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ABSTRACT: 2,5-dihydroxyterephthalic acid (Hsdhta) is well-known for its use in the construction of
functional metal-organic frameworks (MOFs). Among them, simple coordination polymers (CPs), such
as lithium and sodium coordination polymers with Hisdhta, have been used successfully to synthesize
electrically conductive MOFs and have also demonstrated great potential as positive or negative
electrode materials on their own. However, there has been little exploration of the structure and
physicochemical properties of these and other alkali complexes of Hidhta. To address this gap, a series
of 1:1 alkali metal-dhta coordination polymers (Li-, Na-, K-, Rb-, Cs-), showing high conductivity with a
non-monotone trend inside the series, were synthesized using green mechanochemical processing. The
crystal structures of these metal-organic conductors reveal the rich coordination chemistry of the alkali
cations ranging from four to ten. Their electric conductivity was influenced by cation type, coordination
environment, the water present in the structure, atmosphere, and temperature. Overall, this study not
only sheds light on the fascinating behavior and efficiency of monoalkali metal-dhta CPs and paves the
way for the development of more efficient coordination materials for energy storage and conversion
applications but also proves that sometimes the smallest changes in materials' structure and composition
can make a significant difference in conductivity.

Introduction

With the growing energy demands of modern society, there is a constant search for new materials for
energy generation and storage. Metal-organic frameworks (MOFs), coordination polymers built from
metal cations and organic linkers, are now an important topic in material science due to their porosity,
modularity, and facile engineering of their structure and properties by choice of the metal node or the
bridging ligand."® However, MOFs have some inherent limitations for electrical applications. Their
porosity and the bonding between the ligand and metal center, in many cases, lead to large energy gaps
and semiconducting or insulating properties. Despite this fact, electrically conductive coordination
polymers have attracted attention in the fields of electrocatalysis, sensing, and energy storage, as well
as their potential to stabilize topologically interesting electronic structures.®'® Strategies for increasing
the conductivity of these porous conductors are based primarily on improving the metal-ligand bonding
(through-bond approach) and non-covalent interactions between the organic ligands (through-space
approach) or on including guests in the pores to ensure continuous and strong charge transport
pathways. Several excellent reviews are now available on conducting MOFs, describing these strategies
and different MOF families in detail. 158

A particularly interesting family of conductive MOFs is based on 2,5-dihydroxyterephthalic acid (or 2,5-
dioxido-1,4-benzenedicarboxylate, Hsdhta), a ditopic chelating quinone ligand best known for building
the MOF-74 (CPO-27) family.”® These MOFs, built from Hidhta and several different divalent metal
cations, are widely investigated for their stability, high porosity, interesting magnetic properties, and high
potential for catalysis.?’-23 The application potential can be further expanded by introducing heterometals
in the framework, which can be controllably achieved by mechanochemistry. This fast, scalable, and
sustainable synthetic technique relies on mechanical energy input to initiate a chemical reaction.?*-2¢
MOF-74 compounds are characterized by infinite 1D oxometallic chains along the crystallographic c-



axis, where the cations are close and bound by oxygen bridges, so they were a natural target of several
studies for their electrical conductivity. It was discovered that the through-bond pathways achieved
through the 1D chain result in low conductivity in MOF-74 materials,?” in the range of 10~'*to 10~"® S/cm.
The conductivity, however, can be manipulated by the coordinated solvent molecule or protic guest
cations and increased by replacing oxygen in the oxometallic chain with softer electron-rich thiol groups;
thus, increasing orbital overlap with the relatively soft metal cations usually used to build MOF-74.28-31
Recently, a novel approach has emerged where the hard oxo-anions (such as dhta) can be well matched
with hard alkali anions, providing better orbital overlap and better through-bond electron transfer. Due to
their electronic and redox properties, such coordination polymers of Hidhta recently showed promise for
developing hybrid alkali metal-organic positive or negative electrode materials. Bimetallic Li-Mn-dhta
MOF proved to be one of the few rare and efficient Li-reservoir positive electrodes where the
electrochemical performance could be controlled through ligand to metal stoichiometry and changes in
the topology of the secondary building unit of MOF.3? Even simpler coordination polymers not involving
transition metals, such as lithium salts of Hisdhta, showed remarkable capability as either anodes or
cathodes in Li-ion batteries, with excellent cyclability even in a symmetric battery setup.3*34 Based on
these results, it is evident that alkali metal-dhta materials may be a strong addition to the field. It is thus
surprising that the structural and physicochemical chemistry of alkali metal coordination polymers of
Hidhta is almost entirely neglected.®

Here, we present a comprehensive synthetic, structural, and conductivity study of Hidhta and a series
of 1:1 alkali metal-dhta compounds (Li-, Na-, K-, Rb-, Cs-) prepared by mechanochemistry. Compared
to solution syntheses of these materials, mechanochemical synthetic processes allowed for
stoichiometry control and proved beneficial regarding time, yield, and reduced waste. The course of
mechanochemical reactions was monitored in real-time by high-energy synchrotron X-ray diffraction to
establish their kinetic and mechanistic parameters and enable optimization for large-scale production.
Based on the insights obtained, we subsequently conducted preliminary scale-up experiments of Na-
dhta and K-dhta. The crystal structures, resolved for all of the alkali-dhta compounds, reveal them to be
coordination polymers with a rich cation coordination chemistry, varying in their coordination number
between four, six, seven, eight, and ten (Fig. 1).
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discrete LiO, discrete NaOg edge-sharing KO, | edge-sharing RbOg
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Cs-dhta Rb-dhta-anh and Cs-dhta-anh

corner-sharing CsOg edge-sharing CsOgq
([CsO,], infinite chain) ([CsOyg], infinite chain)

Figure 1 Coordination polyhedra of Mak ions and the forms in which they appear in Mak-dhta (Mak = Li, Na, K, Rb,
Cs) compounds



Water is present in most of the investigated compounds and plays a crucial role in not only filling the
coordination sphere of alkali cations and bridging the larger cations into dimers or polymers but also in
their physico-chemical properties. At elevated temperatures, these compounds lose the coordinated
water, leading to changes in structure and the coordination environment of the metal, as established by
diffraction studies and Raman spectroscopy. The impedance spectroscopy reveals unexpectedly high
conductivity for all target compounds, including the highest reported among lithium-dhta materials.
Among the studied alkali-dhta compounds, we observe a non-monotonic trend in DC conductivity as a
function of the coordination sphere, increased complexity of polyhedron arrangements, and a strong
influence of atmosphere and temperature on their electrical properties. 3

Experimental

Both the conventional laboratory ball-milling for mechanochemical preparations of Li-dhta, Na-dhta, K-
dhta, Rb-dhta, and Cs-dhta and in-situ experiments were performed at 30 Hz in identical 14 mL PMMA
jars using two 1.6 g (7 mm) ZrO; balls, and the exact amounts of starting materials without solvent
additive, with milling duration of 30 minutes. The procedure involved milling 300 mg (1.514 mmol) of
Hsdhta with 36.3 mg (1.514 mmol) of LiOH, 60.6 mg (1.514 mmol) of NaOH, 84.9 mg (1.514 mmol) of
KOH, 198.9 mg (1.514 mmol) of RbOH-H20 or 254.3 mg (1.514 mmol) of CsOH-H-0, respectively. The
powders obtained from the process had colors ranging from yellow to beige. The milling products were
also subjected to accelerated aging®® in H,O (at 45°C and relative humidity (RH) of 98%) to study their
moisture stability and enhance their crystallinity. Scale-up milling experiments for the synthesis of Na-
dhta and K-dhta were conducted at scales three times and fifteen times greater than the initial
experiments, using a mixer mill or planetary mill, respectively. (details in the SI, Section 2.13)

Solution crystallizations were performed to determine whether mechanochemical and solution syntheses
afford the same products and to obtain single crystals of the ball-milling products. The 1:1 molar ratio of
2,5-dihydroxyterephtalic acid (Hsdhta) and the corresponding alkaline hydroxide used in ball milling was
also used for the solution syntheses to enable direct comparison. Due to the poor water solubility of
Hsdhta, solution syntheses were performed using a mixture of ethanol and water. In all cases, the
conversion and yields were almost quantitative, but in several solution syntheses, a small portion of pure
Hsdhta crystallized together with the Mak-dhta CPs.

To obtain crystals of Li-dhta and Na-dhta, 40 mg (0.202 mmol) Hsdhta was dissolved in 6 mL of ethanol
and mixed with 4.8 mg (0.202 mmol) of LiOH or 8.1 mg (0.202 mmol) of NaOH, respectively, each
dissolved in 2 mL of deionized water.

For K-dhta, Rb-dhta, and Cs-dhta, 20 mg (0.101 mmol) Hsdhta was dissolved in 3 mL of ethanol and
mixed with 5.7 mg (0.101 mmol) of KOH, 13.3 mg (0.101 mmol) of RoOH-H2>0 or 17 mg (0.101 mmol) of
CsOH-H»0, respectively, each dissolved in 1 mL of deionized water.

The solutions were homogenized by an ultrasonic bath and evaporated slowly at room temperature (~
25 °C). After a few days, orange-yellow prism-shaped crystals were obtained for Li-dhta and Na-dhta,
yellow prism-shaped crystals for K-dhta, and light-yellow needle-shaped crystals for Rb-dhta and Cs-
dhta, all suitable for single crystal X-ray diffraction (SC-XRD). Interestingly, in some of the crystallization
attempts, needle-like yellow crystals of anhydrous Hsdhta were observed, the crystal structure of which
has not yet been reported.

All the products were characterized by powder X-ray diffraction (PXRD), infrared spectroscopy (IR),
Raman spectroscopy, and thermogravimetric analysis (TGA). Impedance spectroscopy (IS)
measurements at ambient temperature in air and inert dry conditions (LN2 atmosphere) and at elevated
temperatures under LN, flow were performed on pellets of Maw-dhta samples prepared by ball milling to
investigate their electrical properties. Furthermore, EDAX-SEM analysis, in combination with PXRD
analysis, was conducted on the pressed samples to assess the impact of the pelletization process on
the material’s structure, particle size, and particle clustering.

The anhydrous phases of the Mak-dhta compounds were prepared by heating them in the TGA
instrument to 200°C at a heating rate of 1°C min~" under a nitrogen flow. The structure of Cs-dhta-anh
and Rb-dhta-anh were determined from PXRD data and confirmed through periodic DFT calculations.
Full experimental details and analyses can be found in the SI.

Results and discussion



Structural characterization

The solution syntheses resulted in crystalline Mak-dhta products with crystallites of suitable size for SC-
XRD studies. All the crystal structures are described in detail in the Sl, and their brief description is given
here for easier comprehension of the manuscript.

Despite being commercially available and important in MOF chemistry for decades, the crystal structure
of pure Hsdhta has not been reported to date.® This issue may be attributed to the characteristic small,
needle-like, and often fused crystals that precipitate from their solutions. Therefore, it is not unexpected
that recent efforts have been directed toward elucidating the structure through powder diffraction
techniques.*® Fortunately, in some experiments, we observed bright-yellow crystals of Hsdhta occurring
concomitantly with the Mak-dhta product and solved the structure by SC-XRD. (Fig. $2) The crystal
structure consists of planar sheets of hydrogen-bonded Hidhta molecules that stack in the third
dimension through 11-17 interactions (Fig. S8). The sheets are built from Hsdhta molecules forming chains
of hydrogen-bonded carboxylic acid dimers, which are then hydrogen-bonded into layers through
adjacent hydroxyl groups (Fig. 2a). The chains in the layers are oriented in the same direction. The
PXRD pattern of commercial Hsdhta and the one simulated from crystal structure closely match (Fig.
S14).
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Figure 2 The simplified representation of the structures of Hsdhta (a) and Ma-dhta CPs (Mai = Li, Na, K, Rb, Cs) (b-f) showing
the proximate environment around the alkali cation. For more details on the 3D structure of these alkali CPs, please see Sl.
Hydrogen bonds within the structures are displayed as orange dashed lines. Color code: M, purple; O, red; C, grey; H, white.



SC-XRD analysis further revealed that all the Mak-dhta compounds are densely packed coordination
polymers, with Li-dhta being a 1D coordination polymer, whereas all the others are 3D frameworks.
While the overall metal-to-ligand molar ratio is 1:1 in all compounds, the alkali metal coordination
numbers and metal-ligand connectivity increase with the size of the alkali cation (Fig. 1, Fig. 2.b-f, Fig.
S$3-S7). The lithium- and sodium-based 3D coordination frameworks are built from LiOs and NaOe
monomeric Secondary Building Units (SBUs) bridged through Hzdhta™ anions, while the potassium- and
rubidium-based frameworks are formed by K202 and Rb.O14 dimer SBUs. In the dimers, two water
molecules bridge the edge-sharing KOz and RbOs polyhedra, respectively, while Hsdhta™ anions connect
different dimers, forming the 3D scaffold. Cesium, on the other hand, produces infinite [CsOy7], chains
comprising corner-sharing CsOg polyhedra through single water molecule bridges. The chains form
covalent bilayers through pendant Hsdhta” molecules, which are again stacked through Cs-Hidhta
covalent bonds in the third dimension. In the case of lithium, the product is a 2:1 (Li:Hzdhta?") 1D
coordination polymer cocrystallised with Hsdhta molecules, giving an overall 1:1 metal-to-ligand molar
ratio (Li*:Hsdhta:H.dhta?>~ = 2:1:1; Fig. S3). The cocrystallised Hsdhta connects Li,-Hzdhta chains
oriented along the b- crystallographic axis through O—H---O hydrogen bonds into 2D supramolecular
sheets, which are then stacked through an extensive network of H.O-Hzdhta?~ hydrogen bonds. In the
other Mak-dhta compounds, Hsdhta exclusively coordinates to the alkali metal, building complex
coordinative 3D structures, making Li-dhta a notable exception in the series. In all cases, except for Na-
dhta, which crystallizes without water, it was observed that the coordinated water serves to enhance the
structure via hydrogen bonding or by acting as a bridging ligand between two alkali metals in the dimers
mentioned above and chains. These water molecules arise from either the acid-base neutralization
reaction of Hsdhta and the corresponding Maik hydroxide or are liberated from the Mak hydroxide hydrates
during decomposition preceding this neutralization. Upon heat-induced dehydration of Cs-dhta polymer,
[CsOr7]n chains transform into [CsOg] chains comprised of edge-sharing CsOg polyhedra. Analogously,
the Rb-dhta dimers transform into [RbOs]. chains comprised of edge-sharing RbOs polyhedra. The two
dehydrated compounds are isostructural, and their structure will be described in more detail in the
"Thermal behavior study" section.

The FTIR spectra of the synthesized compounds exhibit similar characteristics. (Fig. S17, $20, S23,
$25, S27). Notably, they display stretching vibration modes of the C—O bond of the carboxylic group of
the ligand at approximately 1636 cm™". The absorption peaks in the range of 1500 to 1300 cm™' and 900
to 800 cm™ correspond to the stretching vibration of the C=C bond and C-H in the aromatic ring,
respectively. Furthermore, the peaks around 500 cm™ (fingerprint region) are associated with alkali
metal-oxygen bonds.

Judging by FTIR and PXRD analysis, the products are phase pure, and PXRD patterns of crystallization
products (bulk sample and calculated from SCXRD data) match those of the microcrystalline
mechanochemical products, showing that coordination mode and packing can efficiently translate from
solution to ball miling (Fig S15, S19, S22, S24, S$26). Of the two synthetic methods used,
mechanochemistry is faster (<30 min vs. 2-3 days for crystallization from solution) and requires no
solvents or purification. In both synthetic approaches, the yield is comparable (quantitative conversion),
but in solution syntheses, Hsdhta often crystallizes concomitantly with alkali-dhta products.

Real-time in situ monitoring of mechanochemical reactions

Several real-time in-situ PXRD monitoring experiments were conducted at the Deutsches Elektronen-
Synchrotron (DESY) to gain insight into reaction mechanisms and to see if the sustainability of
mechanochemical Mak-dhta syntheses can be further improved by shortening reaction times. The
monitoring details are described in Sl in Section 1.6.

Owing to the complex reaction mixture rheology, we could not monitor the synthesis of Li-dhta using the
in-situ technique, even after several attempts. Since the lithium-dhta compounds are ofimmense interest
from an application standpoint, we have decided to monitor the reaction ex-situ using a benchtop
diffractometer. This involved extracting a small amount of powder from the milled reaction mixture at 1-
minute intervals. We can observe that the reaction starts during the first minute of milling and that as it
progresses, the crystallinity of the product improves. (Fig. $S18)

Immediately upon commencing the milling of NaOH with Hsdhta, an intermediate phase is visible in the
reaction mixture, leading to the known hydrated phase of Na-dhta-H,O product ([Na(Hsdhta)(H20),])**



(Fig. 3.a) and finally to Na-dhta. Judging by the diffraction peaks of Hidhta that are still present when
the intermediate appears, the intermediate phase could be a metal complex with a higher metal-to-dhta
ratio. The ex-situ experiments (Fig. S21), where Hsdhta and NaOH were milled together in several molar
ratios, show a very similar pattern in Na:Hsdhta 3:1 and 4:1 complex, but structure solution from PXRD
was not possible due to the inability to isolate the pure intermediate. This intermediate phase transforms
quickly into the hydrated phase Na-dhta-H.O ([Na(Hsdhta)(H20).]) after 15 minutes of milling, and the
phase composition remains stable until the end of the experiment. The final product, analyzed upon the
opening of the jar, corresponds well to the anhydrous Na-dhta phase obtained in the laboratory. The
transformation from the hydrated to the dehydrated phase occurs immediately due to the tiny amount of
byproduct water present.
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Figure 3 Time-resolved diffractograms from the in situ and real-time monitoring of the synthesis of (a) Na-dhta (b) K-dhta (c) Rb-dhta
(d) Cs-dhta. Simulated diffraction patterns of referent Ma-dhta, Hadhta, and alkali hydroxides are given at the top. White arrows show the
beginning of Man-dhta formation. X-ray beam: E = 60 keV, A = 0.20735 A.

The reflections of KOH and Hasdhta start to disappear within 2 min from the start of milling and disappear
entirely after 12 min, accompanied by the rise in intensity of the K-dhta reflections. (Fig. 3.b) No changes



in the intensities of the product were detected by the end of the milling experiment. Unlike for Na-dhta,
the mechanochemical synthesis of K-dhta has no detectable intermediates.

The monitoring of Rb-dhta formation faced similar issues to that of Li-dhta, where the sticking of the
reaction mixture to the wall of the vessel resulted in lower-quality monitoring data. However, we were
able to observe that the reaction begins during the second minute of milling, after which there are no
visible changes in the Rb-dhta diffraction intensities. The PXRD patterns also show no remaining
RbOH-H>0 or Hsdhta peaks, implying that the reaction finishes almost immediately. (Fig. 3.c)

The Bragg reflections corresponding to Cs-dhta diffraction peaks were detected during the second
minute of milling when the reflections of CsOH-H,O and Hidhta almost completely disappeared. The
reflection intensities do not change until the end of the experiment. (Fig. 3.d)

To summarize, all mechanochemical Mak-dhta formations by dry milling are finished in minutes. Most of
the monitored reactions proceed directly from the starting compounds to the products, with the only
exemption being Na-dhta, where an intermediate (likely with a higher Na:dhta ratio) appears immediately
upon grinding but reacts quickly with the remaining Hadhta to form the 1:1 Na-dhta product. In all cases,
the products are phase-pure and correspond to the Mak -dhta compounds prepared by milling or from
solution in the laboratory. Based on these insights, we designed the scale-up experiments on one-gram
and five-gram scales for two chosen systems: Na-dhta and K-dhta. The one-gram syntheses were
performed in a mixer mill and provided products identical to small-scale syntheses. Five-gram scale was
performed in a planetary mill, where in the case of Na-dhta, a portion of Na-dhta-H.O was observed,
which readily transformed into Na-dhta by short exposure to heat. K-dhta was obtained pure on a five-
gram scale, without traces of any polluting forms. No work-up was needed in all of these syntheses.

Thermal behavior studies

The thermal behavior of each compound was investigated by thermogravimetric analysis (TGA). The first
step in each TG curve (at temperatures between 126 and 173 °C) indicates the loss of coordinated water
molecules, except for Na-dhta, which is initially in the dehydrated form. (Fig. $29.a-e) Heating-induced
dehydration is evidenced by the absence of the water O-H stretching bands at 3570 and 3500 cm™ in
the FTIR spectra (Fig. $17, $20, S23, S25, S$27). This coordinated water can be distinguished from the
water adsorbed to the surface or in defects during accelerated aging, as the latter is characterized by a
broad band at approximately 3400 cm™. No other significant heating-induced changes were observed in
the spectra. However, some bands exhibited broadening or shifting depending on the water content and
slight changes in fingerprint area, probably due to the changes in Max-O bonds. The Li-dhta compound
is distinguishable due to the presence of Hsdhta in its structure, rendering its spectra distinct from those
of the other four compounds, which resemble one another.(Fig. S17). The dehydrated phases are stable
until about 300 °C (Fig. $29.a-e) and exhibit significant structural changes compared to the original
compounds. (Fig. $28.f) Complete compound degradation occurs at temperatures above 300 °C (~300-
500 °C).

The structures of the anhydrous Cs-dhta (Cs-dhta-anh) and the anhydrous Rb-dhta (Rb-dhta-anh) were
obtained by structure solution and refinement from capillary PXRD data (details in S| sections 1.8. and
2.9.) and confirmed through periodic DFT calculations (S| section 2.10.). The compounds are
isostructural, and their structures conserve the 1:1 metal-to-ligand molar ratio found in the parent
hydrated CPs and the single deprotonation of the Hsdhta ligand. However, while each cesium ion in the
hydrated CP was coordinated by two water molecules and six Hsdhta ligands, the dehydrated CP is
coordinated only by eight different Hadhta™ ligands. This results in infinite [CsOs], chains comprised of
edge-sharing CsOsg polyhedra (compared to [CsO7], chains comprised of corner-sharing CsOs polyhedra
in the parent coordination polymer), Figure 1. Even more strikingly, the rubidium structure transforms
from water molecule-bridged Rb dimers into the analogous infinite [RbOg]n chains comprised of edge-
sharing RbOg polyhedra. In both structures, two more hydroxyl oxygen atoms from already coordinated
Hsdhta™ molecules can be found at a distance of 3.712 A and 3.799 A for Cs and Rb, respectively. These
distances are slightly larger than a typical Cs-O or Rb-O bond (Fig. $32.a) but significantly closer than
the sum of Cs and O/Rb and O Van der Waals radii (4.95 and 4.55 A, respectively). An argument could
be made that these are infinite [CsOg], and [RbOs], chains comprised of edge-sharing CsO19 and RbO1o
polyhedra, adding another dimension of structural variability to the prepared alkali dhta CPs. In both
structures, the chains are connected through a complex network of m-m stacking and intermolecular



hydrogen bonds formed by the coordinated Hadhta ligands. Full structural details and description can
be found in SI 2.8. We assume similar changes take place in other anhydrous Ma-dhta compounds, but
we were so far unable to obtain their crystal structures to confirm this.

To assess the influence of hydration in CP samples on the vibrational dynamics of frameworks, we
measured Raman spectra for both dry and hydrated compounds in the low-frequency THz region (< 300
cm™) (Fig. $36), covering a range from 10 cm™ to 1800 cm™. The THz region in vibrational spectra of
CPs is particularly interesting because it encompasses intermolecular vibrations, i.e., low-frequency
collective modes. #' These can also be referred to as low-energy phonons (collective, quantized lattice
vibrations) and are associated with the structural mechanics of CP materials, such as shearing, pore
distortion, and breathing modes of the framework. 44 These low-frequency collective modes influence
the fundamental properties of the framework, including adsorption, elasticity, structural transitions,
instability, 4+° and thermal conductivity.*647

In the 400-1800 cm™ region (Fig. S36), the organic linker modes dominate over other modes and exhibit
characteristic frequencies resulting from typical functional groups that do not change significantly with
the type of the incorporated metal atom into the structure. Thus, we base the assignment of our alkali
metal-DHTA compounds on the mode assignments previously done for Zn-MOF-74* and Co-MOF-
744950 We assigned the 805-812 cm™ vibrations to the antisymmetric in-plane bending modes of the
benzene ring Bas(COO-), 1280-1290 cm™ vibrations to the C-O stretching mode v(C-0) (the most
intense mode) and the 1395-1415 cm™ vibrations to the O-C-O symmetric stretching vs(COO-). We
normalized the spectra of the dry and hydrated compounds to the intensity of the v(C-0O) mode, the most
intense vibration in all studied compounds.
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Figure 4 Low-wavenumber Raman spectra of Hadhta and alkali metals-dhta compounds; dry (dashed lines) and hydrated (solid
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This normalization allows us to observe how hydration strongly affects the low-frequency collective
modes. As mentioned above, this part of the spectrum®! is very sensitive to changes in crystal packing
and electron structure in solids, so it is becoming extremely popular for distinguishing between
polymorphic phases or even for detecting single atom replacements in the structure not possible to
resolve by crystallographic methods.%? However, these low-frequency resonances are delocalized among
a large number of atoms in the crystal, making the assignment of a specific band not possible without
employing advanced periodic density functional theory (DFT) calculations, so we will remain on a
descriptive level.

Three to four modes, separated by 15-25 cm™, can be observed in hydrated Li-, Na-, K-, and Cs-dhta in
the 10-120 cm™ region (Fig 4), creating a comb-shaped spectrum with the lowest frequency mode at 20
cm™ found in dry Cs-dhta. Interestingly, in Na-dhta (cyan dashed line), the intrinsically "dry" sample,
modes with frequencies below 90 cm™ are absent. In Rb-dhta, these modes are broader and overlap,
with a maximum at 64 cm™, possibly indicating greater structural heterogeneity in this compound.
Dehydration leads to a couple of notable effects. The Hsdhta vibrations are clearly visible in dry Li-dhta
compound, most likely due to the cocrystallised Hsdhta in the Li-dhta structure. These bands are not
presentin hydrated Li-dhta. Compared to the hydrated compounds (solid lines, Fig. 4), the low-frequency
bands in dehydrated samples (dashed lines, Fig. 4) occur in higher wavenumber regions, and their
overall intensity decreases. Specifically, in Li-dhta, the low-region spectrum intensity is three times
weaker; in Rb-dhta, twice; and in Cs- and K-dhta, the intensity decreases by 25%. This indicates that
low-frequency collective modes become less active upon dehydration of the alkali metal-dhta
compounds, particularly for Li-dhta. Also, lower frequencies in the spectra (<70 cm™) gain more intensity
at the expense of higher frequency ones (70-120 cm™), which is again most prominent in Li-dhta.
However, as mentioned above, only combining these results with periodic DFT calculations can help to
assign the physical motions to each observed peak® and provide insight into the mechanistic origin of
the hydration-related changes in electrical conductivity in the presented alkali metals-dhta compounds.

Electrical properties

The electrical properties of Hisdhta and Mak-dhta materials have been assessed by impedance
spectroscopy on pellets prepared from powdered microcrystalline samples (see Sl). As analyzed by
PXRD and SEM, the Mak-dhta materials are stable to the palletization process (Sl). For the interpretation
of the results of electrical characterization, it is crucial to correlate the observed features with the
composition and structure of the samples to yield insight into the type of present charge carriers and their
behavior within the material. There are several possible sources of electrical conductivity in these alkali
coordination polymers. Firstly, the presence of coordinated water molecules and free carboxylic or phenol
protons on the Hsdhta ligand is notable in all the studied Mak-dhta samples, fostering an abundance of
hydrogen (H)-bonds and thereby facilitating proton transport.5#%% Secondly, delocalized electrons within
the Hsdhta ligand should be considered, as they contribute to overall conductivity through bonding with
the alkali metal and through space via m- stacking. Thirdly, in addition to the intrinsic properties of the
sample, one should acknowledge the potential presence of external (ambiental) water from the
surrounding environment on the surface of the samples and in defects or interstitial spaces. This
phenomenon directly influences proton conductivity and should be carefully accounted for during
analysis.®*%" Lastly, due to the coordination of alkali ions, their confinement, and decreased mobility,
their ionic contribution to the overall conductivity is negligible, if any.

Figure 5.a illustrates the conductivity spectra for Mak-dhta alongside pure Hidhta ligand, measured at
ambient conditions at T ~25 °C RH ~55%. The spectra show two distinct characteristics: (i) a distinct
lower-frequency plateau, indicative of DC conductivity (frequency-independent part) related to the long-
range movement of charge carriers, and (ii) a higher-frequency dispersion in conductivity (AC part) which
originates from their localized movements.

Beyond these two observed spectral features, the spectra of all studied samples demonstrate a decrease
in conductivity as frequency decreases in the low-frequency region. This phenomenon, recognized as
electrode polarization (EP), arises from the accumulation of charge carriers at the gold electrodes. The
increasing EP effect along the K-dhta - Rb-dhta - Na-dhta - Cs-dhta - Li-dhta series could indicate the
increase in the number of available charge carriers for electrical transport along the series, likely linked
to the structure of the studied samples. However, while the potential increasing number of charge carriers



could be connected to increasing conductivity, many other factors are also at play, as will be discussed
later. Unlike the Mak-dhta materials, pure Hsdhta displays a milder slope throughout the three regions
and a less pronounced EP effect.
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Figure 5 (a) Conductivity spectra and (b) trends of DC conductivity for all samples measured at ambient conditions (T ~25 °C
and RH ~55%). In (b), each sample containing alkali ions is depicted by a data point, while the DC conductivity value for Hadhta
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Elaborating on electrical transport and the phenomenon of EP, impedance data is systematically
presented using the Nyquist plot representation (see Fig. S37). Each spectrum consists of a high-
frequency semicircle related to the bulk behavior and a low-frequency spur emanating from EP. One can
see that Hsdhta lacks a full semicircle due to dispersion absence and features a long DC plateau across
the frequency range. Throughout the samples, the evolution of the semicircular pattern closely mirrors
the changes in conductivity. It becomes evident that as the conductivity decreases, the semicircular
section increases while the corresponding EP spur becomes smaller, meaning a lower extent of mobile
protons in the sample.

This EP effect indicates that protons are the primary charge carriers within all studied samples. Proton
transport, a well-established phenomenon, occurs through proton hopping across a network of H-bonds
within the sample. Generally, the interaction of external water molecules and the intrinsic proton carrier



sites in the structure contributes to the ease of electrical transport by forming a more intricate H-bonding
network. This network serves as a pathway for the swiftest diffusion process and facilitates high proton
conductivity. Water molecules, functioning as proton donors (i.e., tuning proton concentration) and
carriers via H-bonds, significantly aid proton diffusion and act as mediators within the formed network.
Therefore, H,O plays a critical role in the capability of proton transfer.?'54-%658  Examining the Hidhta
isotherm reveals a DC plateau "leaking" towards lower frequencies, particularly notable since it lacks
crystalline water in the structure. It is, therefore, possible that in the case of Hidhta, proton transfer has
a slightly lower contribution to the overall conductivity, while through-space electron transfer facilitated
by the extensive n-mr stacking network in this quinone might play a more significant role.

On the other hand, the Na-dhta material similarly contains no coordinated water molecules. However,
the EP effect here is more pronounced than in Hsdhta, possibly indicating a higher contribution of proton
transfer to the overall conductivity. This is likely because the Na-dhta structure almost completely lacks
n-1t stacking, so the through-space electron transport is negligible, and the material conductivity relies
on proton transfer, primarily influenced by ambient water. The beneficial effect of humidity seems to have
a significant enough contribution that the overall conductivity is only slightly lower than in pure Hsdhta.
The observed spectral features indicate the coexistence of all three contributions to overall conductivity
(electron transfer, inherent proton transfer, and ambient water-enhanced proton transfer), with the
dominance of proton conductivity and a pronounced effect of water under ambient conditions. The
ambient water enhancement of overall conductivity is evident across all samples, especially in Hsdhta
and Na-dhta, due to the absence of coordinated H;O in their structures.

Table 1. DC conductivity measured at ambient conditions (T= 25 °C and 55% RH) and @150 °C in the
cooling cycle, Epc for the H-cycle before transformation and C-cycle.

A O'Dc/(Q cm)‘1 @

EDc/ eV EDc eV

opoc/(Q cm)™! ooc/(Q cm)™!

Sample @25°C 55% I‘:’Z,Fllailnd 10 @150°C (I:I;(;l; ‘l;;‘g;
Li-dhta 3.16:10° ~1-10* 2.95-10° 1.13 1.45
Na-dhta 3.55-10 ~2.0-10® 9.33:101° 1.06 1.29
K-dhta 4.47-107 ~8.0-10* 5.62:1071° 0.56 1.20
Rb-dhta 7.24-107 ~2.0-10°% 1.15-10° 0.61 1.16
Cs-dhta 4.45-10° ~2.0-107 1.86-1071° 0.99 1.15

As the size of the alkali cation increases, so does the coordination sphere, resulting in a variation in
coordination number from four to even ten in the dehydrated sample (Fig. 1). The complexity of
polyhedron arrangements grows with the increased coordination sphere, from monomeric SBUs over
edge-sharing dimer SBUs to corner-sharing 1D chain SBUs. When the DC conductivity values obtained
under ambient conditions are presented as a function of alkali ion radius (Fig. 5.b and Table 1), a non-
monotonic change in conductivity, characterized by a minimum in the K-dhta sample (opc = 4.43:-107" (Q
cm)™) is evident. The conductivity trend can be divided into three groups, differentiated by the different
SBU polyhedron types. The first and most conductive group comprises samples with monomeric SBUs
containing Li* and Na* cations. Notably, the sample exhibiting the highest conductivity is Li-dhta, with a
DC conductivity value of 3.14-107° (Q cm)™, which is almost two orders of magnitude higher than both
the best-performing MOF-74 family member?® (Fe-MOF-74-DMF, opc = 3.2-1077 (Q cm)™') and the best-
reported lithium-dhta material® (tetralithium-dhta, opc = 1.1-10~7 (Q cm)~'), which was tested for high-
rate lithium batteries in the form of graphene composite. In comparison, the other monomeric SBU
coordination polymer, Na-dhta, shows a marked decrease in conductivity of an order of magnitude (ooc
=3.55:10°(Q cm)™"). This can be attributed to two main factors: the differences in the coordination sphere
and the presence of coordinated H>O and cocrystallised Hsdhta in the Li-dhta sample. The coordinated
water molecules in Li-dhta significantly enhance the proton-transfer capabilities of the sample. At the
same time, the cocrystallised Hisdhta provides an extensive network of H-bonds that further enhances
proton transfer and m-m stacking, which enhances an electron transfer contribution to the overall



conductivity. Despite the lack of coordinated H.O in the Na-dhta sample, its conductivity remains
relatively high, which will be commented on lower in the section dedicated to the dependence of
conductivity on ambient conditions and RH. The conductivity significantly decreases when transitioning
from monomeric to dimeric SBUs in K-dhta and Rb-dhta. The formation of edge-sharing dimers via
coordinated water molecules aggravates charge transfer since it hinders the water molecules' mobility
and, thus, their ability to enhance proton transfer. A comparison between K-dhta and Rb-dhta reveals a
slightly higher conductivity value for the Rb-dhta sample (4.43-1077 (Q cm)™" vs 7.18:1077 (Q cm)™),
which may be attributed to the presence of stronger H-bonds. Finally, in the Cs-dhta, corner-sharing
H.O-Cs zig-zag chains are interconnected with both water- and dhta-based H-bonds, as well as n-n
stacking of the dhta anions. Importantly, the infinite polymeric [Cs-O], chain is not only covalently bound
through the bridging water molecules, but each of those water molecules is also H-bonded to the closest
Hsdhta™ oxygen. This essentially creates an infinite 1D H-bonded chain intertwined with the polymeric
[Cs-O]» chain (Figure $32), thus significantly enhancing proton transport and culminating in a DC
conductivity value of 4.47-1076 (Q cm)~', an order of magnitude higher than the dimeric SBU Max-dhta
materials, and even slightly higher than the monomeric SBU Na-dhta.

It is evident that structural variations - especially the presence of coordinated water - have a substantial
effect on the DC conductivity and that proton conductivity is a large (if not the main) contributor to the
overall electrical conductivity of these samples. Therefore, ambient water may play a crucial role in the
surprisingly large DC conductivity values of Mak-dhta coordination polymers. To estimate this
contribution, we measured the conductivity spectra in a dry environment (LN2) characterized by RH of
~10% % and cycled back to ambient conditions(Fig. $38). Unsurprisingly, the decrease in RH leads to a
significant overall drop in the conductivity values of all samples. At RH ~10%, there is minimal possible
interaction between external water molecules and coordinated water and ligand groups via hydrogen
bonding. This leads to a decreased proton transport rate primarily confined to the surface region,
resulting in diminished conductivity. The most pronounced impact is on the Cs-dhta and Na-dhta
samples, where reductions of almost seven and eight orders of magnitude, respectively, were noted,
Table 1. In Na-dhta, with no coordinated water, ambiental water significantly influences conductivity by
actively contributing to proton donation and building proton pathways through H-bonds, so this significant
difference is almost expected. To further rationalize the difference in conductivity for the Cs-dhta system
and see if it might be related to dehydration, we exposed the parent material to a vacuum. The resulting
material (Fig. $28) is identical to the one obtained by thermal dehydration (Cs-dhta-anh), strongly
implying that the cause of this strong humidity dependence is the dehydration of the sample. A look at
the structure of Cs-dhta-anh shows that while the infinite 1D covalent chain is preserved, the associated
H-bonded chain in the parent structure is non-existent in Cs-dhta-anh. Since that infinite H-bond chain
is likely the cause of such sizeable proton-transfer conductivity in the parent Cs-dhta material, it is
unsurprising that its disappearance causes a significant drop in conductivity, leaving only through-bond
electron transfer.%5%%6% The noticeable dependence of conductivity on RH underscores that, in the studied
samples, water molecules not only serve as a medium to modulate the concentration of protons by
adsorbing on the surface of the sample but also actively participate in building a continuous hydrogen-
bond network, facilitating effective proton conducting pathways. Notably, the significant difference in
conductivity at different ambient humidity values and the possibility of successful cycling potentially make
these materials promising candidates for water-sensing devices.

Seeing the extreme effect of ambient humidity on the conductivity of these materials, we also decided to
study the influence of temperature. We conducted a series of temperature-dependent measurements for
all samples. Initially, the samples underwent a heating cycle reaching 100 °C to eliminate adsorbed
moisture. Subsequently, temperature cycles were planned based on TGA analysis (S| section 2.8.),
resulting in a sequence of cycles including heating from 30 °C to 220 °C (H-Cycle) and cooling back to
30 °C (C-Cycle). The conductivity spectra exhibited an explicit temperature dependence, where
increased temperature resulted in increased conductivity, consistent with the semiconductive behavior
of known metal-dhta samples.’®® The DC conductivity demonstrated Arrhenius temperature
dependence and has characteristic activation energy. The activation energy, Epc, for each sample, and
across both the heating and cooling cycle, was determined from the slope of (log(ooc)) plotted against
the reciprocal of temperature (1000/T), using the Arrhenius equation: opoc = goexp(-Epc/ksT), where opc
is the DC conductivity, o% is the pre-exponential factor, Epc is the activation energy, kg is the Boltzmann
constant, and T is the temperature (K). The values of Epc are reported in Table 1. Arrhenius plots for all



samples are presented below, showcasing heating and cooling cycles. These plots reveal distinct phase
transformations occurring at specific temperatures, aligning well with TG measurements. Notably, the
phase transitions are observed in the heating cycle, which reaches up to 220 °C, while no further
transformations are observed during the subsequent cooling cycles to 30 °C.
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Figure 6 Arrhenius plot for the DC conductivity of (a) Li-dhta, (b) Na-dhta, (c) Hadhta. At cooling temperatures below 120 °C,
conductivity values are low, and the instrument limit of the IS setup we used and data are not shown.

For the Li-dhta sample, the initial dehydration process occurs within the temperature range of 100-120
°C (Fig. 6.a), coinciding with the TGA-detected release of 2 coordinated water molecules. This effect is
accompanied by a pronounced and sudden reduction in DC conductivity of 8 orders of magnitude. The
loss of coordinated water leads to changes in the coordination structure of the compound, and after
"stabilization," there is a further monotone increase in conductivity of the presumably dehydrated phase
with an increase in temperature. A different pattern emerges with the Na-dhta sample (Fig. 6.b). The
detected change does not cause a sudden drop in DC conductivity, as observed in Li-dhta. Instead, a
knee point manifests, with a discrete reduction in DC conductivity followed by a subsequent increase.
Since the Na-dhta sample exhibited no changes on the TG curve until approximately 300 °C, the change
cannot be rationalized by water loss and structural rearrangement process as above. To understand this
behavior, we performed temperature-dependent measurements on the alkali-free Hisdhta sample (see
Fig. 6.c). One can notice similar spectra for the Hsdhta and Na-dhta samples, where the change occurs
at 130 °C. This strongly suggests that the observed behavior for the Na-dhta sample is related to
changes in the Hsdhta ligand.
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The other dimeric SBU polymer, K-dhta, exhibits a substantial decrease in DC conductivity upon the
release of coordinated water by nearly three orders of magnitude. Unlike Li-dhta, this change is gradual
rather than sudden, within the 130-150°C range (Fig. 7.a). In K-dhta dimers, two potassium cations are
bridged by a coordinated water molecule into a dimer, resulting in strongly bound water molecules that
are slower to release and, thus, a shift of dehydration temperature to higher values. Analogous behavior



is observed in the case of Rb-dhta (Fig 7b), which has a similarly high dehydration temperature due to
tightly bound water in Rb-O-Rb dimeric SBUs. The Arrhenius plot for Cs-dhta, presented in Figure 7.c,
reveals another rapid decrease in conductivity corresponding to the temperature of coordinated H.O
release at 110-130°C, akin to the behavior observed in the Li-dhta sample and analogous to the one
observed when collecting Cs-dhta spectra at low humidity. This decline corresponds to a reduction of
approximately four orders of magnitude but is significantly recovered upon heating to 220 °C. This
recovery is likely due to the above-mentioned through-bond electron transfer. This type of conductivity
enhancement in CPs is typically achieved by replacing hard N- or O-based ligands (amines,
carboxylates, etc) with softer ligands (e.g., S-based thiols) to create better orbital overlap with the soft
metals traditionally used in MOF synthesis (Fe, Ni, Mn, etc.). In our case, a similar effect is achieved by
introducing a harder (but still softest of the alkali metals) metal to better match the hard O-based ligand.
Overall, in the heating cycle for all samples, we observe specific modifications related to the release of
coordinated water and changes in the Hidhta ligand, resulting in significantly lower conductivities at 150
°C than ambient measurements (Fig. 8.b). It is important to note that while the effects of changes in the
ligand are most pronounced in pure Hsdhta and the Na-dhta samples, they are likely also present in the
other samples but seem to be masked by the much larger effects of coordinated water release. During
the heating cycle, all hydrated samples show a sudden decline and non-monotonic change in DC
conductivity due to H,O release, while a consistent decrease in DC conductivity is observed in all
samples during the cooling cycle (Fig. 8.a). As for the activation energy, in the heating cycle, there is a
non-monotonic trend (Table 1) in the range from 0.56-1.13 eV with a minimum for the sample K-dhta
with an Epc of 0.56 eV. On the other hand, in the cooling cycle, a decreasing trend is observed, with Epc
in the range from 1.45-1.15 eV, where the Cs-dhta sample shows a minimum. Since the conductivity of
the dehydrated samples must primarily rely on through-bond electron transfer, the activation energies
will likely depend on the degree of overlap between the metal and ligand orbitals. Therefore, it is
unsurprising that the activation energy trends match well with alkali atom size and softness trends, as
the softer and larger alkali metals can provide the necessary orbital overlap with ligand oxygen atoms.
Generally, Epc values are higher for the cooling cycle, which can be correlated with the decrease of
conductivity values in cooling by a few orders of magnitude. The Na-dhta and Cs-dhta samples display
the smallest variation in Epc between cycles before and after transformation, Table 1., and at the same
time, they are the most sensitive to the loss of ambiental water on the surface, and at the defects and
grain boundaries of the sample. All samples are stable after the heating-induced structural
transformations, as evidenced by their Arrhenius plots during the cooling cycle (Fig. 8.a).
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The significantly lower conductivity values after sample dehydration and the related structural changes
emphasize the importance of the H-bonding network and active pathways for proton conductivity.
Presumably, the main charge carriers in the dehydrated samples are electrons via the through-bond
mechanism, resulting in a drastically lower overall conductivity (four, three, three, two, and almost five
orders of magnitude lower than at ambient conditions for Li-dhta, Na-dhta, K-dhta, Rb-dhta and Cs-
dhta, respectively). The Cs-dhta sample, in particular, exhibits a very large shift in DC conductivity,
resulting in values comparable to those measured at dry atmospheric conditions (Fig. S38). Since both
processes seemingly produce Cs-dhta-anh (Sl 1.4., Fig. $28), the similar conductivity of the resulting
materials is unsurprising. Unfortunately, despite numerous collection attempts, the PXRD data was not
of sufficient quality to solve the structures for other dehydrated Mak-dhta phases and to be able to discuss
in more detail the structure-conductivity relations after the water loss. The observed trend in DC
conductivity after transformation for Mak-dhta (M = Li, Na, K, Rb) is similar to the measurements at
ambient conditions, except for the aforementioned Cs-dhta (compare main Figure 8b with Inset).

The DC values obtained for all samples from our study show significantly higher values compared to
existing literature data for MOF-74-type frameworks, specifically M2(dhta)(DMF). with M = Mg, Mn, Co,
Ni, Cu, Zn. The conductivities of these MOF-74-type materials demonstrate orders of magnitude lower
values,?’ ranging from 1.4-10™"* (Q cm)™ to 3.0-107"® (Q cm)™" except for the Fe(dhta)(DMF), sample
with 3.2:1077 (Q cm)™ conductivity.?® These frameworks show similar sensitivity to the loss of the
crystalline and coordinated solvent as the here-studied Mak-dhta samples. The conductivity of the here
investigated Mak-dhta materials is up to two orders of magnitude higher than even the Li>-Mn-dhta
framework (6.1-1077 (Q cm)™") and tetralithium-dhta material (1.1-10~7 (Q cm)™") tested (as a graphene
composite) for high-performing lithium batteries.®*3* This tetralithium-dhta material does not have a
reported structure, so it is hard to rationalize the observed difference in performance. The difference is
likely due to the presence of coordinated water in the monolithium-dhta compound and a well-defined
network of hydrogen bonds, resulting in highly proton-conductive Ma-dhta materials.

Conclusions

In summary, we have used green and sustainable solvent-free synthetic procedures to efficiently prepare
a series of highly conductive (1:1) alkali metal-dhta coordination polymers (Li, Na, K, Cs, Rb).
Mechanochemical procedures proved advantageous to solution processes, resulting in a high
stoichiometric control and a direct and complete conversion to the phase-pure products in minutes
without a need for any solvent in the synthesis or work-up. These procedures can be readily scaled to a
gram scale using mixer or planetary mill. The structure of the prepared Max-dhta materials is
characterized by different alkali-cation polyhedrons, ranging in coordination number from four to ten,
depending on the size of the cation and the presence of water. The structure and connectivity of these
polyhedrons and the presence of coordinating water molecules are directly related to a non-monotone
trend in conductivity, with the K-dhta having the lowest DC conductivity in the series and Li-dhta the
highest. The Hisdhta quinone ligand is characterized by a high DC conductivity based on ambient
humidity-enhanced proton conductivity and through-space electron transfer stemming from the aromatic
core. The tested Mak-dhta materials display typical semiconductor behavior expected in such
coordination polymers but also some of the highest DC conductivity among reported metal-dhta MOFs.
Such high conductivity seems to primarily stem from proton transport along the extensive hydrogen bond
networks characterizing these materials, which is greatly enhanced by ambient water. In the case of
monoalkali Li-dhta, the hydrogen-bonded framework is augmented by cocrystallization with fully
protonated Hisdhta molecules, resulting in orders of magnitude higher conductivity than all the reported
dhta-based MOF-74 frameworks and even than the tetralithium-dhta material tested for lithium-organic
batteries application. This result shows how the quantity of metal is not decisive in all cases for the
performance of electromaterials, which may have important implications on the economy of precious
energy metals, such as lithium. The here-tested materials show colossal changes in conductivity when
exposed to dry conditions, making them possibly not suitable for real-world battery applications but good
potential candidates for water-sensing. In the future, we will focus on the sustainable preparation and
structural characterization of higher stoichiometry Max-dhta samples with lithium and sodium, where we
also aim to study the effect of introducing the electron-rich thiol functionalities to the Hidhta ligand to
increase conductivity and test their suitability as candidates for alkali metal-ion batteries.
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