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Crystallizing covalent organic
frameworks from metal organic
framework through chemical
induced-phase engineering

Abdul Khayum Mohammed?, Safa Gaber?, Jésus Raya?, Tina Skorjanc3, Nada Elmerhi?,
Sasi Stephen?, Pilar Pena Sanchez*, Felipe Gandara“, Steven J. Hinder®, Mark A. Baker?,
Kyriaki Polychronopoulou® & Dinesh Shetty®*

The ordered porous frameworks like MOFs and COFs are generally constructed using the monomers
through distinctive metal-coordinated and covalent linkages. Meanwhile, the inter-structural
transition between each class of these porous materials is an under-explored research area. However,
such altered frameworks are expected to have exciting features compared to their pristine versions.
Herein, we have demonstrated a chemical-induction phase-engineering strategy to transform a two-
dimensional conjugated Cu-based SA-MOF (Cu-Tp) into 2D-COFs (Cu-TpCOFs). The structural phase
transition offered in-situ pore size engineering from 1.1 nm to 1.5-2.0 nm. Moreover, the Cu-TpCOFs
showed uniform and low percentage-doped (~ 1-1.5%) metal distribution and improved crystallinity,
porosity, and stability compared to the parent Cu-Tp MOF. The construction of a framework from
another framework with new linkages opens interesting opportunities for phase-engineering.

The structural phase transition of solids involves several physicochemical changes including lattice trans-
formations of crystalline phases'~>. The external triggers such as light, electricity, temperature, pressure, and
chemical induction result in slight modification or full transformations of the structure of crystalline solids**.
Importantly, structural phase engineering is recognized and explored in extended molecular materials such as
metal-organic frameworks (MOFs)">~'. MOFs are crystalline porous solids, composed of organic linkers and
metal knots linked through coordination bonds'®". The fine regulation over the structure of MOFs through phase
engineering opened the window of functionally diverse framework architectures®. Notably, phase engineering
of MOFs alters or modifies their building blocks, lattices, porosity, etc. Moreover, the investigations on phase-
engineering of MOFs provide the opportunity for understanding the structure—property correlation of materials.
However, the reported phase engineering of MOFs mostly dealt with the physical transformation of the crystalline
phases. The primary coordination bonds between metal knots and organic linkers are preserved in every case of
such transformations. The replacement of coordinated metals in the framework into covalently bonded organic
linkers has never been reported before. This type of phase engineering results in a complete transformation of
MOFs into another class of porous materials, called covalent organic frameworks (COFs)*'-%, the crystalline and
porous organic solids linked by symmetric organic linkers. The inter-class transformation of crystalline porous
materials is a rarely explored research area and has the potential to provide more opportunities to understand
the fine physicochemical tuning of the transformed material. The phase-engineering of a MOF into a COF may
provide a strong chemically-linked framework with uniform doping of metals. In general, COFs are lightweight
and chemically more stable materials than MOFs. However, such conversions are not well explored due to the lack
of functional availability for chemical conversion. Crystallizing COFs from MOFs confronts a major challenge
of chemical transformation. The COFs are crystallized through dynamic covalent chemistry (DCC) by utilizing
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specific functional groups of monomers to form chemical bonds?. The absence of such functional groups in
MOF:s restricts their conversion into COFs.

Keeping all these aspects, herein, we introduce a novel chemical induction strategy to crystallize metal-doped
two-dimensional (2D)-COFs through the phase-engineering of 2D-MOFs. The phase-engineering of MOFs
allowed a uniform, and modest distribution of copper in the transformed COFs due to the metal interaction with
polar bonds (C=0, C=N, C=C-N) within the 2D COFs. Firstly, we have developed a novel class of conjugated
MOFs, called salicylaldehydate MOFs (SA-MOFs) from 1, 3, 5-triformylphloroglucinol (Tp)®. In this class of
MOFs, the salicylaldehyde functional pockets in Tp are coordinated with metal ions to form the 2D framework.
Interestingly, the introduction of protonated C,/C; symmetric amine linkers (4, 4-Azodianinile (Azo) or 4, 4’,
47-(1, 3, 5-Triazine-2, 4, 6-triyl)trianiline (Tta)) into the copper-linked SA-MOF (Cu-Tp) results in its physico-
chemical transformation into 2D-COFs (Cu-TpAzo and Cu-TpTta). During the reaction, the functional flipping
(for connecting the linker) of aldehyde in Tp from nucleophilic oxygen to electrophilic carbon is the critical
step in the conversion of coordination to a covalent bond. Notably, the Cu-TpAzo and Cu-TpTta COFs showed
improved crystallinity, porosity, and chemical stability compared to Cu-Tp.

There are two ways to incorporate metals in COFs: (1) ex-situ or in-situ metal doping and (2) the integra-
tion of metal-anchored symmetric linkers. The former method leads to the non-uniform distribution of metals
whereas the latter method offers a uniform distribution of metals but is limited to specific metal-coordinated
linkers. Interestingly, the phase-engineering strategy provides the opportunity for uniform distribution of metals
irrespective of the amine linkers (Azo or Tta) used for the transformation. The copper atoms are symmetrically
organized in the parent Cu-Tp which results in an overall uniform and imperceptible distribution of copper in
COFs.

Result and discussion

The Cu-Tp MOF was synthesized by the previously reported procedure®®. The phase engineering of Cu-Tp was
carried out through the direct addition of a protonated amine to the MOF and subsequent mechanomixing and
thermal treatment (Fig. 1a; Synthetic details, SI). Herein, the amine linkers (Azo and Tta) were protonated using
p-toluenesulphonic acid (PTSA). The color of Cu-Tp was changed from dark green into either dark brown or light
green upon mixing with Azo-PTSA and Tta-PTSA, respectively. The thermal treatment of the mixture (90 °C,
24 h) and subsequent washing with N, N-dimethylacetamide (DMA), water, and acetone yielded a reddish color
Cu-TpAzo and yellow color Cu-TpTta (Fig. S1). Notably, the chemical induction causes physicochemical changes
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Figure 1. (a) The schematic representation and theoretical models of the chemical-induced phase-engineering
of Cu-Tp into Cu-TpAzo and Cu-TpTta. The PXRD profiles of (b) Cu-TpAzo; (¢) Cu-Tp and (d) Cu-TpTta.
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during the MOF to COF transformation. The color transition and abrupt change in the physical texture of the
material are visible observations of phase engineering.

The powder-X-ray diffraction (PXRD) profiles revealed the ordered structural transformation of 2D-MOF into
2D-COFs (Fig. 1b—d). While Cu-Tp showed major peaks at two theta~7.1°,~ 14.0°, ~ 16.6°, ~ 21.1°, and ~ 28.2°,
Cu-TpAzo and Cu-TpTta showed clear phase modification after the chemical induction by displaying sharp
crystalline peaks at two thetas 3.2°, 5.5°, 6.5° 8.4° and 26.7°, and 6.0°, 10.0°, and 26.7°, respectively. The PXRD
profiles of Cu-TpAzo and Cu-TpTta match with the pristine TpAzo and TpTta. These observations signify the
hexagonal AA stacking structure of phase-engineered COFs?**. The disappearance of Cu-Tp characteristic peaks
indicates its full transformation into a new crystalline phase.

The chemical bonding transformations of Cu-Tp to Cu-TpAzo/Tta were recorded using FT-IR spectroscopy
(Fig. 2a; Figs. S2-S3). The transformation of functional groups from coordination to covalent bonds can signifi-
cantly alter the corresponding stretching frequencies: the coordinated C=0 in Cu-Tp stretched at the frequency
of 1550 cm™!, whereas the FT-IR profiles of Cu-TpAzo and Cu-TpTta match with the pristine TpAzo and TpTta
which signifies the overall similarity in the chemical environment. The Cu-TpAzo showed stretching peaks at
1570 and 1550 cm™ corresponding to the C=0 and C=C bonds, respectively, originating from the 3-ketoenol
tautomerism®'. Similarly, the stretching frequencies of C=0 and C=C in Cu-TpTta were observed at 1596 and
1570 cm ™, respectively. Notably, Cu-TpAzo and Cu-TpTta showed a slight peak shift towards higher frequency
for C=0 compared to their pristine COFs. This could be due to the interactions with the residual copper ions
present in the framework. The newly formed C-N stretching peaks at 1224 cm™ (Cu-TpAzo) and 1254 cm™!
(Cu-TpTta) confirm the chemical conversion of Cu-Tp into COFs.

Furthermore, *C CP MAS solid-state NMR spectra of Cu-TpAzo and Cu-TpTta unfolded the atomic-level
details of the phase-engineered frameworks (Fig. 2b; Fig. S4). The chemical shift peaks of Cu-TpAzo and Cu-
TpTta matched with those in TpAzo and TpTta which confirms the transformation of coordination bonds into
covalent bonds. Importantly, both Cu-TpAzo and Cu-TpTta showed the nitrogen-bonded sp? carbon at 147 ppm
which is in good agreement with TpAzo and TpTta. It also signifies the chemical organization of the phase-engi-
neered COFs in -ketoenol tautomerism. Moreover, the aromatic sp? carbons are present from 117 to 140 ppm
and 112 to 140 ppm for Cu-TpAzo and Cu-TpTta, respectively. Interestingly, the peak intensity variations were
noted in the polar bonds (—*C=0, —*C=N—, —HN—*C=*C—) of both phase-engineered COFs compared to the
pristine COFs. Notably, unlike the TpAzo and TpTta, the intensity of C=0O (at 183 ppm) was diminished in both
Cu-TpAzo and Cu-TpTta. Also, peak intensities of both sp? carbons of exocyclic C=C in Tp were retarted with
respect to peak intensities of aromatic sp* carbons. Particularly, the reduction of peak intensity was also noted
in the C=N in the triazine core of Cu-TpTta. The plausible reason for the reduction of peak intensities of polar

a) b)
H 3%
2 - TpAzo
£ c
Cu-TpAzo -
&0 Cu-TpAzo
4000 3500 3000 2500 2000 1500 1000 200 160 120 80 40 0
Wavenumber (cm™) Chemical Shift (ppm)
C) Cu2p3/z d) 700
Cu2piz — 600 -@- Cu-TpAzo (Adsorption)
% ] —o- Cu-TpAzo (Desorption)
© & 5007 -e- Cu-Tp (Adsorption)
wv - .
§ %400_ -o— Cu-Tp (Desorption)
X
o © 300
v a
2 200+
e
100
Cu-TpAzo
0-
970 960 950 940 930 00 02 04 06 08 10
Binding energy (eV) Relative pressure (P/Po)

Figure 2. (a) FT-IR profiles of Cu-TpAzo, TpAzo, and Cu-Tp. (b) *C CP-MAS solid-state NMR profiles of
Cu-TpAzo and TpAzo. (c) XPS profiles of Cu-TpAzo and Cu-Tp. (d) N, gas adsorption isotherms profiles of
Cu-TpAzo and Cu-Tp.
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bonds could be due to the interaction with residual copper ions present in the material. These interactions could
lead to the pulling of electrons from the conjugated m bonds (O=C-C=C-) towards oxygen. In turn, the copper
interaction could lead to the partial redistribution of electrons from the conjugated  bonds towards oxygen,
causing a partial disruption of polarized double bonds in the system (Fig. S6b). The inductively coupled plasma
mass spectrometry (ICP-MS) suggested the lower concentrations of Cu in Cu-TpAzo (~ 1.8%) and Cu-TpTta
(1.3%). The overall peak intensity reduction in NMR with a lower amount of copper signifies their uniform
distribution throughout the framework as a result of framework-to-framework transformation.

The X-ray photoelectron spectroscopy (XPS) validated the transformation in the chemical state of elements
from Cu-Tp to the corresponding COFs (Fig. 2c and Fig. S7). The Cls profiles of Tp and Cu-Tp showed higher
binding energy peaks at 287.1 eV and 287.4 eV, respectively. These higher binding energy peaks could originate
from the *C=0. In comparison to Tp and Cu-Tp, the C1s profile of Cu-TpAzo and Cu-TpTta showed significant
diminishing and lower binding energy shifts of these peaks to 286.2 eV and 286.8 eV, respectively. This could
be due to the transition of the C=0 into C-N (from B-ketoenamine framework). Moreover, the chemical state
of carbon in the phase-engineered (Cu-TpAzo and Cu-TpTta) and direct-synthesized COFs (TpAzo and TpTta)
showed a similar binding energy profile. Again, the binding energy shifts of Ols and N1s of Cu-TpAzo and
Cu-TpTta are also closer to the direct-synthesized COFs. The O1s of Cu-TpAzo and Cu-TpTta showed slight
variations in the intensity of the peaks which could be due to the possible weak interaction with copper. Notably,
the presence of copper was also confirmed through XPS analysis. The binding energy mapping of copper in Cu-
TpAzo and Cu-TpTta signifies their chemical state in the reduced form, unlike the + 2-oxidation state in parent
Cu-Tp. In detail, the Cu-Tp showed Cu2p;;, (934.93 eV) and Cu2p,;, (954.80 eV) with corresponding strong
satellite peaks. In contrast, the Cu-TpAzo and Cu-TpTta displayed lower shift binding energy peaks of Cu2p;,
(933.4 eV) and Cu2p,;, (953.4 eV) with weak intensity satellite peaks, indicating the reduction of the oxidation
state of copper from + 2 to + 1. The reduction of the copper oxidation state could be due to the presence of basic
sites (N & O) during the chemically-induced phase engineering step. The reduction possibility of Cu** was con-
firmed through the XPS analysis of TpAzo + Cu. Herein, the + 2 oxidation state in the CuCl,-2H,O was reduced
to a+ 1 oxidation state after the reaction.

The thermogravimetric analysis (TGA) provided the thermal stability of Cu-TpAzo and Cu-TpTta up
to ~400 °C which is higher than the Cu-Tp (~ 345 °C) (Fig. S8). Moreover, the phase-engineering of the frame-
works is associated with the creation of new porous architecture from the parent porous material. Interest-
ingly, the conversions of Cu-Tp into Cu-TpAzo and Cu-TpTta went through distinctive symmetric combina-
tions (C;+ C, for Cu-TpAzo and C;+ C; for Cu-TpTta) and finally engineered the porous networks with two
different pore sizes. The N, adsorption isotherm at 77 K showed improved BET surface area for Cu-TpAzo
(1065 m? g™') and moderate BET surface area for Cu-TpTta (214 m? g™!) in comparison to Cu-Tp (BET surface
area of 167 m? g™!) (Fig. 2d and Fig. S9). The difference in symmetry and the length of amine linkers results in
characteristic pore size distribution for phase-engineered COFs (Fig. S10). The pore size expansion from Cu-Tp
(~ 1.1 nm) to Cu-TpAzo (~ 1.9 nm) was noted in the NLDFT pore size distribution plot. On the contrary, the
pore size of Cu-TpTta showed ~ 1.5 nm. Notably, the CO, adsorption at 273 K showed the uptake of 1.9 and
1.2 mmol g™! for Cu-TpAzo and Cu-TpTta, respectively (Fig. S11).

The mechano-mixing synthesized COFs often yield um to mm size monolith particles. The scanning electron
microscopy (SEM) images of Cu-TpAzo and Cu-TpTta are similar to the microstructure morphology of TpAzo
and TpTta (Fig. 3a; Figs. S12-S14). Moreover, the elemental mapping showed a uniform presence of copper
(~ 1%) in the materials. We could also fabricate the macroscopic and free-standing 2D sheet of Cu-TpAzo with a
uniform distribution of Cu (Fig. 3d,e; Fig. S15). Again, transmission electron microscopy (TEM) images showed
sheet-like nanostructure for Cu-TpAzo with the presence of Cu (Fig. 3b,c).

The phase engineering is associated with the breaking of the coordination bonds between Tp and the metal
ions, and the construction of covalent bonds with new aromatic linkers (Fig. 3f). It causes the variation of the
electronic arrangement in the framework, which is reflected in the visible light absorption. Solid-state UV-visible
spectroscopy was used to analyze the electronic response toward the light (Fig. S16). The Cu-Tp absorbed the light
energy from 750 to 490 nm with the wavelength maxima of 635 nm. Meanwhile, the Cu-TpAzo showed broad
light absorption from 800 to 400 nm with a slight wavelength maximum of 580 nm. Likewise, Cu-TpTta also
exhibited a broad absorption range of light with wavelength maxima of 494 nm. Moreover, the light absorption
profiles of Cu-TpAzo and Cu-TpTta almost match with TpAzo and TpTta.

In Cu-Tp, the C; symmetric Tp has three hydroxyls (-OH) and three aldehyde (-HC=0) groups which are
coordinated to Cu?* ions and form a hexagonal network?. Herein, the aldehyde group has two functional sites
for chemical reaction, an electrophilic carbon and a nucleophilic oxygen. The Lewis acid Cu®* coordinative
interacted with the nucleophilic oxygen of aldehyde during the MOF formation (Fig. 2e). However, the presence
of protonated amine salt demetallate the aldehyde group (proton-metal exchange) which makes it susceptible
to nucleophilic attack at carbon. It should be noted that the presence of protons is required for such demetal-
lation of aldehyde. The non-protonated amine, however, failed to transform the coordination to the covalent
network. Interestingly, the chemical-induced phase-engineering of Cu-Tp transformed the chemical bond from
coordination to a covalent network in the solid-state mixing state even at room temperature. The FT-IR spectra
of Cu-TpAzo suggested the formation of C=0, C=C, and C-N which signifies the chemical bond transfer from
MOF to COF (Fig. S17). However, the Cu-TpAzo was not completely crystallized at the room-temperature and
required further thermal treatment. The absence of (100) peak (at two theta 3.2°) and the presence of (001) peak
(at two theta 26.7°) in the PXRD profile of the room temperature mixture of Cu-TpAzo indicates the formation
of non-stacked 2D COF layers (Fig. S18). The ex-situ PXRD analysis showed a gradual increment of the crystal-
linity of COF upon increasing the time of thermal treatment at 90 °C. The relative peak intensity of (100) has
been improved from 1 to 24 h of thermal treatment signifies the role of temperature for the effective stacking
of the formed 2D COF layers (Table S1; Fig. S18). Moreover, the phase-engineered COFs also showed chemical
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Figure 3. (a) SEM image of Cu-TpAzo. (b) TEM image of Cu-TpAzo (inset: elemental mapping area of
Cu-TpAzo). (c) Elemental mapping images of Cu-TpAzo (carbon-red; oxygen-yellow; and copper-blue). (d)
SEM image of Cu-TpAzo sheet. (e) SEM elemental mapping of Cu-TpAzo sheet (carbon-gray; and copper-
green). (f) Graphical representation of the conversion of a porous and crystalline MOF into porous and
crystalline COF through coordination bond disruption and covalent bond formation.

and structural stabilities in 2 M H,SO, for 24 h. The retained crystallinity and chemical bonds in PXRD and
FT-IR profiles of Cu-TpAzo and Cu-TpTta suggested the structural and chemical intactness in the acid medium
(Figs. S19-S20). It is important to note that the acid treatment leads to the leaching of copper from the COE
ICP-MS analysis revealed only 0.0002% copper in Cu-TpAzo after subjecting it to 2 M H,SO, for 24 h, suggesting
the potential for producing a pure COF from the metal-doped COFE.

In order to understand the significance of phase engineering, we have synthesized copper-doped TpAzo
through in-situ addition of CuCl,-2H,0 into the COF precursor mixture. The obtained COF (TpAzo + Cu)
showed a lower degree of crystallinity and surface area (266 m* g™') compared to the Cu-TpAzo (Figs. S5 and
$9). In contrast, the *C NMR of TpAzo + Cu showed very similar features to pristine TpAzo (Fig. $6). Unlike Cu-
TpAzo, the chemical shift and intensities of peaks of TpAzo + Cu exactly match with the TpAzo. This indicates the
non-interaction nature of copper with the polar bonds of TpAzo. Furthermore, the TpAzo + Cu was not structur-
ally stable upon the 2 M H,SO, acid treatment for 24 h. The first peak (100) in the PXRD profile of TpAzo + Cu
was diminished after the acid treatment. The possible reason could be due to the 2D layer delamination of lower
crystalline TpAzo. We surmise the presence of copper in between the layers interacts with sulphate anions from
acid, which decrease the n- m interaction between the 2D-COF layers. Overall, it signifies the advantages of the
phase-engineering of MOFs for the construction of stable metal-doped COFs. The uniform distribution of Cu
in the parent Cu-Tp may assist the judicious distribution of copper in the TpAzo without hampering its crystal-
linity, surface area, and structural stability.

Conclusions

In conclusion, we report the synthesis of COFs from MOF through a chemically-induced phase-engineering
method. The COFs are crystallized from the MOFs in solid-state and offer improved crystallinity, pore-engineer-
ing feasibility, and stability compared to the parent MOFs. Moreover, the phase-engineering method allowed a
low-density distribution of copper which interacted with polar bonds (C=C, C=N, and C=0) in the framework.
The metal-doped COFs have great potential in task-specific electro/photo-catalytic applications which are under
investigation in our lab.

Experimental section

Synthesis of Cu-TpAzo

4,4'-Azodianiline (Azo, 103 mg) and p-toluenesulphonic acid (PTSA, 551.63 mg) are thoroughly mixed at room
temperature until it becomes a viscous paste. To this homogeneous mixture, Cu-Tp (100 mg) is added and again
mixed vigorously for 3-5 min. The green color of Cu-Tp was turned into reddish-brown colour. The obtained
brown color paste was heated to 90 °C for 24 h under closed conditions. After the thermal treatment, the solid
monoliths of Cu-TpAzo were washed with water, N,N-dimethylacetamide, water and acetone.

Synthesis of Cu-TpTta
1, 3, 5-Triazine-2, 4, 6-triyl)trianiline (Tta, 86 mg) and p-toluenesulphonic acid (PTSA, 277 mg) are thoroughly
mixed at room temperature until it becomes a viscous paste. To this homogeneous mixture Cu-Tp (74 mg) was
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added and again mixed vigorously for 3-5 min. The obtained yellow color paste was heated to 90 °C for 24 h
under closed conditions. After the thermal treatment, the solid monoliths (yellow color) of Cu-TpTta were
washed with water, N,N-dimethylacetamide, water, and acetone.

Synthesis of TpAzo +Cu

4,4"-Azodianiline (Azo, 0.714 mmol) and p-toluenesulphonic acid (PTSA, 2.38 mmol) are thoroughly mixed at
room temperature until it becomes a viscous paste. To this homogeneous mixture, Tp (0.476 mmol) was added
and again mixed vigorously for 3-5 min. The CuCl,.2H,0 (0.476 mmol) was added to the obtained mixture and
thoroughly mixed by grinding. The obtained dark black-brown color paste was heated to 90 °C for 24 h under
closed conditions. After the thermal treatment, the solid monoliths of TpAzo + Cu were washed with water, N,
N -dimethylacetamide, water, and acetone.

Synthesis of TpAzo

4,4'-Azodianiline (Azo, 103 mg) and p-toluenesulphonic acid (PTSA, 551.63 mg) are thoroughly mixed at room
temperature until it becomes a viscous paste. To this homogeneous mixture, Tp (67.5 mg) is added and again
mixed vigorously for 3-5 min. The obtained brown color paste was heated to 90 °C for 24 h under closed condi-
tions. After the thermal treatment, the solid monoliths of TpAzo were washed with water, N, N-dimethylacet-
amide, water, and acetone.

Synthesis of TpTta

1, 3, 5-Triazine-2, 4, 6-triyl)trianiline (Tta, 86 mg) and p-toluenesulphonic acid (PTSA, 277 mg) are thoroughly
mixed at room temperature until it becomes a viscous paste. Tp (50.4 mg) was added to this homogeneous
mixture and again mixed vigorously for 3-5 min. The obtained yellow color paste was heated to 90 °C for 24 h
under closed conditions. After the thermal treatment, the solid monoliths (yellow color) of TpTta were washed
with water, N, N-dimethylacetamide, water, and acetone.

Data availability
Supporting Information is available online and in the case of requirement one can contact the first author or
corresponding author for original data.
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