; Nagao, T.; Cheetham, A K. Insulator-to-Proton-conductor transition in a dense metal-
organic framework. J. Am. Chem. Soc. 2015, 137, 6428-6431. [CrossRef]

Meng, X.; Wang, H.-N.; Wang, L.-S.; Zou, Y.-H.; Zhou, Z.-Y. Enhanced proton conductivity of a MOF-808 framework through
anchoring organic acids to the zirconium clusters by post-synthetic modification. CrystEngComm 2019, 21, 3146-3150. [CrossRef]
Thétiot, F.; Duhayon, C.; Venkatakrishnan, T.S.; Sutter, ].-P. Supramolecular hybrid architectures Including an open framework
with reversible sorption properties. Cryst. Growth Des. 2008, 8, 1870-1877. [CrossRef]


http://doi.org/10.1039/c0cs00111b
http://www.ncbi.nlm.nih.gov/pubmed/21210054
http://doi.org/10.1039/C9DT01195A
http://www.ncbi.nlm.nih.gov/pubmed/31080984
http://doi.org/10.1039/D0DT03765F
http://www.ncbi.nlm.nih.gov/pubmed/33367351
http://doi.org/10.1039/C6CE00786D
http://doi.org/10.1039/C8DT01686K
http://doi.org/10.1039/C7DT04586G
http://doi.org/10.1016/j.poly.2018.08.003
http://doi.org/10.1021/ic700808h
http://doi.org/10.1021/ja300122r
http://www.ncbi.nlm.nih.gov/pubmed/22409393
http://doi.org/10.1021/cg0601608
http://doi.org/10.1039/C6DT04900A
http://www.ncbi.nlm.nih.gov/pubmed/28170015
http://doi.org/10.1016/j.molstruc.2019.127399
http://doi.org/10.1021/ja806298t
http://doi.org/10.1002/ejic.200400977
http://doi.org/10.1021/ic201293f
http://doi.org/10.1002/ejic.201500790
http://doi.org/10.1039/C7DT00477J
http://doi.org/10.1002/cplu.201800470
http://doi.org/10.1002/zaac.200801309
http://doi.org/10.1021/cm011155o
http://doi.org/10.1021/acs.inorgchem.8b01705
http://www.ncbi.nlm.nih.gov/pubmed/30113167
http://doi.org/10.1039/C7CE01908D
http://doi.org/10.1021/jacs.5b02777
http://doi.org/10.1039/C9CE00328B
http://doi.org/10.1021/cg700971n

Int. . Mol. Sci. 2022, 23, 1556 20 of 22

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Mouchaham, G.; Roques, N.; Brandeés, S.; Duhayon, C.; Sutter, ].P. Self-assembly of Z1(Cy04)4* metallotectons and bisimida-
zolium cations: Influence of the dication on H-bonded framework dimensionality and material potential porosity. Cryst. Growth
Des. 2011, 11, 5424-5433. [CrossRef]

Vegas, V.G.; Maldonado, N.; Castillo, O.; Gémez-Garcia, C.J.; Amo-Ochoa, P. Multifunctional coordination polymers based on
copper with modified nucleobases, easily modulated in size and conductivity. J. Inorg. Biochem. 2019, 200, 110805. [CrossRef]
Coronado, E.; Galan Mascards, J.R.; Marti-Gastaldo, C. Controlling the dimensionality of oxalate-based bimetallic complexes: The
ferromagnetic chain {[K(18-Crown-6)][Mn(Bpy)Cr(Ox)3]}eo(18-Crown-6 = C1,H404, Ox = C; 0427, Bpy = C19HgN3). Polyhedron
2007, 26, 2101-2104. [CrossRef]

Mastropietro, T.F.; Marino, N.; De Munno, G.; Lloret, E; Julve, M.; Pardo, E.; Armentano, D. Selective guest inclusion in
oxalate-based Iron(III) magnetic coordination polymers. Inorg. Chem. 2016, 55, 11160-11169. [CrossRef]

Kanizaj, L.; Dubraja, L.A.; Tori¢, F; Paji¢, D.; Mol¢anov, K.; Wenger, E.; Juri¢, M. Dimensionality controlled by light exposure: 1D:
Versus 3D oxalate-bridged [CuFe] coordination polymers based on an [Fe(C204)31°~ metallotecton. Inorg. Chem. Front. 2019, 6,
3327-3335. [CrossRef]

Oshio, H.; Nagashima, U. Design of a homonuclear ferromagnetic chain: Structures and Magnetic properties of oxalato-bridged
Copper(II) complexes with one-dimensional structures. Inorg. Chem. 1992, 31, 3295-3301. [CrossRef]

Thorarinsdottir, A.E.; Harris, T.D. Metal-organic framework magnets. Chem. Rev. 2020, 120, 8716-8789. [CrossRef]

Shi, Y.; Toms, B.B.; Dixit, N.; Kumari, N.; Mishra, L.; Goodisman, J.; Dabrowiak, J.C. Cytotoxicity of Cu(Il) and Zn(II) 2,2’-bipyridyl
complexes: Dependence of ICs5 on recovery time. Chem. Res. Toxicol. 2010, 23, 1417-1426. [CrossRef] [PubMed]

Castillo, O.; Muga, L; Luque, A.; Gutiérrez-Zorrilla, ].M.; Sertucha, J.; Vitoria, P.; Roman, P. Synthesis, chemical characterization,
x-ray crystal structure and magnetic properties of oxalato-bridged Copper(Il) binuclear complexes with 2,2'-bipyridine and
diethylenetriamine as peripheral ligands. Polyhedron 1999, 18, 1235-1245. [CrossRef]

Llunel, S.M.; Casanova, D.; Cirera, J.; Bofill, ].M.; Alemany, P.; Alvarez, S.; Pinsky, M.; Avnir, D. University of Barcelona, S.
SHAPE v. 2.1. Program for the Calculations of Continous Shape Measures of Polygonal and Polyhedral Molecular Fragments.
2013. Available online: http:/ /www.ee.ub.edu/index.php/downloads/viewcategory /4-registerd-download (accessed on 26
January 2022).

Muziot, TM.; Tereba, N.; Podgajny, R.; Kedziera, D.; Wrzeszcz, G. Solvent-assisted structural conversion involving bimetallic
complexes based on the Tris(Oxalato)Ferrate(IIl) unit with the green — blue — red crystal color sequence. Dalt. Trans. 2019, 48,
11536-11546. [CrossRef]

Muziot, T.M.; Wrzeszcz, G. Spontaneous resolution of heterometallic complex: Cis-[Co(NH3)4(H0O);][Fe(Ox)3] 2H,O—A rare
example for labile Iron(III) complex. Polyhedron 2016, 109, 138-146. [CrossRef]

Muziol, TM.; Wrzeszcz, G.; Chrzaszcz, L. Hydrogen bond and 7t Stacking assisted formation of Tris(Oxalato) Ferrate(III) based
crystals of heteronuclear compounds. Polyhedron 2011, 30, 169-177. [CrossRef]

Sreekantan Nair Lalithambika, S.; Golnak, R.; Winter, B.; Atak, K. Electronic structure of aqueous [Co(pr)3]2+/ 3+ electron
mediators. Inorg. Chem. 2019, 58, 4731-4740. [CrossRef]

Yaghoobi Nia, N.; Farahani, P.; Sabzyan, H.; Zendehdel, M.; Oftadeh, M. A Combined computational and experimental study of
the [Co(Bpy)3]**/3* complexes as one-electron outer-sphere redox couples in dye-sensitized solar cell electrolyte media. Phys.
Chem. Chem. Phys. 2014, 16, 11481-11491. [CrossRef] [PubMed]

Du, M.; Zhao, X.-].; Cai, H. Crystal structure of Tris(2,2’-Bipyridine)Cobalt(in) triperchlorate dihydrate, [Co(C19HgN>)3](ClO4)3-2H,O.
Z. Krist.-New Cryst. Struct. 2004, 219, 463-465. [CrossRef]

Brown, LD. Recent developments in the methods and applications of the bond valence model. Chem. Rev. 2009, 109, 6858—-6919.
[CrossRef] [PubMed]

Kitajgorodskij, A.I. Molecular Crystals and Molecules; Academic Press: New York, NY, USA, 1973; pp. 18-21.

Lin, R.B; He, Y; Li, P; Wang, H.; Zhou, W.; Chen, B. Multifunctional porous hydrogen-bonded organic framework materials.
Chem. Soc. Rev. 2019, 48, 1362-1389. [CrossRef] [PubMed]

Baptistella, G.B.; Manica, G.C.M.; de Souza, S.W.; Santana, E.S.; Fachini, L.G.; Hughes, D.L.; de S4, E.L.; Picheth, G.; Soares, J.F.;
Rego, EG.M,; et al. An oxalate-bridged oxidovanadium(IV) binuclear complex that improves the in vitro cell uptake of a
fluorescent glucose analog. Polyhedron 2021, 198, 115071. [CrossRef]

Kamga, I.N.; Ndosiri, B.N.; Nana, A.N.; Roman, T.; Pouamo, L.S.; Nenwa, J. Synthesis, crystal structure, thermal analysis and
magnetic properties of two bis(oxalato)cuprate(II) hybrid salts crystallizing with lattice oxalic acid molecules. Polyhedron 2021,
205, 115291. [CrossRef]

Dridi, R.; Essghaier, B.; Cherni, S.N.; Zid, M.E. Synthesis, crystal structure, Hirshfeld surface analysis and determination of
antioxidant activity for a new mononuclear tris-oxalato-chromium(III) complex. J. Mol. Struct. 2021, 1240, 130560. [CrossRef]
Jesus, A.J.L.; Redinha, J.S. Charge-assisted intramolecular hydrogen bonds in disubstituted cyclohexane derivatives. J. Phys.
Chem. A 2011, 115, 14069-14077. [CrossRef]

Yamagishi, H.; Sato, H.; Hori, A.; Sato, Y.; Matsuda, R.; Kato, K.; Aida, T. Self-assembly of lattices with high structural complexity
from a geometrically simple molecule. Science 2018, 361, 1242-1246. [CrossRef]

Pavlishchuk, A.V.; Kolotilov, S.V.; Zeller, M.; Thompson, L. K.; Fritsky, 1.O.; Addison, A.W.; Hunter, A.D. A triple-decker
heptadecanuclear (Cul)5(CrMh, complex assembled from pentanuclear metallacrowns. Eur. J. Inorg. Chem. 2010, 15, 4851-4858.
[CrossRef]


http://doi.org/10.1021/cg201008v
http://doi.org/10.1016/j.jinorgbio.2019.110805
http://doi.org/10.1016/j.poly.2006.10.024
http://doi.org/10.1021/acs.inorgchem.6b01769
http://doi.org/10.1039/C9QI00926D
http://doi.org/10.1021/ic00041a025
http://doi.org/10.1021/acs.chemrev.9b00666
http://doi.org/10.1021/tx100126f
http://www.ncbi.nlm.nih.gov/pubmed/20672868
http://doi.org/10.1016/S0277-5387(98)00421-5
http://www.ee.ub.edu/index.php/downloads/viewcategory/4-registerd-download
http://doi.org/10.1039/C9DT02216C
http://doi.org/10.1016/j.poly.2016.01.031
http://doi.org/10.1016/j.poly.2010.10.013
http://doi.org/10.1021/acs.inorgchem.9b00167
http://doi.org/10.1039/c3cp55034f
http://www.ncbi.nlm.nih.gov/pubmed/24802678
http://doi.org/10.1039/c3cp55034f
http://doi.org/10.1021/cr900053k
http://www.ncbi.nlm.nih.gov/pubmed/19728716
http://doi.org/10.1039/C8CS00155C
http://www.ncbi.nlm.nih.gov/pubmed/30676603
http://doi.org/10.1016/j.poly.2021.115071
http://doi.org/10.1016/j.poly.2021.115291
http://doi.org/10.1016/j.molstruc.2021.130560
http://doi.org/10.1021/jp206193a
http://doi.org/10.1126/science.aat6394
http://doi.org/10.1002/ejic.201000367

Int. . Mol. Sci. 2022, 23, 1556 21 of 22

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.
77.

78.
79.
80.
81.

D’Arcy, R.L.; Watt, I.C. Analysis of sorption isotherms of non-homogeneous sorbents. Trans. Faraday Soc. 1970, 66, 1236-1245.
[CrossRef]

Terzyk, A.P.,; Furmaniak, S.; Wisniewski, M.; Werengowska, K.; Gauden, P.A.; Kowalczyk, P. New findings on the influence
of carbon surface curvature on energetics of benzene adsorption from gaseous phase. Chem. Phys. Lett. 2016, 645, 157-163.
[CrossRef]

Furmaniak, S.; Wisniewski, M.; Werengowska-Cie¢wierz, K.; Terzyk, A.P; Hata, K.; Gauden, P.A.; Kowalczyk, P.; Szybowicz, M.
Water at curved carbon surface: Mechanisms of adsorption revealed by first calorimetric study. J. Phys. Chem. C 2015, 119,
2703-2715. [CrossRef]

Socrates, G. Infrared and Raman Characteristic Group Frequencies, Tables and Charts, 3rd ed.; Wiley: Chichester, UK, 2004; pp. 168-171.
Castellucci, E.; Angeloni, L.; Neto, N.; Sbrana, G. IR and raman spectra of A 2,2’-bipyridine single crystal: Internal modes. Chem.
Phys. 1979, 43, 365-373. [CrossRef]

Strukl, ].S.; Walter, J.L. Infrared and raman spectra of heterocyclic compounds-III. the infrared studies and normal vibrations of
2,2 -bipyridine. Spectrochim. Acta Part A Mol. Spectrosc. 1971, 27,209-221. [CrossRef]

Ferraro, J.R.; Walker, W.R. Infrared spectra of hydroxy-bridged copper(I1) compounds. Inorg. Chem. 1965, 105, 1382-1386.
[CrossRef]

Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds, 6th ed.; Wiley: Hoboken, NJ, USA, 2009;
Volume A, pp. 180-184, Volume B, pp. 79-82.

Persson, P.; Axe, K. Adsorption of oxalate and malonate at the water-goethite interface: Molecular surface speciation from IR
spectroscopy. Geochim. Cosmochim. Acta 2005, 69, 541-552. [CrossRef]

Clausén, M.; Ohman, L.O.; Axe, K.; Persson, P. Spectroscopic studies of aluminum and gallium complexes with oxalate and
malonate in aqueous solution. J. Mol. Struct. 2003, 648, 225-235. [CrossRef]

Fujita, J.; Martell, A.E.; Nakamoto, K. Infrared spectra of metal chelate compounds. VII. normal coordinate treatments on 1:2 and
1:3 oxalato complexes. J. Chem. Phys. 1962, 36, 331-338. [CrossRef]

Hocking, R.K.; George, S.D.; Raymond, K.N.; Hodgson, K.O.; Hedman, B.; Solomon, E.I. Fe L-edge X-ray absorption spectroscopy
determination of differential orbital covalency of siderophore model compounds: Electronic structure contributions to high
stability constants. J. Am. Chem. Soc. 2010, 132, 4006—4015. [CrossRef]

Baker, M.L.; Mara, M.W,; Yan, ].].; Hodgson, K.O.; Hedman, B.; Solomon, E.I. K- and L-edge X-ray absorption spectroscopy (XAS)
and resonant inelastic x-ray scattering (RIXS) determination of differential orbital covalency (DOC) of transition metal sites. Coord.
Chem. Rev. 2017, 345, 182-208. [CrossRef]

Chilton, N.F; Anderson, R.P; Turner, L.D.; Soncini, A.; Murray, K.S. PHI: A powerful new program for the analysis of anisotropic
monomeric and exchange-coupled polynuclear d- and f-block complexes. J. Comput. Chem. 2013, 34, 1164-1175. [CrossRef]
Curély, J.; Georges, R. Theoretical study of isotropic ferrimagnetic chains composed of classical spins alternating with quantum
systems. Phys. Rev. B 1992, 46, 3520-3526. [CrossRef]

Pascanut, C.; Dragoe, N.; Berthet, P. Magnetic and transport properties of cobalt-doped perovskites SrTi;_xCoxO3 (x < 0.5).
J. Magn. Magn. Mater. 2006, 305, 6-11. [CrossRef]

Setifi, E; Setifi, Z.; Konieczny, P; Glidewell, C.; Benmansour, S.; Gomez-Garcia, C.J.; Grandjean, E; Long, G.J.; Pelka, R.; Reedijk, J.
Synthesis, structure and magnetic properties of an unusual oligonuclear Iron(III)-Cobalt(III) compound with oxido-, sulfato- and
cyanido-bridging ligands. Polyhedron 2019, 157, 558-566. [CrossRef]

Julve, M.; Gleizes, A.; Chamoreau, L.M.; Ruiz, E.; Verdaguer, M. Antiferromagnetic interactions in Copper(Il) pu-oxalato dinuclear
complexes: The role of the counterion. Eur. |. Inorg. Chem. 2018, 2018, 509-516. [CrossRef]

Gleizes, A ; Julve, M.; Verdaguer, M.; Real, J.A ; Faus, J.; Solans, X. Two different (oxalato)(bipyridine)copper(Il) complexes in one
single crystal. Crystal structures and magnetic properties of [Cuy (bipy)2(H20)2(C204)1X; - [Cu(bipy)(C204)](X = NOs —, BE4~ or
ClO47). J. Chem. Soc. Dalt. Trans. 1992, 3209-3216. [CrossRef]

Julve, M.; Verdaguer, M.; Gleizes, A.; Philoche-Levisalles, M.; Kahn, O. Design of p-oxalato copper(Il) binuclear complexes
exhibiting expected magnetic properties. Inorg. Chem. 1984, 23, 3808-3818. [CrossRef]

Johnson, R.C. Convenient procedure for the preparation of potassium trioxalatoferrate(III). J. Chem. Educ. 1972, 47, 702. [CrossRef]
Diaz, C.; Ribas, J.; Sanz, N.; Solans, X.; Font-Bardia, M. Synthesis, crystal structure and magnetic properties of catena-poly[(2,2’-
Bipyridylcopper)-di-p-thiocyanato] and bis(2,2’-bipyridyl)thiocyanatocopper(Il) perchlorate. Inorg. Chim. Acta 1999, 286, 169-174.
[CrossRef]

Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: Data analysis for x-ray absorption spectroscopy using IFEFFIT.
J. Synchrotron Radiat. 2005, 12, 537-541. [CrossRef]

Kabsch, W. Xds. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125-132. [CrossRef]

Krug, M.; Weiss, M.S.; Heinemann, U.; Mueller, U. XDSAPP: A graphical user interface for the convenient processing of diffraction
data using XDS. ]. Appl. Crystallogr. 2012, 45, 568-572. [CrossRef]

CrysAlis Red and CrysAlis CCD; Oxford Diffraction Ltd.: Oxfordshire, UK, 2000.

Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3-8. [CrossRef]
Brandenburg, K. Diamond, Release 2.1e; Crystal Impact GbR: Bonn, Germany, 2001.

Farrugia, L.J. WinGX and ORTEP for windows: An update. J. Appl. Crystallogr. 2012, 45, 849-854. [CrossRef]


http://doi.org/10.1039/tf9706601236
http://doi.org/10.1016/j.cplett.2015.12.052
http://doi.org/10.1021/jp512383g
http://doi.org/10.1016/0301-0104(79)85204-0
http://doi.org/10.1016/0584-8539(71)80027-2
http://doi.org/10.1021/ic50032a002
http://doi.org/10.1016/j.gca.2004.07.009
http://doi.org/10.1016/S0022-2860(03)00026-7
http://doi.org/10.1063/1.1732505
http://doi.org/10.1021/ja9090098
http://doi.org/10.1016/j.ccr.2017.02.004
http://doi.org/10.1002/jcc.23234
http://doi.org/10.1103/PhysRevB.46.3520
http://doi.org/10.1016/j.jmmm.2005.11.020
http://doi.org/10.1016/j.poly.2018.10.021
http://doi.org/10.1002/ejic.201700935
http://doi.org/10.1039/DT9920003209
http://doi.org/10.1021/ic00191a028
http://doi.org/10.1021/ed047p702
http://doi.org/10.1016/S0020-1693(98)00397-1
http://doi.org/10.1107/S0909049505012719
http://doi.org/10.1107/S0907444909047337
http://doi.org/10.1107/S0021889812011715
http://doi.org/10.1107/S2053229614024218
http://doi.org/10.1107/S0021889812029111

Int. . Mol. Sci. 2022, 23, 1556 22 of 22

82.

83.

84.

85.

86.

87.

Wisniewski, M.; Bieniek, A.; Bolibok, P,; Koter, S.; Bryk, P.; Kowalczyk, P.; Terzyk, A.P. Mechanistic aspects of water adsorption-
desorption in porphyrin containing MOFs. Microporous Mesoporous Mater. 2019, 290, 109649. [CrossRef]

Szymarnski, G.S.; Wisniewski, M.; Olejnik, P.; Koter, S.; Castro, E.; Echegoyen, L.; Terzyk, A.P.; Plonska-Brzezinska, M.E.
Correlation between the Catalytic and electrocatalytic properties of nitrogen-doped carbon nanoonions and the polarity of the
carbon surface: Experimental and theoretical investigations. Carbon 2019, 151, 120-129. [CrossRef]

Pina-Salazar, E.Z.; Urita, K.; Hayashi, T.; Futamura, R.; Vallejos-Burgos, E.; Wtoch, J.; Kowalczyk, P.; Wisniewski, M.; Sakai, T.;
Moriguchi, I; et al. Water adsorption property of hierarchically nanoporous detonation nanodiamonds. Langmuir 2017, 33,
11180-11188. [CrossRef]

Andruh, M. Heterotrimetallic complexes in molecular magnetism. Chem. Commun. 2018, 54, 3559-3577. [CrossRef]
Kobylarczyk, J.; Kuzniak, E.; Liberka, M.; Chorazy, S.; Sieklucka, B.; Podgajny, R. Modular approach towards functional
multimetallic coordination clusters. Coord. Chem. Rev. 2020, 419, 213394. [CrossRef]

Mueller, U.; Forster, R.; Hellmig, M.; Huschmann, FU.; Kastner, A.; Malecki, P.; Pithringer, S.; Rower, M.; Sparta, K,;
Steffien, M.; et al. The macromolecular crystallography beamlines at BESSY II of the helmholtz-zentrum Berlin: Current status
and perspectives. Eur. Phys. ]. Plus 2015, 130, 141-150. [CrossRef]


http://doi.org/10.1016/j.micromeso.2019.109649
http://doi.org/10.1016/j.carbon.2019.05.069
http://doi.org/10.1021/acs.langmuir.7b02046
http://doi.org/10.1039/C8CC00939B
http://doi.org/10.1016/j.ccr.2020.213394
http://doi.org/10.1140/epjp/i2015-15141-2

	Introduction 
	Results and Discussion 
	Synthesis 
	Structure Description 
	Thermal Analysis 
	Powder Experiments 
	Sorption Properties 
	XAS Experiments 
	Magnetic Properties 
	Simple Dimer Model 
	Molecular Field (MF) Prediction 
	Semiclassical (SC) Model 
	MS and SC Results 
	Magnetostructural Comparison 


	Materials and Methods 
	Materials and General Procedure 
	Synthesis of {[Co(bpy)2(ox)][{Cu2(bpy)2ox}Fe(ox)3]}n8.5nH2O 1 
	Single Crystal X-ray Diffraction Measurements 
	Water Adsorption-Desorption Measurements 
	In-Situ DRIFT Investigations 

	Conclusions 
	References

