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Proton-conducting materials play an important role as solid electrolytes in electrochemical devices for
energy storage and conversion, including proton exchange membrane fuel cells. Metal-organic
frameworks (MOFs), covalent-organic frameworks (COFs) and more recently hydrogen-bonded organic
frameworks (HOFs) have emerged as useful crystalline platforms for proton transport that provide high
conductivity and enable insight into conduction pathways. Here, we present two new HOFs with high
conductivity, reaching 2 x 1072'S cm™ at 60 °C and 75% relative humidity, obtained in reactions that
represent a new class of reversible transformations of solids. The reactions are induced by solvent-free
mechanochemistry and involve breaking of coordination linkages in a MOF and formation of extended
hydrogen-bonded networks of metal-HOFs (MHOFs). This unprecedented class of MOF-to-MHOF
transformations has been demonstrated using a non-conductive MOF (JUK-1) and formamidinium or
methylammonium thiocyanates as solid reactants. Structural details of the solid-state reactions are
revealed by powder X-ray diffraction and Rietveld refinements for the MHOF products. None of the
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role of mechanochemical stimuli in the reactivity of supramolecular polymer solids, including crystalline

MOFs and HOFs. The reversible nature of non-covalent interactions in such materials may be utilized for
the development of healable polymer systems.
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a variety of applications,® such as gas adsorption,® ™
sensing, catalysis,””?°* biomedicine,>** and proton

Introduction

12-16

Hydrogen-bonded organic frameworks (HOFs) represent a novel
class of crystalline, functional porous structures that self-
assemble through intermolecular hydrogen-bonding interac-
tions from a multitude of organic building blocks or metal-
organic building blocks,** the latter case leading to a subclass
of metal hydrogen-bonded organic frameworks (MHOFs).’
Whereas a number of H-bonding motifs were successfully used
for constructing porous HOFs,* the nature of relatively weak,
reversible and flexible hydrogen bonds often entails the pres-
ence of polymorphs, which complicates synthesis, character-
ization and reproducibility.”” Despite these challenges,
however, well-defined HOFs were recently demonstrated in
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conduction.”*™” Proton-conducting materials are of tremendous
importance for renewable energy technologies, including fuel
cells and proton exchange membrane-based devices. The
inherent well-defined H-bonded networks, porosity, and
tunability of HOFs make them excellent solid-state candidates
for efficient water-mediated high superprotonic conduction.?®>
In other related open framework materials such as metal-
organic frameworks (MOFs) and covalent organic frameworks
(COFs), in addition to proper backbone functionalization, high
proton conductivity has been achieved by introducing pore-
filling Brensted acid centres (molecules or ions), but examples
of such HOFs remain uncommon.***

Chemical reactions induced by mechanical force, have
emerged as a promising and sustainable method for developing
new materials.**** This new approach in synthetic chemistry
has shown tremendous potential in revolutionizing traditional
synthesis methods with energy-efficient, simple,
temperature, and highly economical processes.***' Mechano-
chemical reactions can be performed in solvent-free conditions,
decreasing environmental impact and providing access to
unique reaction pathways that are often inaccessible by

low-
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conventional methods.******%>% In particular, future perspec-
tives of mechanochemistry in the synthesis and fine-tuning of
functional HOFs, including proton-conducting ones, are also
promising.** Additionally, mechanochemistry offers the capa-
bility to access elusive polymorphs and increase the reproduc-
ibility of HOFs production, responding to one of the crucial
challenges facing the field.”

In this work, we provide an accessible strategy for post-
synthetic conversion of a metal-organic framework (MOF) into
metal hydrogen-bonded organic frameworks (MHOFs) with the
simultaneous introduction of proton conduction by solvent-free
mechanochemistry. We demonstrate that grinding the layered
metal-organic framework JUK-1 ({{Mn,(ina),(H,0),]- 2EtOH},,)**
with methylammonium (MA) or formamidinium (FA)
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thiocyanate leads to the formation of highly proton-conducting
metal hydrogen-bonded organic frameworks. In comparison
with our previous research covering the inter-MOF trans-
formation from JUK-1 to JUK-2 that contains ammonium (AM)
cations ({(AM),[Mn(ina),(NCS), [}, *H,0),>*>** the mechano-
chemical reactions carried out in this work lead to the cleavage
of coordination bonds between COO™ and manganese, and the
stabilization of the resulting framework by hydrogen bonding.
The crystal structures of the MHOFs, determined by applying
Rietveld refinement, as well as proton conductive properties of
the MHOFs, elucidated by electrochemical impedance spec-
troscopy (EIS), are compared and discussed. A postsynthetic
modification using ionic compounds demonstrates for the first
time the capability to obtain metal hydrogen-bonded organic
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Fig. 1 Solid-state reaction of JUK-1 with CH(NH,),SCN (FASCN) or CH3NH3SCN (MASCN): (a) general reaction scheme for the mechano-
chemical synthesis of Mn-HOFs. IR spectra in the 2150-1300 cm ™! range with characteristic wavenumbers in cm™ are given for comparison —
top. Structural details of molecular rearrangement inside the coordination region, cations omitted for clarity (H atoms omitted, Mn — purple, O -
red, N — blue, S — yellow, C — grey) — bottom. (b) FT-IR spectra of Mn-HOFs with characteristic band shift of the strong »(CN) band. Numbers
indicate wavenumbers (in cm™) of the CN stretches. (c) PXRD patterns of mixtures after grinding JUK-1 with various amounts of MASCN; 1:1, 1
2 (Mn-HOF-MA) and 1: 3 (given as JUK-1 to MASCN stoichiometric ratio), characteristic reflections of MASCN are labeled with “*".
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frameworks from a metal-organic framework by mechano-
chemical approach. Reverse incorporations of metal ions into
suspensions of HOF solids that led to the formation of MOFs or
1D coordination polymers have been recently reported in the
literature.>*”

Results and discussion

Postsynthetic modification and physicochemical
characterization

Postsynthetic modifications of a layered JUK-1 with methyl-
ammonium (MA) or formamidinium (FA) thiocyanates were
performed, resulting in two HOFs with coordinated NCS™
ligands and extra-framework cations as proton carriers:
(MA),[Mn(ina),(NCS),(H,0),] and (FA),[Mn(ina),(NCS),(H,0),],
denoted Mn-HOF-MA and Mn-HOF-FA, respectively. Both
syntheses involved fast solvent-free grinding of JUK-1 with an
appropriate thiocyanate salt (see the ESI for detailst). The
formation of new crystalline Mn-HOFs phases can be detected
by powder X-ray diffraction (PXRD) and infrared (IR) spectros-
copy. For both reactions, stoichiometry (1:2; metal: thiocya-
nate ratio) and the evidence of thiocyanate coordination are
provided by IR band shift of the strong »(CN) band from 2059
for the initial FASCN to 2098 cm ™' (Mn-HOF-FA), whereas for
Mn-HOF-MA the band at 2045 cm™ " (for the initial MASCN)
shifts to 2078 cm ™' (Fig. 1 and S2-S9, ESIf). The reactions
carried out at higher stoichiometries of thiocyanate salts result
in mixtures of uncoordinated thiocyanates and Mn-HOFs
(observable by the appearance of extra X-ray reflections of
MASCN/FASCN or extra »(CN) IR bands). On the other hand, the
use of lower stoichiometric ratios leads to mixtures of unreacted
JUK-1 and Mn-HOFs due to a deficiency of salts.

For verification of potential Mn-HOFs formation in solution,
JUK-1 was immersed in saturated solutions of FASCN or MASCN
in ethanol - the IR measurements showed the absence of CN
bands (see the ESI for details, Fig. S10T). Additionally, the de
novo synthetic trials to obtain Mn-HOFs were also performed
(see the ESI for details, Fig. S11 and S121). None of these
attempts succeeded in obtaining modified frameworks, con-
firming the necessity of mechanochemical grinding. Signifi-
cantly, the solid-state modifications are fully reversible, with
both Mn-HOF-FA and Mn-HOF-MA returning to JUK-1 after
immersion in ethanol (see the ESI for details, Fig. S137).

Structural details of solid-state reactions

Using X-ray diffraction on polycrystalline samples followed by
the Rietveld refinement allowed the structural elucidation of
Mn-HOF-MA and Mn-HOF-FA (Fig. S15 and S16, ESI}). The
solid-state reaction of JUK-1 with appropriate thiocyanate salts
includes the coordination of two thiocyanates and two labile
aqua ligands per one manganese centre (with accompanying
conversion of dinuclear Mn, to mononuclear Mn nodes) as well
as the breaking of coordination bonds of the COO™ ions with
manganese, and stabilization of the resulting discrete
complexes via hydrogen bonding (Fig. 1 and 2). Considering the
formation of Mn-HOF-MA, a comparable, yet significantly
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Fig. 2 Structural transformation between JUK-1 and Mn-HOFs. (a)
PXRD patterns for JUK-1and Mn-HOFs, compared with related JUK-2.
(b) Stacked coordination bilayers in the initial JUK-1 (top), and the
resulting: stacked hydrogen-bonded layers in Mn-HOF-MA (middle)
and 3D hydrogen-bonded network in Mn-HOF-FA (bottom), all
packing views along the ¢ axes. The layers in JUK-1 and Mn-HOF-MA
are stabilized by interlayer hydrogen bonds.

different situation occurred in our previous work when NH,SCN
was used instead of MASCN and a new coordination polymer
(JUK-2) was formed. Here, in contrast, as a result of 2D MOF to
3D MHOF structural transformation (Fig. S20, ESI}), iso-
nicotinates are no longer coordination linkers and together

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with new aqua ligands become involved in strong hydrogen
bonds forming a new extended network (donor-acceptor
distances for O-H-+-O are approx. 2.6 A; Fig. S18 and Table S31).
Additionally, extraframework CH;NH;" ions are stabilized by
hydrogen bonds with thiocyanate (N-H---S) and carboxylate (N-
H---0), in which donor-acceptor distances are approx. 3.5 A and
2.6 A, respectively (Fig. $191). Per analogy with JUK-2, the Mn-
HOF-MA system can also be viewed as consisting of hydrogen-
bonded layers (based on O-H---O bonds) that are further
stabilized by the presence of MA cations that are involved in
hydrogen bonding with adjacent layers (via N-H---S and
N-H---O bonds) with the inter-layer separation of 10.5 A. In
contrast, despite the same type of hydrogen bonds, such a clear
hierarchical distinction between intra- and inter-hydrogen-
bonded layers cannot be made for Mn-HOF-FA, in which
these hydrogen bonds interconnect FA cations and complex
[Mn(ina),(NCS),(H,0),]>~ ions making up for 3D MHOF.
Carboxylates engage with aqua ligands from adjacent
complexes with donor-acceptor distances (O-H---O) of approx.
2.5, 2.8 and 2.9 A (Fig. S22 and $23 and Table S5, ESIt), and
additionally, the extraframework CH(NH,)," ions are stabilized
by hydrogen bonds with thiocyanates (N-H---S, D---A distances
3.2 Aand 3.4 A) and carboxylates (N-H---O, D---A distances 2.7 A
and 2.9 A).

The confirmation of the structural transformations associ-
ated with thiocyanate complexation is also provided by IR
spectra (Fig. 1), showing not only a clear shift of the CN band of
used salts but also a change in the vibrations of carboxylates.
Strong hydrogen bonds in Mn-HOFs significantly affect the
oscillations of carboxylates, and despite the absence of coordi-
nation bonds between COO™ and manganese, the bands cor-
responding to asymmetric and symmetric vibrations are
observable at 1636 and 1581 cm™ ' - ¥(COO),, and at 1413 and
1372 em™ ' - »(COO); for Mn-HOF-MA and at 1651 and
1583 cm™ " - »(COO),, and at 1416 and 1392 cm ™' - »(COO), for
Mn-HOF-FA (Fig. S9, ESIY).

Proton conductive properties

Our previous work has shown the effectiveness of introducing
appropriate thiocyanate salts (NH,SCN, MASCN and FASCN) to
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induce proton conduction in various porous frameworks.
Successful modifications of both rigid CPO-27 3D MOFs and
flexible JUK-1 2D MOFs resulted in high proton conductivity of
CPO-27-NCS** and JUK-2.** Here we show an unprecedented
effect of mechanochemical stoichiometric modification in the
solid state of a flexible metal-organic framework to obtain
proton-conducting metal hydrogen-bonded organic frame-
works. For comparison, electrochemical impedance spectros-
copy (EIS) measurements were performed for pelletized
samples of Mn-HOFs and JUK-2 at variable temperatures (from
25 to 60 °C) and different relative humidity (RH) values (from 30
to 75%) over the frequency range of 4 Hz to 5 MHz (Fig. 3, S27-
S30 and Table S6, ESIf). The highest proton conductivity,
reaching 2 x 107> S ecm ™" at 60 °C and 75% RH was observed for
Mn-HOF-FA. Due to deliquescent nature, the EIS measurements
of Mn-HOF-MA and JUK-2 were not available at 75% RH, as
indicated by water adsorption studies. At lower 60% RH, these
materials show conductivity of the same value, reaching nearly
102 S ecm ™t at 60 °C. In line with earlier work, it was also found
that relative humidity strongly affects conductivity values,
which indicates that ions are the primary carriers in the charge
transport observed. Representative equivalent circuit modelling
carried out for AC impedance plots at 30% RH and various
temperatures for Mn-HOF-FA indicates the presence of bulk
resistance, grain boundary resistance and electrode/electrolyte
interface in the studied sample (Fig. 3).

The Arrhenius plots interpretation provided activation
energies (E,) for proton transport in Mn-HOFs. The activation
energies mainly indicate a humidity-independent vehicle
mechanism involving diffusion of CH(NH,)," and CH;NH;"
(Fig. S31, ESIT). At lower temperatures (25-30 °C), E, is higher,
between 1.4 and 3.5 eV, while in the range of 40-60 °C it is
generally below 1 eV. These two different slopes suggest the
occurrence of MHOF phase transitions under pressure,
temperature and humidity applied during the EIS measure-
ments, which is likely, given the fact that the MHOFs are based
on flexible low-energy hydrogen bonds. The tendency of Mn-
HOFs to undergo phase transitions is also clearly pronounced
in their variable-temperature PXRD patterns (Fig. S25 and $26,
ESI{). PXRD patterns recorded for both Mn-HOFs directly after
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Fig. 3 Humidity-dependent proton conduction for Mn-HOFs, compared with JUK-2. (a) Water vapour adsorption at 293 K. (b) Representative
temperature-dependent AC impedance plots for Mn-HOF-FA at 30% RH with equivalent circuit used for fitting. (c) Proton conductivities at 60 °C
and different RH values (Mn-HOF-FA, Mn-HOF-MA and JUK-2 abbreviated FA, MA and AM, respectively).
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EIS measurements at 60 °C at 60-75% RH also show the pres-
ence of new reflections (Fig. S33 and S34, ESIt), which on the
other hand practically disappear after the water vapor adsorp-
tion-desorption cycle is performed on the samples at room
temperature (Fig. S44, ESIf). This behaviour indicates the
return to initial crystalline phases. The comparison of IR
spectra of the as-synthesized Mn-HOFs with those after the EIS
measurements at elevated temperature and humidity show no
changes which indicates that the observed changes in the PXRD
patterns are not associated with any coordination bond rear-
rangements. The water vapor adsorption measurements recor-
ded for the samples after the impedance measurements at
elevated temperature and humidity are identical with those
observed for the as-synthesized samples (Fig. S43, ESIt). Addi-
tionally, SEM-EDX imaging also confirm the stability of these
materials after grinding and proton conductivity measure-
ments, with the retainment of crystallite morphology and
homogeneous dispersion of elements (Fig. S45 and S46, ESIT).
Similarly, under the measurement conditions (i.e., 25-60 °C),
the Mn-HOFs are thermally stable, and no crystal phase tran-
sitions are observed in this temperature range (Fig. S24-526,
ESIt) under ambient pressure and humidity.

Conclusions

In summary, our work demonstrates a new class of reversible
transformations of solids that involve the decomposition of
metal-organic frameworks into metal hydrogen-bonded
frameworks. Noteworthy, the breaking of extended network of
coordination bonds and formation of extended network of
hydrogen bonds is induced by ecological and economical
solvent-free mechanochemistry and it leads to functionalization
of the system. Our approach to functionalization through
disintegration of coordination linkages can be applied to other
flexible and reactive systems based on coordination bonds.
Moreover, the reversibility of non-covalent interactions in
framework materials, such as MOFs and HOFs, can be utilized
in the future for the development of new healable polymer
systems as well as switchable and responsive devices.

Data availability

Crystallographic data for Mn-HOF-FA and Mn-HOF-MA has
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www.ccde.cam.ac.uk/structures/. The datasets supporting this
article have been uploaded as part of the ESL.}
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