Open Access Article. Published on 26 March 2025. Downloaded on 12/8/2025 4:48:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
6946

Received 18th January 2025,
Accepted 24th March 2025

DOI: 10.1039/d5dt00149h

rsc.li/dalton

Solvent-directed assembly in MOFs with linear
trinuclear cobalt(i) nodes: formation of inverted
Figaro chains¥

Oluseun Akintola, 2 Helmar Gorls and Winfried Plass (& *

Four new cobalt() coordination networks based on the nitrilotribenzoic acid ligand (Hzntb) with the
formula [Coz(ntb),(solv)yl, (where solv = dmf, def, dma, and EtOH), denoted as JUMP-4(solv), are
reported. The trinuclear cobalt(i) clusters that constitute the three-dimensional network are coordinated
by the six carboxylate groups of two bridging, deprotonated ntb®~ ligands. These clusters have two
flexible coordination sites on the two terminal cobalt ions, which are partially saturated by the conden-
sation of these clusters, leading to unprecedented inverted Figaro chains. Three of the frameworks were
synthesized by combining cobalt(i) chloride and the ligand in a mixture of acetonitrile and the corres-
ponding amide (dmf, def, and dma) in a 9 : 1 ratio, while the ethanol analogue could only be obtained by
single-crystal-to-single-crystal transformation starting from the dmf and dma derivatives. The difference
in the size of the solvents coordinated to the terminal cobalt(n) ions results in a pore-partitioning effect,
as reflected in the argon sorption behavior of the networks. Magnetic measurements reveal antiferro-
magnetic interactions between the anisotropic cobalt(i) ions along the alternating inverted Figaro chains.

Introduction

It has been over three decades since the study of metal-
organic frameworks (MOFs) entered mainstream coordination
chemistry, and even today they continue to fascinate chemists
with the possibilities that can be achieved with these
materials. Over time, this has led to the development of com-
pounds for a wide variety of applications, ranging from the
more common ones such as gas sorption, gas separation,'
and catalysis,”® to others such as magnetism”® and drug

delivery,”'® to less known and quite recent applications such
as  qubits’ and electrodes for  batteries and
supercapacitors.'> >

The majority of the networks have been generated through
the well-known solvothermal route with slight modifications
such as usage of templates.'®'® Sometimes changes, such as
using a different solvent, may have varying impacts on their
structures, ranging from slight to severe.'®* In turn, these
alterations could further influence the properties of the resul-
tant product.”*** A coordinating solvent can also offer the
advantage of being post-synthetically removable, exposing
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coordination sites on the metal ion that can then be exploited
for catalysis®®?® or gas adsorption and separation.>’>° In
addition, the removal or replacement of coordinated solvent
molecules can influence the behavior of the coordinated metal
ions, which can lead to a change in their magnetic
properties.** 2

Cobalt(u) ions, known for their significant intrinsic mag-
netic anisotropy, are excellent candidates for magnetic
applications.**?* In coordination polymers with carboxylate
linkers, cobalt(u) ions typically form oligonuclear clusters
bridged by these linkers, facilitating magnetic exchange inter-
actions within the clusters.*>*® The nature of these inter-
actions is influenced not only by the bridging ligands but also
by additional coordinating solvent molecules.**”*® It is inter-
esting to note that, in cases where one-dimensional chains are
formed instead of isolated clusters, an intriguing cooperative
effect can be observed, leading to single-chain magnetic
behavior.>*™*

Herein, we report the design and synthesis of a series of
new MOFs based on nitrilotribenzoic acid (Hzntb) and cobalt(u)
ions. We previously reported the synthesis of two anionic
frameworks using the same ligand with dimethylformamide
(dmf) as the solvent.** Replacement of the majority of dmf by
acetonitrile (nine parts out of ten) results in a new neutral
network (JUMP-4(dmf)), in which dmf is coordinated at the
constituent trinuclear cobalt clusters. Its analogs with diethyl-
formamide (def) and dimethylacetamide (dma) (JUMP-4(def)
and JUMP-4(dma)) can likewise be obtained by simply

This journal is © The Royal Society of Chemistry 2025
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changing the amide component in the solvent mixture at the
point of synthesis from dimethylformamide (dmf) to diethyl-
formamide (def) and dimethylacetamide (dma), while retain-
ing the acetonitrile. However, the fourth network (JUMP-4
(EtOH)) is only obtainable through a single-crystal-to-single-
crystal (SCSC) transformation of JUMP-4(dmf) or JUMP-4(dma)
by immersion in ethanol. The structures of all four com-
pounds have been established using single-crystal X-ray
diffraction, with bulk purity confirmed by powder XRD.
Sorption measurements suggest that all four materials exhibit
permanent porosity, with an apparent influence of the coordi-
nating solvents. Magnetic susceptibility measurements also
provide evidence of the influence of coordinating solvent mole-
cules on the magnetic properties of the constituting trinuclear
cobalt(n) clusters.

Results and discussion
Synthesis

The ligand was obtained through an adjusted combination of
several reported procedures. The 4,4-iminodibenzonitrile was
synthesized from p-fluorobenzonitrile and p-aminobenzoni-
trile using potassium tert-butoxide, following a high-yield
method previously reported by Gorvin.** The resulting product
was then purified and used to synthesize the 4,4',4"-ntirilotris-
benzonitrile by reacting it with additional p-fluorobenzonitrile,
using cesium fluoride as base, in procedure combining two
reported methods.*®*” The nitrile product was subsequently
hydrolyzed with ethanol and potassium hydroxide under
reflux, followed by acidification with concentrated hydro-
chloric acid, yielding the pure, light brown product in high
yield.

The synthesis of the JUMP-4 derivatives was achieved
through a solvothermal reaction of the ligand Hjntb with
cobalt(n) chloride hexahydrate in a solvent mixture of aceto-
nitrile and either dmf, def, or dma, yielding JUMP-4(dmf),
JUMP-4(def), and JUMP-4(dma), respectively. All reaction mix-
tures were heated to 140 °C for three days under solvothermal
conditions and subsequent cooling (5 °C h™") led to the for-
mation of violet crystalline material in moderate yields. These
conditions are within the temperature range used for previous
syntheses of the related MOFs JUMP-1, JUMP-3, and MIL-144
(130-150 °C). The same stoichiometry and absolute amount of
reactants were used for the synthesis of all three compounds.

By testing various solvent ratios, the optimal proportion
was determined to be 9:1 of acetonitrile to the respective amide.
Further increasing the acetonitrile content in the mixture resulted
in the formation of the same material but with insufficient crys-
tallinity. The analytical composition of the three synthesized
JUMP-4 frameworks was determined through a combination of
elemental and thermogravimetric analyses (see Fig. S1-S47), yield-
ing the formulae {[Cos(ntb),(dmf),]},, (JUMP-4(dmf)), {[Cos(ntb),
(def),]}, (JUMP-4(def)), and {[Cos(ntb),(dma),]},, (JUMP-4(dma)).
All three networks contained additional solvent molecules within
their pores.

This journal is © The Royal Society of Chemistry 2025
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Solvent directing effects

In the absence of acetonitrile, the resulting product corres-
ponds to the previously reported MIL-144.***® This obser-
vation suggests that acetonitrile plays a directing role in the
formation of the new compounds JUMP-4(dmf), JUMP-4(def),
and JUMP-4(dma), consistent with previous findings on the
significant role of solvents in regulating structure in MOF
synthesis.**”° Nevertheless, it should be noted that while the
additional solvent influences the network structure, no struc-
tural differences are observed when dmf is replaced with
either def or dma. Interestingly, the presence of an additional
modulator in dmf solution leads to another previously
reported MOF, JUMP-3 (see Scheme 1).>' Conversely, adding
terephthalic acid as a linear dicarboxylate linker to the reaction
mixture yields the pillared-layer MOF JUMP-1,"> where the
coordination sites at the peripheral cobalt(u) centers of the tri-
nuclear cluster are saturated by the carboxylate groups of the
additional linker ligand.

All three MOFs, namely MIL-144, JUMP-1, and JUMP-3,
share the characteristic that the coordination sites at the peri-
pheral cobalt(u) centers of the trinuclear cluster are fully satu-
rated by donor ligands present in the reaction mixture. In con-
trast, when the availability of donor ligands in the reaction
medium is reduced by using acetonitrile as the primary
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Scheme 1 MOF synthesis showing the influence of the solvent used.
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solvent with only a minor amide-based component, such as
dmf, def, or dma in the synthesis of the JUMP-4 derivatives,
the coordination environment of the peripheral cobalt centers
is only partially saturated. This leads to a Co,0, bridging
arrangement, where one of the coordination sites of the peri-
pheral cobalt centers is coordinated by a carboxylate donor
from a neighboring trinuclear cluster.

Single-crystal-to-single-crystal transformation

Attempts to synthesize an ethanol-coordinated derivative of
JUMP-4 by directly replacing the amide component in the
solvent mixture with ethanol were unsuccessful. To explore an
alternative approach, the conversion of the formamide-based
networks JUMP-4(dmf), JUMP-4(def), and JUMP-4(dma) into
their ethanol-coordinated analogue (JUMP-4(EtOH)) via single-
crystal-to-single-crystal (SCSC) transformation was investigated.
For this purpose, the compounds were immersed in ethanol
for seven days, with the solvent refreshed daily.

Immersion of JUMP-4(dmf) and JUMP-4(dma) in ethanol
resulted in an immediate and noticeable color change from
deep violet to dark pink (see Fig. 1). This transformation was
attributed to the replacement of the coordinated dmf or dma
molecules with ethanol, leading to the formation of JUMP-4
(EtOH). IR spectroscopy provided supporting evidence for this
process, as the characteristic amide I band of dmf at
1660 cm~" gradually disappeared during the transformation.
However, due to overlap in the spectral region of the corres-
ponding amide band of dma, confirmation of the transform-
ation in JUMP-4(dma) via IR spectroscopy was not possible
(see Fig. S51).

In contrast, the immersion of JUMP-4(def) in ethanol under
identical conditions did not produce any color change. IR
spectra of JUMP-4(def) revealed the retention of the amide I
band at 1650 cm™', corresponding to def, indicating that the
coordinated def in the framework was not replaced. This
suggests that, unlike the readily substituted dmf and dma, def
exhibits higher stability within the framework and resists re-
placement by ethanol. Interestingly, the substitution of
ethanol in JUMP-4(EtOH) was found to be reversible. When

Fig. 1 Images for JUMP-4(dmf) (top row) and JUMP-4(def) (bottom
row) under different conditions: as-synthesized material (left), ethanol-
immersed (middle), and dichloromethane-soaked (right).
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JUMP-4(EtOH) was re-immersed in either dmf or dma, the
ethanol molecules were replaced, as evidenced by the
reappearance of the corresponding amide I band in the IR
spectra. This reversal was accompanied by a reappearance of
the original color, further confirming the reformation of the
dmf- or dma-coordinated materials.

To further evaluate the stability of the coordinated amides,
the samples were immersed in dichloromethane, a solvent un-
likely to coordinatively replace the amide ligands, for seven
days. IR spectra of the dichloromethane-treated materials
showed the persistence of the amide I band at
1650-1660 cm ™, albeit with reduced intensity compared to
the original samples (see Fig. S5t). This finding supports the
retention of the coordinated def molecules in both the di-
chloromethane- and the ethanol-treated material of JUMP-4
(def). Additionally, no color change was observed in any
sample after dichloromethane immersion, corroborating the
lack of ligand substitution (see Fig. 1).

In summary, the formation of JUMP-4(EtOH) via SCSC
transformation was successful for JUMP-4(dmf) and JUMP-4
(dma), facilitated by the ease of replacement of the co-
ordinated dmf and dma molecules with ethanol. In contrast,
the conversion of JUMP-4(def) into JUMP-4(EtOH) was hin-
dered by the stability of the coordinated def, which resisted
substitution under identical conditions. These observations
highlight the crucial role of the identity of the amide ligand in
determining the feasibility of the SCSC transformation.

Crystal structures

Single-crystal X-ray diffraction measurements were performed
on the crystalline products of all four frameworks. The data
revealed that the frameworks are isostructural and crystallize
in the monoclinic space group C2/c. Crystallographic data,
along with details of the structure solution and refinement,
are summarized in Table S1.}

The asymmetric unit in all four structures consists of two
independent cobalt(n) ions—one (Co2) occupying a special
position (Wyckoff: 4a)—along with one ntb®~ ligand and one
coordinated dmf, def, dma, or EtOH as a co-ligand in JUMP-4
(dmf), JUMP-4(def), JUMP-4(dma), and JUMP-4(EtOH), respect-
ively (Fig. S6-S97). This arrangement results in neutral three-
dimensional networks. In the structure of JUMP-4(dmf),
partial replacement of the coordinated dmf by a water mole-
cule is observed, with fractional occupancies of 0.6 and 0.4,
respectively. Moreover, additional solvent molecules are
present in the structures of JUMP-4(dmf) (dmf and water),
JUMP-4(def) (acetonitrile), JUMP-4(dma) (acetonitrile), and
JUMP-4(EtOH) (EtOH and water). Bond lengths and angles for
all four networks are summarized in Tables S2-S9.}

The three-dimensional network in all four compounds is
constructed from trinuclear clusters serving as secondary
building units (SBUs). These clusters possess an inversion
center, with the central Co2 ion occupying the associated
special position and two symmetry related peripheral Co1 ions
(see Fig. 2). The central Co2 ion exhibits an almost ideal octa-
hedral coordination geometry, with all six oxygen donor atoms

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 View of the trinuclear cobalt cluster SBU, illustrating the coordi-
nation environments around the cobalt(i) ions in JUMP-4(dmf), repre-
sentative for all four networks. The connection to the neighboring tri-
nuclear SBUs is indicated by broken lines to the corresponding sym-
metry related Col ion shown as transparent ball. For clarity, only carbox-
ylate and dmf groups are shown; hydrogen atoms are omitted.
Symmetry codes:A=1-x,1-y,1-z;B=x,1-y,-1/2+z C=-1/2 +
x,32-y,-1/2+z,D=1-x,y,3/2-2z,E=3/2-x,-1/2+y,3/2-z F
=3/2-x,12+y,32-2,G=-1/2+x,1/2-y, -1/2+z,H=1-x,2 -
vl-zl=x-1+yz

being provided by distinct ntb®~ ligands. In contrast, the peri-
pheral Co1l ions are coordinated by six oxygen donor atoms
from two distinct groups: (i) five from ntb*~ ligands and (ii)
one from either a coordinated amide or ethanol molecule,
resulting in a distorted octahedral environment. Such trinuc-
lear arrangements are commonly observed in cobalt(u) coordi-
nation networks, particularly those where all three cobalt(u)
ions adopt octahedral geometries.>">*>*

Within these clusters, two carboxylate bridging modes can
be identified (see Fig. 2): (i) a distorted bidentate syn-syn-p, ;
mode (01/02 and 05/06) and (ii) a monodentate p;; mode
(03). The Co1l---Co2 separations in all four compounds fall
within a narrow range of 342-346 pm, while the Co1-O-Co2
bridging angles at the monodentate p,,-carboxylate bridge
range from 107-109° (see Table S107).

Overall, the central Co2 ion in the JUMP-4 derivatives exhi-
bits an almost ideal octahedral geometry, as reflected in its
bond lengths and angles, whereas the Col ion exhibits a sig-
nificant geometric distortion (see Tables S2-S97). The distinct
differences in geometric distortion between the two cobalt(ir)
centers were further quantified using continuous shape
measures (CSM),>® yielding S(Oy) values of about 0.1 for the
octahedral Co2 center and a range of 2.6 to 4.0 for the dis-
torted Co1 center in the JUMP-4 derivatives (see Table S11 and
Fig. S10%).

Along the crystallographic [010] direction, each trinuclear
cluster is connected to another through an additional p, ;-car-
boxylate bridge (06 in Fig. 2) with an angle of about 97°. The
distance between the peripheral Co1l centers linking adjacent
clusters in the JUMP-4 derivatives ranges from 311 to 315 pm,
forming infinite rod-like, one-dimensional inverted Figaro-type
substructures running along the [010] direction (see
Scheme 2). Similar arrangements have been reported in a few

This journal is © The Royal Society of Chemistry 2025
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C o T— U O 0 ¢ 9

Normal Figaro chain

Inverted Figaro chain with angular configuration

Scheme 2 Depiction of normal Figaro chains with clusters consisting
of two short links and one longer link in between (above). Inverted
Figaro chains in JUMP-4 networks, showing clusters with two longer
links (Col-.-Co2: 342-346 pm) and one shorter link (Col..-Col: 311-315
pm) in between.

other MOFs, all characterized by broad one-dimensional open
channels.*®*"® This structural motif also results in two distinct
polyhedral connection modes along the inverted Figaro chain:
(i) vertex-sharing within the cluster and (ii) edge-sharing
between adjacent clusters (see Fig. 3). Notably, the
Co1---Co2---Col axis of the trinuclear clusters in all JUMP-4
derivatives deviates from the crystallographic [010] direction by
about 18° (17.9° to 18.5°), resulting in a zigzag arrangement of
the SBUs along this axis. A hinge angle of approximately 119°
is observed between the trinuclear SBUs at the peripheral
cobalt(u) ions along the inverted Figaro chain (see Fig. 3).

The inverted Figaro chains are exclusively connected via the
triphenylamine ligands, which establish the three-dimensional
framework (Fig. 4 and Fig. S11, S127). This results in a two-
dimensional void space in the crystallographic (110) plane
within the framework of the JUMP-4 derivatives, as depicted in
Fig. 5 (¢f Fig. S13-S15%). The network-accessible helium
volumes, assuming full occupancy of the coordination sites at
the Col ions with dmf, def, dma, and EtOH as co-ligands, are
1637, 1265, 1271, and 1737 A® (29.4, 23.0, 23.3, and 31.4%),
respectively. In contrast, assuming full occupancy of these
sites with water molecules, the network-accessible helium
volumes increase to 2502, 2518, 2476, and 2576 A® (45.1, 45.9,
45.3, and 46.6%), respectively. These differences are attributed
to steric effects introduced by the different coordinating co-
ligands, which are expected to significantly influence the
porous properties.

To further characterize the frameworks, topological analysis
using TOPOS 5.5 was performed.’®®' Treating the trinuclear

Fig. 3 Representation of two linear trinuclear cobalt (i) SBUs, illustrating
the combination of vertex- and edge-sharing octahedra that form the
one-dimensional inverted Figaro in the networks of all four JUMP-4
derivatives. Plum and turquoise octahedra represent the alternating tri-
nuclear clusters. The black line indicates the crystallographic [010] direc-
tion. Pertinent distances and angles: Col.--Col, 311-315 pm; Col---Co2,
342-346 pm; Col---Col---Co2, 117.8-119.7°.

Dalton Trans., 2025, 54, 6946-6956 | 6949
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Fig. 4 Three-dimensional framework of JUMP-4(dmf) viewed along
the crystallographic [010] direction. The linear trinuclear cobalt(i) SBUs
are arranged into one-dimensional chains along the [010] direction and
interconnected by ntb®~ ligands. Plum colored polyhedra represent
cobalt(n) centers, and the unit cell is outlined by black lines.

Fig. 5 Representation of the two-dimensional void space in the crystal
structure of JUMP-4(dmf) as yellow surface within the unit cell, viewed
along the crystallographic direction [010]. The linear trinuclear cobalt(i)
SBUs are arranged into one-dimensional chains (plum colored polyhe-
dra) along the direction [010] and interconnected by ntb*~ ligands.

SBUs as nodes, each connects to six ligands and two neighboring
nodes, resulting in an eight-connected node. The second node,
represented by the central nitrogen atom of the ntb®~ ligand, is
three-connected. This analysis reveals that the frameworks adopt
a three-dimensional, binodal, 3,8-connected net with a yet
unknown topology and point symbol (4>-5),(4*-5%6".7°-8.9%) (see
Fig. 6, Fig. S16, S17, and Tables S12, S137).

X-ray powder diffraction (XRPD) patterns were measured for
all four networks to confirm the phase purity of the bulk
materials. The experimental powder patterns closely match the
simulated patterns derived from the respective single-crystal

6950 | Dalton Trans., 2025, 54, 6946-6956
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8c-node

Fig. 6 Representation of the 3,8-connected net of the JUMP-4 deriva-
tives viewed along the crystallographic [010] direction. The red and blue
spheres represent the Co2 ion of the trinuclear cobalt clusters (8-con-
nected nodes) and the nitrogen atom of the ntb®~ ligands (3-connected
nodes), respectively.

structure data, demonstrating the consistency between the
single-crystal data and the bulk material (see Fig. S18-5227).

Gas-sorption properties

The porosity of the activated samples of the JUMP-4 derivatives
was investigated by measuring Argon isotherms, depicted in
Fig. 7 (for a semi-logarithmic representation see Fig. S231). A
summary of the corresponding data is presented in Table 1,
while consistency criteria for BET surface area calculations are
detailed in Table S14.7

All four frameworks exhibit moderate to high BET surface
areas. The highest values were observed for the dmf- and dma-
based derivative with 830 and 840 m” g~', respectively, fol-
lowed by the def-based framework (640 m* g™'). The ethanol-
based analogue shows a significantly lower value (350 m”> g™ ).
This trend is also reflected in the pore volumes of the
materials (Table 1). This is consistent with the experimental
pore volumes of the amide-based derivatives JUMP-4(dmf),
JUMP-4(def), and JUMP-4(dma), which fall within the range
expected for the MOF framework, assuming variations at the

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Argon adsorption isotherms measured at 87 K for the JUMP-4
derivatives. Open circles denote the desorption process.

solvent-accessible coordination site of the Col ion in the tri-
nuclear cobalt clusters—either occupied by the relevant amide
or a water molecule as a ligand. In contrast, for the ethanol-
exchanged derivative JUMP-4(EtOH), the experimental pore
volume is found to be below this range, which is in accordance
with its significantly lower BET surface area.

The argon isotherms of all JUMP-4 derivatives display type
Ia behavior (see Fig. 7), according to the IUPAC
classification,®®®® which is characteristic of materials contain-
ing exclusively micropores with rigid pore structures.®*®> Pore-
size distributions, estimated using the QSDFT approach
implemented in Quantachrome Instrument software,’® are
shown in Fig. 8. All materials exhibit pore sizes below 2 nm,
consistent with the observed type Ia isotherms, with similar
distributions across all derivatives, reflecting their structural
similarities. Interestingly, the pore diameter range determined
from the crystal structure data (0.3-0.6 nm) is notably smaller
than the values derived from the QSDFT analysis, suggesting
potential limitations in the underlying model assumptions.

Notably, the ethanol-exchanged derivative JUMP-4(EtOH)
shows significantly lower BET surface area and pore volume com-
pared to the amide-based derivatives. This is attributed to frame-
work destabilization, likely caused by breaking hydrogen-
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Fig. 8 Pore size distribution data for activated samples of the JUMP-4
derivatives, fitted using argon at 87 K on carbon (cylindrical pores,
QSDFT adsorption branch model).

bonding interactions between ethanol guest molecules and the
host during activation, which leads to partial pore collapse.

In contrast, the amide-based frameworks demonstrate
remarkable stability under high-temperature activation, attrib-
uted to the rod-like one-dimensional chains running through
the structure. These chains impose rigidity and minimize
deformation during guest removal, thereby preserving the pore
framework. XRPD measurements conducted after activation
confirm retention of long-range order in these materials (see
Fig. S247).

Overall, the sorption behavior suggests that the size of the
coordinated solvent molecules influences accessible porosity.
Smaller ligands, such as dmf and dma, enable better pore
accessibility compared to the larger def ligand. The ethanol-
based framework, however, exhibits reduced porosity due to
framework destabilization. The stability and preserved porosity
of the amide-based networks after activation are attributed to
the stabilizing role of the rod-shaped structural building
units.””

Magnetic properties

The magnetic susceptibility data for all JUMP-4 derivatives
were measured in the temperature range of 2-300 K with an

Table 1 Characteristic argon adsorption parameters (BET surface area, pore volume, and width) for the JUMP-4 derivatives and crystallographic
porosity as pore volumes Vé;,’jy calculated for the crystal structures assuming different occupation of the coordination site at the Col ion, either

with a solvent or a water molecule

Pore width
Sample agpr/m” gt Vpore/em® g ™" V;fgfg‘y (solv)/em® g™* V;f;rreay (H,0)/cm® g™* Modal/nm Mean/nm
]UMP-4(dmf) 830 0.31 0.22 0.39 1.00 1.91
JUMP—4(def) 640 0.28 0.16 0.38 0.90 1.76
]UMP-4(dma) 840 0.33 0.17 0.38 0.96 1.51
JUMP-4(EtOH) 350 0.19 0.24 0.40 0.90 2.58

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Temperature dependence of ymT (open circles) and yw~? (filled
circles) for JUMP-4(dmf) with solid red and blue lines, respectively,
representing the best fits (see text for parameters).

applied field of 2 kOe. As an example, the data for JUMP-4
(dmf) is shown in Fig. 9 as a temperature-dependent plot of
ymT and yy ', Data for the remaining derivatives are provided
in Fig. S25-S27.F

The room temperature yy7T value for JUMP-4(dmf) of
approximately 8.5 cm® K mol™" is significantly higher than the
spin-only value for three magnetically isolated cobalt(u) ions
(5.63 ecm® K mol™ § = 3/2, g = 2), indicating strong spin-orbit
coupling.”” Upon cooling, the yyT value decreases gradually
down to 20 K, with a slightly steeper slope below 100 K, followed
by a pronounced drop to 4.3 cm® K mol™" at 2 K. This behavior
can be attributed to spin-orbit coupling as well as antiferro-
magnetic exchange interactions between the cobalt(n) ions.**”°
The ymT vs. T data for all four JUMP-4 derivatives exhibit similar
behavior. Interestingly, this behavior also mirrors that observed
for the MOFs JUMP-1 **> and JUMP-3,>" even though the latter two
contain isolated trinuclear cobalt(n) clusters, in contrast to the
one-dimensional chains present in all JUMP-4 derivatives.
Unfortunately, the magnetic data of the JUMP-4 derivatives
cannot be simulated based on an appropriate spin Hamiltonian
due to the 1D chain arrangement of the trinuclear clusters.

Nevertheless, the yy ' vs. T data of JUMP-4(dmf) confirm
paramagnetic behavior above 50 K, with a Curie constant of
8.76 cm® K mol ™" and a Weiss constant of —8.0 K (see Table 2).
The negative Weiss constant is consistent with antiferro-
magnetic coupling. This again is consistent with earlier obser-

Table 2 Magnetic parameters obtained from Curie—Weiss fit of ym™*

for all four compounds for temperatures above 50 K

Sample C (em® K mol™) 0 (K)
JUMP-4(dmf) 8.76 -8.0
JUMP-4(def) 8.74 -7.7
JUMP-4(dma) 8.74 -8.6
JUMP-4(EtOH) 8.66 —46
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vations for the JUMP-1°% and JUMP-3>' MOF structures con-
taining isolated trinuclear cobalt(u) clusters, indicating that
magnetic exchange within the trinuclear clusters and along
the 1D chain seem not to dominate the magnetic behavior.
Also the field-dependent magnetization for all JUMP-4
derivatives was measured in a temperature range from 2 to 5 K
and up to fields of 5 T (see Fig. S28-S31t). The data indicates
that saturation has not been reached under the given con-
ditions for all derivatives. The overall the data is consistent
with strong magnetic anisotropy being present. In particular,
the observed values are consistent with the presence with the
presence of three octahedral cobalt(n) ions,”" as found in the
crystal structures of the JUMP-4 derivatives. However, due to
the 1D chain arrangement of the trinuclear clusters an exact
treatment of the magnetization data is not feasible. To further
address the magnetic properties of JUMP-4 derivatives alternat-
ing-current susceptibility measurements as well as zero-field
cooled and field cooled magnetization measurements have
been performed. However, neither a signature for slow magne-
tization dynamics nor any kind of ordering could be detected.

Conclusion

We have successfully synthesized derivatives of the new JUMP-4
framework using a solvent-directing effect. The solvothermal
route, employing a mixture of an amide-based solvent (solv: dmf,
def, or dma) and acetonitrile, directly yields the corresponding
MOF systems JUMP-4(solv). An additional compound, JUMP-4
(EtOH), is obtained via single-crystal-to-single-crystal transform-
ation in the solid state. All four MOFs are three-dimensional net-
works containing one-dimensional chains of cobalt(u) ions
arranged in an inverted Figaro-type configuration.

These frameworks exhibit considerable thermal stability,
with JUMP-4(dmf) being the most stable and its ethanol-con-
verted analogue, JUMP-4(EtOH), the least stable. Notably, only
JUMP-4(dmf) and JUMP-4(dma) (but not JUMP-4(def)) under-
went single-crystal-to-single-crystal transformation to form the
ethanol derivative JUMP-4(EtOH). This suggests a solvent-
based discrimination mechanism, likely due to steric effects
that prevent ligand exchange.

Furthermore, the coordinating solvent significantly influ-
ences the sorption behavior of the networks, which can also be
attributed to steric differences arising from the solvent mole-
cules coordinated to the outer cobalt(u) ions. The magnetic
properties reflect strong magnetic anisotropy of the cobalt(i)
ions within the frameworks, and show only minor variations
between the derivatives, likely due to structural and electronic
differences induced by the coordinating solvent molecules.

Experimental section
Materials

The starting materials p-fluorobenzonitrile (Alfa Aesar), p-ami-
nobenzonitrile (Alfar Aesar), and cobalt(u) chloride hexa-

This journal is © The Royal Society of Chemistry 2025
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hydrate (Aldrich) were obtained from commercial sources and
used without further purification. All other chemicals were of
AR grade.

Physical measurements

Simultaneous TG/DTA analyses were performed under static air
atmosphere using a Netzsch STA Luxx PC analyzer up to 1000 °C.
The FT-IR spectra were measured on a VERTEX 70-IR spectro-
meter from Bruker Optics using the Specac Diamond ATR
optional accessory. Mass spectrometry was performed on a MAT
SSQ710 mass spectrometer made by Bruker. NMR spectra were
recorded with an Bruker AVANCE 400 spectrometer. The elemen-
tal analyses were done on a VARIO EL III analyser. The magnetic
susceptibility of the bulk, vacuum dried (rotary vane pump, typi-
cally 0.1-1 mbar) materials was measured over the temperature
range of 2-300 K using a Quantum Design MPMS-5 supercon-
ducting SQUID magnetometer, with the data corrected for dia-
magnetic contributions. Powder X-ray diffraction measurements
were performed on a Stoe powder diffractometer equipped with a
Mythen 1K detector at room temperature. The measurements
were conducted using capillary tubes in Debye-Scherrer scan
mode with a 26 scan type. A Cu long-fine-focus X-ray tube was
used as the radiation source. The powdered samples were sus-
pended in DMF within 0.5 mm glass capillaries and subsequently
measured. Data were collected over a 26 range of 2-50°, with a
step size of 2.1° per 20 seconds.

Ligand synthesis

4,4'-Iminodibenzonitrile. 4,4"-Iminodibenzonitrile was syn-
thesized using a previously reported method*® from p-fluoro-
benzonitrile and p-aminobenzonitrile in DMF using potassium
tert-butoxide as base. NMR: 'H NMR (400 MHz, DMSO-dg, &)
9.45 (s, NH, 1H), 7.71 (d, J = 8.7 Hz, H-Ar, 4H), 7.26 (d, J = 8.7
Hz, H-Ar, 4H).

4,4' A"-Nitrilotrisbenzonitrile.
was synthesized using a combination of two procedures.
4,4-Iminodibenzonitrile (1 g, 4.56 mmol) was dissolved in dry
DMF (80 mL), yielding a dark red solution. CsF (1.45 g,
9.58 mmol) and p-fluorobenzonitrile (0.61 g, 5.04 mmol) were
then added under constant stirring. The resultant mixture was
refluxed at 140 °C for 2 days. After allowing the mixture to cool
to room temperature, the reaction mixture was poured into ice-
cold water (200 mL) to precipitate the light pink product,
which was then filtered off, washed several times with water,
and dried at 90 °C for two hours. Yield: 1.36 g, 4.25 mmol,
93%. NMR: 'H NMR (400 MHz, DMSO-dg, 6) 7.81 (d, J = 8.7
Hz, H-Ar, 6H), 7.23 (d, J = 8.7 Hz, H-Ar, 6H).

4,4’ 4"-Nitrilotribenzoic acid (Hzntb). The resulting inter-
mediate product was stirred in a mixture of KOH (60 mL, 6 M)
and ethanol (60 mL) and refluxed at 105 °C for 2 days. The
resulting clear light, brown solution was then allowed to cool
to room temperature and acidified with HCIL. The light brown
precipitate was filtered, washed multiple times with water, and
dried at 90 °C for two hours, yielding the beige product. Yield:
1.51 g, 4.0 mmol, 94%. NMR: "H NMR (400 MHz, DMSO-dg, 6)
12.82 (s, br, COOH, 3H), 7.90 (d, J = 8.6 Hz, H-Ar, 6H), 7.14 (d,

4,4',4"-Nitrilotribenzonitrile
46,47
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J = 8.6 Hz, H-Ar, 6H). >*C NMR (100 MHz, DMSO-dg, §) 166.74
(C=0), 149.83 (C-N), 131.19 (C[Ar]), 125.91 (C[Ar]), 123.73 (C
[Ar]); Selected IR data Fpmay (cm™"): 16725, 1591s, 1509m, 1417s,
1314s, 1275vs, 1173s, 1129m, 932m. EI-MS: m/z (relative inten-
sity): 377 (100%).

MOF syntheses

General synthesis for the dmf, def, and dma derivatives of
JUMP-4. Cobalt(un) chloride hexahydrate (0.26 g, 1.06 mmol)
and Hzntb (0.1 g, 0.27 mmol) were dissolved in a solvent mixture
of acetonitrile and the appropriate amide (10 mL, 9: 1 ratio) in a
Parr acid digestion bomb (23 mL volume) and heated at 140 °C
for 72 h under autogenous pressure. It was then allowed to cool
at a rate of 5 °C h™". Violet crystals could be seen in the room
temperature sample, which were then washed repeatedly with
DMF (5 x 5 mL) and subsequently dried in vacuo (rotary vane
pump, typically 0.1-1 mbar) leading to the further denoted as-
synthesized material of JUMP-4(dmf).

{[Cos(ntb),(dmf),]-2dmf-H,0},, (JUMP-4(dmf)-2dmf-H,O0).
Yield for as-synthesized JUMP-4(dmf): 136 mg, 0.11 mmol,
82% based on ligand. Anal. caled for JUMP-4(dmf)-2dmf-H,O,
Cs4H5,C03NgOy> (1235.9 g mol™): C, 52.48; H, 4.40; N, 6.80.
Found: C, 52.66; H, 4.03; N, 6.83%. Selected IR data (ATR) Jmax
(em™): 1660m, 1591vs, 1556s, 1504m, 1382vs, 1314s, 1272s,
1174m, 1089w, 844w, 780vs, 705w, 675w, 518m. TGA mass losses
(see Fig. S1t): up to 300 °C attributed to guest H,O as well as
both guest and bound dmf molecules (exp. 24.5%, caled 25.1%);
residual mass based on CoO: exp. 18.1%, calcd 18.1%.

{[Co;(ntb),(def),]-2CH;CN-2H,0},, (JuMP-4(def)-2CH;,
CN-2H,0). Yield for as-synthesized JUMP-4(def): 124 mg, 74%
based on ligand. Anal. calcd for JUMP-4(def)-2CH;CN-2H,0,
Cs6Hs56C03Ng0;6 (1245.9 g mol™): C, 54.00; H, 4.53; N, 6.75.
Found: C, 53.50; H, 3.91; N, 6.95%. Selected IR data (ATR) Umax
(Cm_i): 1650m, 1590vs, 1553s, 1506m, 1382vs, 1314s, 1268s,
1172m, 1104w, 845w, 780vs, 706w, 674m, 513s. TGA mass
losses (see Fig. S2t): up to 360 °C attributed to guest CH3;CN
and H,O molecules as well as bound def molecules
(exp. 22.1%, caled 25.7%); residual mass based on CoO:
exp. 18.5%, calcd 18.0%.

{[Cos(ntb),(dma),]-dma-CH;CN-0.5H,0},,,  (JUMP-4(dma)
dma-CH;CN-0.5H,0). Yield for as-synthesized JUMP-4(dma):
103 mg, 62% based on ligand. Anal. caled for JUMP-4
(dma)-dma-CH3;CN-0.5H,0, Cs¢Hs55C03Ng0;155 (1236.9 g
mol™Y): C, 54.38; H, 4.48; N, 6.79. Found: C, 54.56; H, 4.25; N,
6.82%. Selected IR data (ATR) sy (cm™'): 1591vs, 1555m,
1504m, 1388vs, 1313s, 1266s, 1174m, 1103w, 844w, 780vs,
706w, 673w, 516m. TGA mass losses (see Fig. S3f): up to
360 °C attributed to free guest solvent molecules as well as co-
ordinated dma molecules (exp. 22.9%, Calc. 25.2%); residual
mass based on CoO: exp. 18.2%, calcd 18.2%.

Synthesis for the EtOH derivatives of JUMP-4

{[Cos(ntb),(EtOH),]-H,0},, (JUMP-4(EtOH)-H,0). This com-
pound was obtained via SCSC transformation starting from
JUMP-4(dmf) or JUMP-4(dma). This was performed by immer-
sing JUMP-4(dmf) or JUMP-4(dma) (80 mg) in ethanol (10 mL)
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for seven days during which the solvent was refreshed daily.
There was a gradual change in the color from the original
violet to a lighter shade trending towards pink. After seven
days the pink crystals were dried under vacuum (rotary vane
pump, typically 0.1-1 mbar). Anal. caled for JUMP-4
(EtOH)-H,0, C46H;35C03N,0;5 (1036 g mol™): C, 53.35; H, 3.70;
N, 2.71. Found: C, 53.22; H, 3.94; N, 2.91%. Selected IR data
(ATR) Omax (em™%): 3353 br, 1591vs, 1556m, 1505w, 1387vs,
1315vs, 1272s, 1173m, 1042w, 844w, 780vs, 706w, 675m, 523m.
TGA mass losses (see Fig. S4f): up to 150 °C attributed to
guest H,O and bound EtOH molecules (exp. 10.1%, caled
10.6%); residual mass based on CoO: exp. 21.7%, caled 21.7%.

X-ray structure determination

The single crystal X-ray data for all four JUMP-4 derivatives
were collected on a Nonius KappaCCD diffractometer, using
graphite-monochromated Mo-K, radiation (1 = 0.71073 A) at
133(2) K. Data have been corrected for Lorentz and polariz-
ation effects, and absorption has been accounted for on a
semi-empirical basis using multiple-scans.”>”’* The structures
were solved by direct methods (SHELXS)”® and refined by full-
matrix least squares techniques against F,> (SHELXL-2018).”®
All hydrogen atoms were included at calculated positions with
fixed thermal parameters. All non-disordered, non-hydrogen
atoms were refined anisotropically. For disordered groups in
all structures, restraints on the distances and anisotropic dis-
placement parameters were used (DFIX, EADP, FLAT, RIGU,
SADI, and SIMU). In addition, the disordered moieties of the
ethanole molecules of JUMP-4(EtOH) were introduced and
refined using the program disordered structure refinement
(DSR).”” Crystallographic data as well as structure solution and
refinement details are summarized in Table S1.f Diamond
5.1.0”® and Mercury 2024.3.17° were used for structure ana-
lysis and representations.

Sample pretreatment and sorption measurements

Activation. The as-synthesized coordination polymers
(40-80 mg) were first dried under vacuum at room temperature
(rotary vane pump, typically 0.1-1 mbar) to remove any
occluded solvent. The dried materials were then outgassed
under high vacuum (at the Autosorb-IQ instrument) for one
hour at 373, 433, 443, and 453 K for JUMP-4(EtOH), JUMP-4
(dmf), JUMP-4(dma), and JUMP-4(def), respectively, prior to
the BET measurements.

Sorption measurements. The isotherms of all pretreated and
dried products were measured immediately after outgassing
the samples for one hour at the above given temperatures.
Argon physisorption isotherms were measured on an
Autosorb-IQ instrument from Quantachrome Instruments
Corporation at 87 K using a CryoSync accessory. Pore size distri-
bution curves were calculated by fitting the experimental data
using the quenched solids density functional theory (QSDFT)
kernel based on adsorption models for argon on carbon at 87 K
with cylindrical pores (QSDFT adsorption branch model), as pro-
vidled by QUANTACHROME Instruments.®® The Brunauer-
Emmett-Teller (BET) surface areas for both materials were deter-
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mined from the adsorption data over different relative pressure
ranges, all between 0.0008 to 0.051, while ensuring compliance
with the consistency criteria (see Table S14 and adsorption data
in AIF format as ESI{).*

Data availability

Data for this article containing TGA data, structural details
and figures, topological data, XRPD patterns, sorption data,
and magnetic details have been included as part of the ESL.¥
Crystallographic data for JUMP-4(dmf), JUMP-4(def), JUMP-4
(dma), and JUMP-4(ETOH) have been deposited at the CCDC
under 2057554, 2057555, 2057556, and 2057557, respectively.
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