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hydrogen-bonded organic frameworks from
metal—-organic frameworks as templatesf
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Controlled synthesis of hydrogen-bonded organic frameworks (HOFs) remains challenging, because the
self-assembly of ligands is not only directed by weak hydrogen bonds, but also affected by other
competing van der Waals forces. Herein, we demonstrate the coordination-bond-directed synthesis of
HOFs using a preformed metal—organic framework (MOF) as the template. A MOF (Cu'-TTFTB) based on
two-coordinated Cu' centers and tetrathiafulvalene-tetrabenzoate (TTFTB) ligands was initially
synthesized. Cu'-TTFTB was subsequently oxidized to the intermediate (Cu"-TTFTB) and hydrated to the
HOF product (TTFTB-HOF). Single-crystal-to-single-crystal (SC-SC) realized
throughout the MOF-to-HOF transformation so that the evolution of structures was directly observed by
single-crystal X-ray diffraction. The oxidation and hydration of the Cu' center are critical to breaking the

transformation was

Cu-—carboxylate bonds, while the synergic corbelled S---S and m---7v interactions in the framework
ensured stability of materials during post-synthetic modification. This work not only provided a strategy

rsc.li/chemical-science

Introduction

Hydrogen-bonded organic frameworks (HOFs) are a rising class
of porous materials that are self-assembled through hydrogen-
bonding interactions between organic or metal-organic
linkers. With the reversible and flexible nature of hydrogen-
bonding connections, HOFs show high crystallinity, easy solu-
tion processability, and facile recyclability. These merits stim-
ulate the studies of HOFs as a multi-functional platform in the
area of gas storage and separation, molecular recognition,
electric/optical materials, chemical sensing, catalysis, and
biomedicine.'® Although different methods have been explored
to synthesize HOFs including slow solvent evaporation,>'’
diffusion,”™** and solvothermal methods,** the controllable
synthesis of HOFs remains a challenge. Due to the inherently
weak hydrogen bond interactions, the formation of HOFs by
self-assembly is subject to the influence of other competing van
der Waals force (such as -7 and o---7 interactions) between
ligands and solvent molecules. A slight modification of ligands,
change of solvents, or reaction temperature may significantly
alter the self-assembled products.”®" As a result, many
attempted syntheses of HOFs in a one-pot reaction may end up
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to guide the design and discovery of new HOFs, but also linked the research of MOFs and HOFs.

with non-porous products formed by closely packed ligands. For
comparison, metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs), with coordination bonds and
covalent bonds, can be rationally designed and synthesized
based on reticular chemistry.'®** Therefore, it requires a new
synthetic method to control the formation of HOFs and enrich
their structural diversity.

Templated synthesis has been a vital strategy to construct
porous materials such as MOFs and COFs. For example, tem-
plated syntheses of MOFs by post-synthetic metalation/deme-
tallation,”**" metal exchange,”>* or ligand exchange** have
been widely used to obtain targeted functional MOFs with the
same structure/topology as the MOF-template. These templated
syntheses take advantage of the reversible coordination bonds
which can break and reform during post-synthetic modifica-
tions. The reversible coordination bonds have also been used to
template the synthesis of COFs* and porous polymers.>*** A
representative example has been demonstrated by Yaghi and co-
workers, which used the reversible formation/break of Cu'-
phenanthroline coordination moieties to construct COFs with
woven structures.” The copper centers are topologically inde-
pendent of the weaving within the COF structure and serve as
templates for bringing the threads into a woven pattern rather
than the more commonly observed parallel arrangement. The
weak coordinated Cu' can be removed without breaking the
COF structure. These works inspire us to guide the assembly of
HOFs using coordination bonds.

To realize the design of coordination-bond-directed HOF
synthesis, a MOF based on weak coordination bonds will be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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initially constructed. The weak coordination bonds will be
dissociated to form hydrogen bonds while maintaining the
spatial arrangement of the organic ligands and the ordered
porous structure. Since the MOF-templates can be easily
designed by reticular chemistry, the structure and porosity of
resulting HOFs can be rationally controlled. In addition to the
higher degree of control over the HOF structures, the MOF-
templated synthesis may offer promise for the design and
discovery of HOFs with unique topologies that are otherwise
difficult to form by one-pot synthesis. However, the coordina-
tion bonds in most MOFs are usually stronger than the
hydrogen bonds in HOFs, which poses a thermodynamic barrier
to transform MOFs into HOFs. For example, Zhang and co-
workers have reported an isostructural transformation from
a hydrogen-bonded network to a MOF on Au(111)/Ag(111)
surfaces by replacing the weak N-H:--N hydrogen bonds with
stronger Ag-N coordination bonds.*® But the reverse process
(i.e. replacement of coordination bonds by hydrogen bonds) has
never been reported to the best of our knowledge. We propose
that the coordination bonds in MOFs could be broken to form
hydrogen bonds assisted by the hydration of metal cations.

Herein, a MOF-template (Cu-TTFTB) has been constructed
from the two-coordinated Cu' ions and tetrathiafulvalene-
tetrabenzoate (TTFTB) using the solvothermal method. Cu'-
TTFTB was stepwise oxidized to the intermediate MOF (Cu'™-
TTFTB) and hydrated to the HOF product (TTFTB-HOF) by
single-crystal-to-single-crystal (SC-SC) transformation. The
synergic corbelled S---S and 7t-- -7 interactions in the framework
and the slow hydration reaction ensured the success of SC-SC
transformation. The MOF to HOF transformation slightly
increased the pore size, and significantly enhanced the electron
conductivity by about 3 fold to 2.9 x 10> Sm™ .

Results and discussion
Crystal structure of the 2-coordinated Cu-MOF

Cu'-TTFTB was synthesized by the reaction between Cu(NOs),
and H,TTFTB in which Cu™ was in situ reduced to Cu' by N,N-
dimethylformamide (DMF) solvent under solvothermal condi-
tions. The reduction of Cu" to Cu' during MOF synthesis is well
documented in the literature.>**® Analysis of the X-ray diffrac-
tion data for Cu~TTFTB revealed that it crystallized in the
monoclinic space group C,/c (Table S17). The asymmetric unit
(Fig. S11) contains a half Cu' ion, a half H,TTFTB*>", a half
(CH3),NH," counterion, and a half free N,N-dimethylformamide
(DMF). The H,TTFTB>~ ligand is coordinated to two Cu' ions
through the two carboxylate groups in which all are ligated in
a monodentate mode (Fig. 1a). The Cu' ion is two-coordinated
with two carboxylate groups from each H,TTFTB>~ (Fig. 1c).
The Cu' ion and two neighboring O atoms are in a linear
coordination geometry with the Cu-O bond length of 1.835(2) A,
which is comparable to the reported Cu'-carboxylate coordi-
nation compounds.*”~*° Hydrogen bonds exist between a pair of
OH from uncoordinated carboxylic acids and O from Cu-
coordinated carboxylates (doy-osa = 2.569 A (symmetry code
A, 3/2 — x,1/2 +y, 3/2 — z), Z/O3H302 = 173°, Fig. 1b). Overall,
the H,TTFTB>~ ligands are assembled by hydrogen bonds into
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Fig. 1 Crystal structure of Cu'-TTFTB. (a) The structure and coordi-
nation environment of H,TTFTB2~. (b) The hydrogen bond between
two carboxylates of H,TTFTB2™. (c) The coordination bond between
Cu' and H,TTFTB?". (d) The S---S and =---m interactions between
neighboring TTF moieties. (e) The structure of Cu'-TTFTB viewed
along the c-direction. Two sets of hydrogen-bonded networks are
colored blue and yellow. The hydrogen bond within the network,
coordination bond between two sets of networks, and S---S/m---w
interactions are highlighted by green, violet, and orange. The mole-
cules in the channels are omitted for clarity. (f) The structure of Cu'-
TTFTB viewed along the b-direction showing the AB stacking mode.
Color scheme: Cu, violet; O, red; C, black; S, yellow.

a 2D network with sql topology (Fig. le), which are further
stacked in an AB mode and linked through Cu-O coordination
bonds between adjacent planes A and B (Fig. 1f). Meanwhile,
the stacked 2D networks are stabilized by S---S and w---m
interactions with a S---S distance of 3.792 A (Fig. 1d). Micro-
porous 1D channels were observed along the crystallographic ¢
direction with a diameter of ~12.2 A (Fig. 1e, and Fig. S2 and
S31). The SQUEEZE calculations in PLATON*' give a total
solvent-accessible volume of 2370.7 A® per unit cell, equivalent
to 40.5% of the total crystal volume. The porosity of Cu'-TTFTB
is slightly higher than that of the transition-metal TTF-based
MOF, M,(TTFTB) (37.9%).> Cu~TTFTB could maintain its
morphology in air for at least 19 days (Fig. S471), but it dissolves
in DMF possibly due to the weak hydrogen bonds.

Crystal structure of the HOF obtained by SC-SC
transformation

The structural analysis for Cu'-TTFTB reveals that it can be
transformed into a HOF if Cu' is removed from the lattice. The
transformation of Cu'-TTFTB into the HOF was carried out by
incubating crystals of Cu~TTFTB in water/acetone solution
(1 vol%) for 14 days. The color of Cu'-TTFTB crystals changed
from red to dark red after the incubation (Fig. S5 and S6+) while
the morphology of crystals remains visually intact. By single
crystal X-ray diffraction, the resulting crystals are found to be
a HOF, namely TTFTB-HOF (Fig. 2). TTFTB-HOF still crystallizes
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Fig.2 Single crystal transformation of Cu'-TTFTB to Cu"-TTFTB to TTFTB-HOF. The structure of the Cu center with four adjacent carboxylates
and the packing of TTF moieties in Cu'-TTFTB (a), Cu"-TTFTB (c), and TTFTB-HOF (e). The accessible solvent surface of Cu'-TTFTB (b), Cu'-
TTFTB (d), and TTFTB-HOF (f) showing the change of cavity sizes upon structural transformation. The molecules in the channels are omitted for
clarity. The pore size and accessible solvent surface were calculated based on the N, molecule as the probe (kinetic diameter of 3.64 A).

in the monoclinic space group C,/c (a = 20.495, b = 34.798, c =
8.801 A, Table S1t) with comparable cell parameters to those of
Cu"-TTFTB (a = 19.165, b = 34.704, ¢ = 8.882 A). But the Cu' has
been removed from the skeleton. The (CH;),NH," counterion
was also absent in the crystal structure of TTFTB-HOF (Fig. S7
and S87), and the charge was presumably balanced by the
protonation of two carboxylates. Detailed structural analysis of
TTFTB-HOF shows slightly rotated phenyl-carboxylate moieties
and slipped TTF moieties. As a result, the hydrogen bond
donor:--acceptor lengths (02---03) reduced from 2.569 to 2.476
A accompanied by the increase of S---S distance from 3.792 to
3.868 A, indicating the enhanced hydrogen bond interaction
after the removal of Cu'. The pore size of TTFTB-HOF was
slightly expanded by ~1 A compared to that of Cu-TTFTB,
which is in line with the increased g-axis length from 19.165 to
20.495 A. The ideal N, adsorption was not obtained owing to the
degraded crystallinity of TTFTB-HOF after the activation.
Comparison of reported TTFTB based-HOFs (X-TTF-1,* PFC-
77, PFC-78, and PFC-79,* PFC = porous materials from FJIRSM,
CAS) with our TTFTB-HOF in this work shows that there are
several differences in the single-crystal structures. Firstly, the
reported structures are all crystallized in the space group of P1,
while TTFTB-HOF is in C,/c. Secondly, the connection types
between the carboxylates are different. In the reported struc-
tures, a pair of carboxylates forms a typical self-complementary
dimer through two hydrogen bonds, while in our TTFTB-HOF
structure, each carboxylate pair is connected by one hydrogen
bond. At last, the hydrogen bonds showed different bond
lengths (defined by the O---O distance between the

14256 | Chem. Sci., 2021, 12, 14254-14259

carboxylates). The previously reported HOFs have hydrogen
bond-lengths in the range of 2.6-2.8 A, which are longer than
that in TTFTB-HOF (2.48 A, Table 1). Therefore, the MOF-
templated synthesis of TTFTB-HOF may enrich the structural
and functional diversity of HOFs.

Both O, and H,O are critical for the structural trans-
formation. Control experiments were conducted in an Ar
atmosphere or in dry acetone, which did not yield TTFTB-HOF
crystals. To reveal the mechanism of Cu“TTFTB to TTFTB-
HOF transformation, we replaced the water/acetone solution
with nonpolar cyclohexane to slow down the hydration. An
intermediate was successfully isolated, namely Cu"-TTFTB.
Single crystal analysis shows that Cu"-TTFTB crystallizes in the
monoclinic space group C,/c (@ = 18.757, b = 35.559 and ¢ =
8.899 A, Table S1t) with slightly changed cell parameters
compared with Cu~TTFTB (a = 19.165, b = 34.704 and ¢ = 8.882
A). Interestingly, two water molecules were added to the Cu
center which formed a planar 4-coordinated Cu center (Fig. 2c).
The Cu' was oxidized into Cu" as reflected by the 4-coordinated

Table 1 Hydrogen bonds in the structure of TTFTB-HOF*

Donor-H:--Acceptor D-H H--A DA Angle (°)
02-H2---03! 0.82 1.70 2.476(6) 156
C6-H6--S1 0.93 2.63 2.998(4) 104
017-H17---02" 0.93 2.55 3.248(7) 132

¢ Symmetry transformations used to generate equivalent atoms: i (3/2 —
x,1/2+y,3/2 —z),ii (x,1 —y, —1/2 + 2).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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square planar geometry and bond lengths (Cu1-O1 = 1.868(7)
A; Cu1-O5(water) = 2.34 (3) A). The (CH;),NH," counterion was
eliminated to balance the charge. The hydrogen bond lengths,
defined by the 02---03 distances (2.569 A for Cu'-TTFTB and
2.578 A for Cu"-TTFTB), did not noticeably change upon Cu
oxidation. The packing between TTF moieties slightly slipped
leading to the increase of S---S distance from 3.792 A (Cu'-
TTFTB) to 3.880 A (Cu"-TTFTB). Compared with Cu-TTFTB, the
cavity of Cu"-TTFTB shrank along the a-direction and expanded
along the b-direction, indicating the flexibility of the structure.

Characterization of SC-SC transformation

The Pawley refinement against powder X-ray diffraction (PXRD)
patterns was carried out for the materials to determine the
lattice parameters and confirm the phase purity of bulk mate-
rials (Fig. S9, S10 and Table S2). X-ray photoelectron spec-
troscopy (XPS) was used to examine the oxidation state change
of Cu species in Cu-TTFTB, Cu'-TTFTB, and TTFTB-HOF
(Fig. S11 and S127). The Cu species in Cu'-TTFTB mainly exist
in +1 oxidation states with the Cu2p;, peak located at
931.9 eV.* The small peak at 933.8 €V is attributed to the Cu"
generated by the surface oxidation of Cu-TTFTB. For Cu'-
TTFTB, the Cu" peak is increased while the Cu' peak sharply
decreased, suggesting the oxidation of Cu' to Cu".
Interestingly, although the crystal structure of TTFTB-HOF
indicated the dissociation of Cu from inorganic nodes, the Cu
species were not leached out from the crystal. We propose that
the dissociated Cu" formed small Cu(OH), xH,O particles and
they were trapped in the cavity of TTFTB-HOF. Although both
Cu"-TTFTB and TTFTB-HOF contain Cu" species, TTFTB-HOF
shows an up-shifted Cu2ps;, peak (934.6 eV) compared to that
of Cu"™~TTFTB (933.8 eV), which can be explained by the
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Fig. 3 (a) Experimental and calculated PXRD patterns of Cu'-TTFTB,
CU"-TTFTB and TTFTB-HOF. The Mercury program allows accounting
for preferred orientation of the crystallites, using the March—Dollase
parameter. We input a value of 0.65 for this parameter, with orientation
to (0 2 0) preferred. (b) Solid state cyclic voltammograms of Cu'-
TTFTB, Cu'-TTFTB, and TTFTB-HOF performed at a scan rate of
400 mV s The experiments were conducted in 0.1 M LiBF 4 in CHsCN
electrolyte. Solid-state diffuse reflectance spectra (c) and electrical
conducting plots of (d) Cu'-TTFTB, Cu"-TTFTB and TTFTB-HOF.
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different coordination environment of the Cu" center
(Fig. S127).*> Indeed, the Cu" center is four-coordinated with
two water and two carboxylates in Cu"-TTFTB, while Cu" is in
a six-coordinated octahedral environment surrounded by OH in
Cu(OH),-xH,0. However, there is no characteristic diffraction
for Cu(OH),-xH,0 in PXRD patterns, suggesting that
Cu(OH),-xH,0 is either amorphous or forms ultra-small
nanoparticles (Fig. 3a). The different coordination environ-
ments of Cu" in Cu"-TTFTB and TTFTB-HOF may cause shifted
Cu2p;,, peak in XPS spectra. Scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (SEM/EDX)
further revealed the uniform distribution of Cu and S species
throughout the structural transformation (Fig. S131). After the
SC-SC transformation (Cu-TTFTB to TTFTB-HOF), the main-
tained crystal morphology, negligible color change, and the
undetected copper element of the supernatant in the induc-
tively coupled plasma (ICP) results, eliminating the possibility
of dissolution/recrystallization.

Mechanism of SC-SC transformation

Based on the crystal structure and XPS, we proposed a mecha-
nism of the MOF to HOF transformation. The structural trans-
formation was initiated by the oxidation of Cu' metal nodes into
Cu" by O,. This triggered the coordination of two additional
water molecules to the Cu' center. Further hydration of the Cu™
center leads to the dissociation of the Cu'-carboxylate coordi-
nation bond to form Cu(OH),-xH,O and protonated carboxylic
acids. The oxidation of Cu' to Cu™ is important for the subse-
quent hydration reaction, as Cu" has a much higher hydration
enthalpy (—2161 kJ mol %) than that of Cu' (—619 kJ mol ™).
This explains the observation that TTFTB-HOF cannot be
formed under Ar protection. Water is also required to break the
Cu"-carboxylate coordination bond. Cu”™-TTFTB readily trans-
formed to TTFTB-HOF in water/acetone solution (1 vol%) within
7 days, whereas this transformation did not happen in dry
acetone or cyclohexane for 14 days. The slow hydration ensures
the successful SC-SC transformation, while increasing the
water concentration to 10 vol% leads to immediate amorph-
ization of MOF-crystals. In addition to O, and H,0, the intrinsic
MOF structure is also important for the MOF to HOF trans-
formation in the SC-SC manner. The closely packed TTF
moieties stabilized the framework by 7---w and S---S interac-
tions, which synergic corbelled the porous structure with
hydrogen bonds and maintained the structural intactness after
dissociating coordination bonds. In contrast, many MOF-
templates in the literature lost the crystallinity after breaking
coordination bonds, resulting in amorphous polymer gels or
metal oxides/hydroxides.***

Physical properties

The electrochemical properties of Cu-TTFTB, Cu-TTFTB, and
TTFTB-HOF were studied by solid state direct current (DC)
cyclic voltammetry (CV) in 0.1 M LiBF, in CH;CN (Fig. 3b). The
stability of TTFTB-HOF was proved by the remaining PXRD
patterns (Fig. S14 and S15%). Upon scanning anodically, two
quasi-reversible one-electron processes at ~0.2 and ~0.5 V (vs.

Chem. Sci., 2021, 12, 14254-14259 | 14257
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Fc/Fc") were observed. These processes are attributed to the
TTF/TTF" and TTF*/TTF>* redox couples, respectively.*” The
values of the TTF/TTF" and TTF*/TTF*" redox couples are
comparable in the three materials, suggesting that the redox
properties of TTF moieties were not affected by the Cu coordi-
nation. The location of these two reversible redox processes is
consistent with that of the anionic In-TTF-MOFs.*>*°

The solid-state absorption spectra of CuTTFTB, Cu"~TTFTB,
and TTFTB-HOF were obtained to gain insight into the influence
of structural transformation on the optical and semiconducting
properties. In Cu-TTFTB, there are two main absorption bands
located in the region 200-650 nm (Fig. 3c). This higher energy
absorption band is attributed to the Tt — ©* or n — 7* transi-
tion of the free ligand.* In the range of 700-900 nm, the
absorption band can be assigned to the partially oxidized TTF".
Using the UV-vis-NIR absorption data, we approximated the
bandgap of Cu-TTFTB, Cu"-TTFTB, and TTFTB-HOF through the
Kubelka-Munk function. From the Tauc plots,* the band gaps of
Cu'-TTFTB, Cu'~TTFTB, and TTFTB-HOF are all approximately
1.29 eV (Fig. S167). In general, the band gaps of these compounds
are comparable to those of radical TTF-MOFs and smaller than
those of their neutral counterparts.*® Correspondingly, the lower
optical bandgap of these compounds is attributed to the close
S---S interaction in the framework. The bandgap values, which
are typical of semiconductors, are such that these materials could
potentially be used in photo- and electro-catalysis reactions as
well as in microelectronic devices. Furthermore, the electronic
conductivity was measured using the I-V plots, which revealed
that the electronic conductivities of Cu’"TTFTB, Cu'-TTFTB, and
TTFTB-HOF are 1.12, 1.17, and 2.90 x 10~° S m ', respectively
(Table S37).

Conclusions

In conclusion, we demonstrate the coordination-bond-directed
synthesis of HOFs using MOFs as templates. The MOF-to-HOF
structural transformation was directly observed by single-
crystal X-ray diffraction, which revealed the stepwise oxidation
and hydration of the Cu' center leading to the dissociation of
Cu-carboxylate bonds. This structural transformation is asso-
ciated with a change in pore size. The electronic conductivity
enhanced by about 3 fold to 2.9 x 10~>S m™ ', as revealed by I-V
measurements. Considering the diversity of MOF structures,
this template strategy is expected to boost the development of
HOFs. Further study is in progress in our group to explore the
synthesis of functional HOF materials from a variety of MOFs
with weak coordination bonds.
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