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Herein, we report a zwitter-ionic covalent organic framework (COF) simultaneously functionalized with
carboxylic acid and protonatable sp® nitrogen. The acidity and basicity of these functional groups are so
well balanced that they can be easily protonated and deprotonated by using water/humidity. Color
changes visibly display the dry and wet states. We believe that in the presence of moisture, it becomes
zwitter-ionic, with the carboxylic acid getting deprotonated and concertedly protonating the sp®
nitrogen centers. This directly impacts the extent of conjugation in the carboxylate group carrying
module of the COF, triggering the color change. This was corroborated by a lack of color change under
humid conditions when a structurally equivalent COF devoid of carboxylic acid groups was employed.
The pseudo-tetrahedral sp® nitrogen centers and the freely rotatable bulky carboxylic acid group in the
framework's backbone weaken the m-stacking between the COF layers; this allows the COF to exfoliate
into nanosheets with ease. The organic dispersions of these nanosheets are highly luminescent under UV
radiation. A trace quantity of water in the organic solvent completely quenches the luminescence,
enabling the COF to act as a moisture sensor for organic solvents with a very impressive detection limit
(LOD = 0.027% in acetonitrile; LOD = 0.128% in acetone). A Gaussian calculation reveals an alteration in
the frontier orbitals of the zwitterionic vs. acid forms. DFT and MD modeling studies reveal that though
the water's interaction with the COF is not strong, it is kinetically favored, which is important in reversible
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rsc.li/materials-a humidity/water sensing material.

processes.*™ In many cases, the reactions work only under inert
and moisture-free conditions."** Also, the yields and the purity of
the products formed can be very sensitive to the amount of

Introduction

Controlling humidity is an important target in several sectors,

such as automobiles, indoor-air-management, battery-production,
pharmaceutical and food industries, and chemical and biological
reactions.’® For example, it is necessary to control the humidity
(relative humidity of 40-60% according to the US Environmental
Protection Agency) of an indoor environment where people spend
a substantial amount of time daily.” Besides our daily life,
humidity plays a major role in several chemical/biological

“Chemistry Division, School of Advanced Sciences, Vellore Institute of Technology,
600127, Chennai, India. E-mail: shyamapada.nandi@vit.ac.in

*Department of Chemistry, Indian Institute of Science Education and Research,
411008, Pune, India

‘Centre for Energy Sceince, Indian Institute of Science Education and Research,
411008, Pune, India. E-mail: vaidhya@iiserpune.ac.in
T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3ta05416k

1 These authors contributed equally.

This journal is © The Royal Society of Chemistry 2024

moisture in the reaction/solvents. It plays a critical role in
organometallic chemistry where traces of water in the solvent can
lead to explosion and fire accidents.™ The presence of moisture in
petroleum-based fuels can compromise the performance and life
of the engines due to clogged fuel channels at low temperatures.
The use of humidity sensors in such cases becomes inevitable. In
the automotive industry, these humidity sensors are used in rear
window defoggers and motor assembly lines; in the pharmaceu-
tical industry, they are used in respiratory equipment,*” sterilizers,
incubators,'® pharmaceutical processing® and biological prod-
ucts;'® in the food processing industry,> they find application in
dryers, ovens, film desiccation, and paper and textile production."”
This is why there is an ever-growing demand for humidity sensors
in every sector, including our daily lives.

In this regard, porous crystalline materials can be very effi-
cient in humidity sensing and humidity control depending on
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the pore size and different functionalities incorporated into the
structure by design.*®?® Covalent organic frameworks are
a relatively new class of metal-free crystalline, ordered and
porous polymers that have gained significant interest in the
past decade for various applications such as gas separation and
storage,”>* biomedical applications,”® charge storage,
heterogeneous catalysis,>***® photocatalysis, optics,
sensing,**° and bioimaging.>* Recently, different functional-
ized COFs have found use in sensing such as pH sensing,***
HCl/acidic vapor sensing,**** water contaminant sensing,* etc.
In addition to these applications, these novel materials have
started to gain interest in humidity/water sensing
applications.***¢ For instance, Auras and coworkers have re-
ported a pyrene-based COF showing color shifts on exposure to
water and other volatile solvent vapors.* This COF shows a very
good response time for humidity sensing, but the change in the
absorption spectrum is very small (the shift is 20-30 nm) upon
exposure to humidity. Marder and co-workers reported
humidity sensing in covalent organic frameworks through
a reversible isomerization in an imine-based COF.** This COF
system also shows a rapid response with the color change
visible to the naked eye. Kaskel and co-workers recently re-
ported chemically stable carbazole-based COFs for humidity
control applications.' However, these COFs are developed from
ligands that need to be synthesized in multistep reactions,
making these COFs quite expensive. The COFs made from
relatively simple linkers would be a better candidate for
sensing-type applications. Also, finding new chemical princi-
ples governing such humidity-triggered color changes adds
immense value. In this work, we have developed a novel -COOH
functionalized COF from simple and cheap linkers that shows
a dramatic color change (visible to the naked eye) on exposure
to moisture. When dispersed in different organic solvents, this
COF shows a photoluminescent character upon excitation with
UV radiation. We have further utilized this COF's property for
sensing water traces in various organic solvents such as
acetone, acetonitrile (ACN), etc. The dramatic color change of
the framework was attributed to its water-induced protonation/
deprotonation. DFT/Gaussian-based molecular simulations
further supported this.

26-29

37-39 40-42

Results and discussion
Synthesis of IISERP-COF31 (1)

The tripodal aldehyde, tris[4-formylphenyl] amine and dipodal
amine (with an angle of 120° between the two -NH, groups) 3,5-
diaminobenzoic acid were employed to synthesize the Schiff
bonded COF bearing sp® nitrogen and a free ~-COOH group in it.
A typical synthesis was carried out solvothermally via the
condensation of the aldehyde and the amine in a mixture of
mesitylene, o-dichlorobenzene and ethanol at 120 °C for 72
hours (Fig. 1A and Scheme S1f). The solvothermal reaction
produces an orange-yellow powder, which was washed thor-
oughly with ethanol. This powder was further subjected to
routine characterization such as powder XRD diffraction, ther-
mogravimetric analysis (TGA), porosity analysis, FTIR and solid-
state NMR spectroscopy. Strikingly, this COF turns bright red on
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exposure to the atmosphere (humidity); the original orange
color is regained if the sample is dried. To obtain a good PXRD
pattern, we used the wet sample, which was directly collected
from the synthesis tube with a small amount of the solvents to
avoid exposure to atmospheric humidity.

Structure solution

A two-dimensional (2D) structure consisting of puckered
hexagonal layers in agreement with the experimentally observed
powder X-ray pattern of IISERP-COF31 (1) was modelled using
the Material Studio program (Fig. 1B, S1-S3t). We followed
a similar technique for the structure solution as that presented
in our earlier studies.***” Accordingly, PXRD was indexed using
the XCELL program to identify a suitable space group (P1 (FOM:
>20)). Following this, the model was constructed in a triclinic
cell. The presence of asymmetrically placed carboxylic acid and
an sp® nitrogen moiety tends to such low symmetry. This
structure was geometry optimized using a tight-binding density
functional theory (DFTB) algorithm embedded in the Materials
Studio program. In the optimized geometry, the structure
adopts a P1 space group. A Pawley refinement of the powder
pattern against the modeled cell was performed to generate the
final structure (a = 18.2534 A; b = 31.6061 A; ¢ = 32.1046 A; o =
118.47°, B = 90.87°, v = 89.17% R, = 4.20 and WR,, = 5.58).
Unlike normal hexagonal 2D COFs, the layers of this COF are
buckled because of the presence of sp® nitrogen centers in the
aldehyde core.*® The framework could be solved equally well for
eclipsed as well as staggered geometry (Fig. 2, S2 and S4%).
Hence, we rationalized the potential structure of the COF via
experimental porosity (Fig. 2C and D). Note: the porosity for
every phase was established using multiple batches of samples
and from different instruments (Micromeritics ASAP 2020 and
3-flex). The structure wherein the layers are organized with an
eclipsed configuration would have had a large pore size of 29.1
x 26.7 A (Fig. S11), which is not the case. The staggered lattice
with a pore size of 13.0 A (Fig. 1B) gives a good Pawley fit and
agrees well with the experimentally determined pore sizes. Due
to the propeller-like configuration around the sp® nitrogen, the
flat layers are not favored; instead, distinctly buckled layers are
formed, and they slipped over each other to give an ABAB... type
stacking (Fig. 1C). This gives the framework a pseudo-3D
structure, and the layers are held together rather weak van der
Waals and hydrogen-bond type interactions, unlike the arche-
typal flat layers found in COFs constructed from pi-stacking of
planar building units.

Bulk characterization

The solid product of the solvothermal reaction was first char-
acterized by powder X-ray diffraction (PXRD). The as-made wet
sample shows an intense low angle peak (26 = 6.25°) and several
other peaks, which are indexed based on the crystalline model,
confirming the successful synthesis of a crystalline material
(Fig. 24A).

However, exposing 1 to the atmosphere followed by heating
it in an oven at 90 °C shows an increase in the intensity of peaks
at 26 = 18° and 23° corresponding to the interlayer spacing

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (A) A schematic diagram of the COOH functionalized COF (1) with synthetic details. Note: the polymerized structure is just a ChemDraw
representation to indicate the framework connectivity and not the solved structure. (B) Connolly representation (probe radius: 1.4 A) of the DFT-
optimized structure of 1 showing the small pores. (C) The layer stacking of 1. The carboxylic acid moieties protrude into the interlayer spaces.

Color code: C — grey, N - blue, O - Red, and H — White.
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Fig. 2 (A) The fit obtained from Pawley refinement of 1. Final
refinement parameters, R, = 4.20 and wR, = 5.58. (B) FTIR spectra
of 1 compared with that of the starting monomers, aldehyde and
the amine. The spectrum of 1 shows the presence of free —-COOH
groups. (C) N, (77 K) and CO, (195 K) isotherms of 1 showing the
microporous nature of the COF. (D) Pore size distribution plot of 1
calculated from the 77 K N, isotherm using the NLDFT model.
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related reflections, which hints towards the possible disruption
of the layer stacking (Fig. S5f). As the structure modeling
suggests, weakly -stacked layers are present in the framework,
which a gentle external stimulus can easily exfoliate. The COF
powder was exposed to air and heated at higher temperatures
under vacuum to achieve further exfoliation. The heated
samples showed a further increase in the intensity of the
interlayer spacing related reflections expected with the exfolia-
tion of the COF (Fig. S5t). Hence, it was realized that the exfo-
liated material has a more thermodynamically favorable phase
than the as-made COF. Therefore, all the measurements and
experiments (unless mentioned) in this study were conducted
on exfoliated covalent organic nanosheets (CONs).
Thermogravimetry analysis of 1 shows that the framework
maintains its integrity up to a temperature of 350 °C (Fig. S67),
which confirms that the intensity changes in the PXRD pattern
of samples heated at lower temperatures are not due to the
breakdown of the covalent bonds present in the COF layers.
Fourier transform infrared (FTIR) spectra of 1 suggest the
absence of peaks corresponding to the diamine group, which
indicates the full consumption of NH, groups of monomers. A
typical vibration band due to C=N at 1586 cm™ ' was observed
along with the other bands (C=0, 1753 cm ' and O-H,
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3448 cm ™) corresponding to the framework. The bands corre-
sponding to C=0 and O-H confirm the integrity of the -COOH
group in the framework unambiguously (Fig. 2B). The forma-
tion of Schiff bonds was further confirmed by solid-state *C
magic angle spinning NMR spectra, which show a peak at § =
155 ppm. Also, the peak corresponding to the carboxylic group
could be observed from the "*C NMR spectrum (Fig. S71). The
permanent porosity of 1 has been established by using N, and
CO, adsorption at 77 K and 195 K, respectively. The N,
adsorption at 77 K shows a Type I isotherm, a characteristic of
a microporous material, with a saturation uptake of 120 cm® g "
(Fig. 2C). A non-local density functional theory (NLDFT) fit to
the adsorption branch of the nitrogen isotherm yields a major
pore size of 10.3 A and 8.3 A, which matches the structure
(Fig. 2D). The Brunauer-Emmett-Teller (BET) and Langmuir
surface areas were estimated to be 340 and 520 m*> g ',
respectively (Fig. S8t). Similarly, CO, shows a type I isotherm (at
195 K) with higher uptake than N, (Fig. 2). The morphological
studies of 1 were conducted using field emission scanning
electron microscopy (FE-SEM). 1 has a cotton-ball-like
morphology with small spikes (Fig. 3A, S9 and S107%). These
spikes are the small nano-crystallites of 1, and these crystallites
have aggregated to form a cotton ball-like structure. Further-
more, it could be observed from the high-resolution trans-
mission electron microscopy (HRTEM) images that these cotton
balls are made up of aggregated flakes (Fig. 3B and S117). It is
worth mentioning that we could observe the lattice fringes in
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Fig. 3 (A) FESEM image of 1 showing the cotton-ball like morphology
with small spikes on it. (B) HRTEM image of 1 showing a flake kind of
structure. The inset showing the lattice fringes having an inter planar
distance of 0.26 nm which is very close to the interlayer distance
obtained from the structural model. (C) (Top) AFM image of 1 showing
its nanosheet character. (Bottom) 1 dispersed in different solvents
showing the Tyndall effect for a prolonged time. (D) The height profile
plot shows the thickness of the nanosheets to be in the range of =4-
6 nm (see the ESIt for more images).
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the HRTEM images (Fig. S11}) indicating the high degree of
crystallinity of the material.

As mentioned, 1 can be easily exfoliated via exposure to the
atmosphere, followed by thermal treatment. Due to this exfoli-
ation, the number of m-stacked layers decreases and results in
the formation of nanosheets, which contain very few m-stacked
layers. In this case, atomic force microscopy (AFM) was used to
probe the thickness of the nanosheets. The images taken by
AFM showed the formation of covalent organic nanosheets
(CONs) with an average thickness of ~4-6 nm (Fig. 3C, D and
S12}). The Tyndall effect also confirmed the formation of
nanosheets. 1 was soaked in different solvents in glass vials and
sonicated for 10 minutes; after this, laser light was shed onto
these vials from one end at regular intervals. The path of light
through the solution could be traced even when it is kept
undisturbed for 6 hours, which implies that the dispersed
material didn't settle down upon standing for a long time. This
again proves the colloidal stability of nanosheets in the solu-
tions (Fig. 3 and S1371). The average size of the nanosheets was
found to be between 500 and 600 nm, as confirmed by the
dynamic light scattering (DLS) experiments performed on the
exfoliated COF across three different batches (Fig. S147). The
easy exfoliation of 1 is in good agreement with our previous
observation, where an imine bonded COF constructed from
a 3,5-diamino-1,2,4-triazole (the angle between the two NH,
group is close to 120°) was found to be self-exfoliated during the
synthesis itself.>

Optical studies

Impressed by the drastic color change of 1 from yellow to bright
red upon exposure to air, we recorded solid-state UV-vis spectra
for both the samples, dry (yellow) and humidified (red) (Fig. 4A).
The dry one gives absorption maxima at 447 nm, whereas the
humidity-exposed sample shows absorption maxima at 362 nm
(Fig. 4B). The direct optical band gap was calculated from the
Tauc plot, and it was found that the band gap increases from
2.27 €V to 2.87 eV when the color of the sample changes from
yellow to bright red (Fig. 4C). We stored the sample under
vacuum to trace the stimuli for the color change. Dry nitrogen
and oxygen were passed over the sample (since N, and O, are
major gases in the atmosphere) in two different experiments,
but no change in the color of 1 was observed. Then, in a separate
investigation, humid nitrogen and humid O, were passed over
the sample in a similar fashion, resulting in the sample's
immediate color change from orange-yellow to red in both
experiments. Hence, this set of four experiments concluded that
humidity is responsible for the color change, which is inde-
pendent of the nature of the carrier gas.

The mechanism of the visible color change of the nanosheets
was attributed to the water-induced protonation and deproto-
nation of the framework. For the dry sample, when there is no
moisture in the system, the -COOH group of the framework is
in the neutral form (Fig. S15t). As soon as moisture is intro-
duced into the system, the framework converts to the zwitter-
ionic form, where the sp® nitrogen of aldehyde is protonated
and the -COOH group is deprotonated (Fig. 4D and S167). This

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ta05416k

Published on 13 Novemba 2023. Downloaded on 24/07/2025 05:56:30.

Absorbance

IISERP-COF31 (functionalized with COOH)

View Article Online

Journal of Materials Chemistry A

9 }C"”gg sJW’ "h
Rkt

Amax =362nm  __ Humid ¢ 2.5x104{—Humid
D
i 2.0x10*
o~
=1.5%x10*
=
21.0x10*
5.0x10° f
oo " 2.87eV
200 300 400 500 600 700 800 2 3 4 5
Wavelength (nm) Energy (eV)
Dry Humid

F s

" o J s
d‘f *
¥  Homo iy

HOMO
mo || a0
e i ,@ﬁ
o4 9 P 4‘ e - i
S 5 @ 2 o 3 JOJ
99 22
o AN
2
o
LUMO 797 Lumo

" 9

Fig. 4 (A) A comparative photographic image of 1 and IISRRP-COF2 under dry and humid conditions showing the visible colour change only in
the case of 1. (B) Solid state UV-vis spectra of 1 under dry and humid conditions showing the change in 4,4 Of the absorption spectra. (C) Tauc
plot showing the direct bandgap derived from the UV-vis spectra. Note: the change in the bandgap upon humidity exposure is in good
agreement with the visible color change of 1. (D) Schematic diagram showing the possible mechanism for the visible color change of 1. (E) The
frontier orbitals of the model compound in the dry state derived from a DFT/Gaussian calculation. (F) The frontier orbitals of the model
compound under humid conditions derived from a DFT/Gaussian calculation.

COO™ thus generated by humidity or water can supply more
electrons into the conjugated system. This phenomenon is
accountable for altering the frontier orbitals (HOMO and
LUMO) of 1, and thereby responsible for the color change.
Therefore, the simultaneous presence of the sp® nitrogen and
the free terminal COOH group in the framework is necessary to
observe such a humidity-dependent color change. This was
further proved by synthesizing a COF (IISERP-COF2)* where the
sp’ nitrogen is present but the -COOH group is absent. As ex-
pected, this COF shows no humidity-dependent color change
(Fig. 4A and S171). The role of water/protonated water is crucial
to impart this effect. The XPS spectra of 1 (after exposure to
atmospheric humidity) further support this protonation. As
presented in Fig. S18,1 the N1s spectrum shows a quaternary
nitrogen site in 1, indicating the protonation of the sp® nitrogen
present in the framework. However, in the XPS spectra of
IISERP-COF2 we did not observe any quaternary nitrogen.

To shed more light on the mechanism of the visible color
change, we resorted to DFT/Gaussian-based simulations. For
this, we have created the smallest possible model compounds
for dry and humid conditions, as presented in Fig. 4D. These
model compounds were first geometry optimized using a DFT
method embedded in Materials Studio. The optimized model
compounds were then used for the Gaussian calculation using
density functional theory based on the B3LYP hybrid functional
method with the 6-311G basis set.®>®* The extracted frontier
orbitals clearly show that in the case of dry conditions, the
HOMO is located around the triphenylamine core of the alde-
hyde unit and the LUMO is located around the free -COOH
group and the phenyl ring of amine (Fig. 4E). However, under

This journal is © The Royal Society of Chemistry 2024

humid conditions when 1 exists in the zwitterionic form, the
HOMO is located around the -COO- group and the LUMO is
located around the triphenylamine core of the aldehyde part
(Fig. 4F). This switching of the HOMO and LUMO between the
dry and the humid model is responsible for the dramatic visual
color change.

Another important feature of 1 is its photoluminescent
character. 1 dispersed in different organic solvents emits blue
light upon excitation with UV radiation. However, the presence
of water in the organic solvents quenches the luminescence. We
have utilized this property of 1 for sensing trace amounts of
water in different organic solvents. We first recorded the pho-
toluminescence (PL) spectra of 1 in different solvents such as
acetone, tetrahydrofuran (THF), dimethyl formamide (DMF),
dimethyl acetamide (DMA), methanol (MeOH), ethanol (EtOH),
dimethyl carbonate (DMC), acetonitrile (ACN), etc at 30 °C
(Fig. S19). The emission occurs at ~455-480 nm for all the
verified solvents. However, the PL intensity was different for
each solvent. To study the sensing of trace water in organic
solvents, we chose two solvents, ACN and acetone. A small
amount of 1 (5 mg) was dispersed in 2 ml of the respective
solvents, and PL spectra were recorded. Then, deionized water
(2 pL to 250 uL) was added sequentially to the cuvette, and PL
spectra were recorded after every addition of water. It was
observed that even with the addition of a very small amount of
water (2 pL), a remarkable change in the intensity of the peak in
the PL emission spectra was observed. This quenching of the
emission increases with further addition of water (Fig. 5A and
B). This decay in emission with the addition of miniscule
amounts of water shows the sensitivity of 1 towards moisture. In
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Fig. 5 (A) PL spectra of 1 dispersed in ACN showing the quenching of
photoluminescence upon gradual addition of water (B) PL spectra of 1
dispersed in acetone showing the quenching of photoluminescence
upon gradual addition of water (C) A Stern—Volmer plot at a low water
concentration in ACN showing the linearity. (D) A Stern—Volmer plot at
a low water concentration in acetone showing the linearity.

both the solvents, the fluorescence intensity decays very fast
initially and then tends to slow down (Fig. S20 and S21+). Nearly
80% of the fluorescence intensity is quenched by adding 1 vol%
of water. The detection limit was calculated from a linear fit to
the fluorescence intensity vs. water concentration (in the low-
concentration region) graph. The limit of detection (LOD) was
0.027% and 0.128% in the case of ACN and acetone, respectively
(Fig. S20 and S21+). It is worth mentioning that the LOD values
are better or comparable to those of some of the best-known
COFs/MOFs/carbon materials for water sensing (Table S17).
Notably, the sensing works the best in acetonitrile (ACN), in
which the emission peak shows a sharp decrease in intensity
with the addition of just 2 pL of water. This PL intensity
becomes zero when the water content is increased to 250 pL.
However, in the case of acetone, a decrease in the PL intensity of
the emission peak is observed with successive addition of water,
but it doesn't decay to zero with the same amount of water. The
same observation can be visualized in the optical images, which
show complete switch ON and OFF sensing in the case of
acetonitrile; however, in the case of acetone, the effect is not so
prominent (Fig. 5). This could be due to the higher polarity of
ACN (¢ = 37.5) compared to that of acetone (¢ = 20.7).
Furthermore, a Stern-Volmer plot in the low water content
region shows linear behavior in both cases (Fig. 5C and D),
indicating a strong water interaction with 1 dispersed in ACN or
acetone.®” The Stern-Volmer coefficient was calculated to be
3.51 L mol ' and 1.25 L mol * for the case of ACN and acetone,
respectively. The sensing of a trace amount of water in organic
solvents using 1 is highly reproducible (Fig. S22 and S237). It is
important to mention that the material can be recovered after
the 1st cycle by drying under vacuum, and the dried material
can be used in the next cycle (Fig. S247). The recyclability of the
material was attributed to its good water stability, which was
confirmed by the PXRD and FTIR study of the water-soaked
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sample (Fig. S25t). The humidity sensing by 1 was established
in the solid state as well. The color of the as-made COF (orange-
yellow) changes to bright red upon adding a drop of water to it
(Fig. S267). Also, this change is reversible, i.e., the color changes
to yellow upon drying the COF in a vacuum. This color change is
fully reversible and can be achieved for multiple cycles. Though
these studies indicate that water in the vapor form strongly
interacts with the COF, the water adsorption isotherm suggests
the opposite (Fig. S2771). We set out to address this incongruity.

Interaction of water and protonated water with the COF

Considering the COF's immediate color response to even vapor
phase water (humidity), one would expect an abrupt water uptake
at low partial pressures in an isotherm. Against this expectation,
the water isotherm was shallow with a nominal saturation
capacity. To further verify this, we calculated the isosteric heat for
a single water molecule as well as a protonated water molecule
inside the COF in Henry's regime. It was very low (<10 kcal mol ™),
which agrees well with the shallow low-pressure uptake observed
from experimental isotherms. This suggests that sensing is not
due to physisorptive uptake of water by the material. If we
consider the alternative, proton abstraction from COF's functional
groups by water, it would be expected to be a lot more sensitive
and efficient even at low water concentrations, which seems to be
the case. Now, we realize that this water could be playing a key role
in transferring the acidic proton present on the free carboxylic
acid in the framework to these lone-pair containing sp® nitrogen
centers, giving rise to the zwitter-ionic form with a markedly
different color. To verify this, we attempted to identify the most-
favorable position for H;O" in the COF, which again turned out
to be the same space occupied by neutral water (Note: one of the
carboxylic acid groups was converted to carboxylate during the
introduction of H;0") (Fig. 6).

The color change on the COF flake is quite rapid with the
introduction of humidity (low water concentration); this is likely
to be a diffusion-controlled kinetic process. Hence, we wanted
to know how favorable it is for protonated water molecules to
diffuse into the pores. This is extremely difficult to determine
experimentally; therefore, we resorted to molecular dynamics.
The optimized structure was equilibrated using an NPT
ensemble, and the average lattice parameters were employed for
the output structure. The migration of protonated water/neutral
water in the cationic framework was explored under the NVT
conditions. The final trajectory was obtained from a 50 ns
microcanonical NVE dynamics performed at 300 K. The mean
square displacement (MSD) vs. time plots were used to calculate
the average diffusion coefficient for the guest species (Fig. 6F).
Importantly, the diffusion coefficient for the single protonated
water molecule per unit cell is 7.16 x 10~ ° em® s~ *; while that of
neutral water is 8.9 x 107° em” s~ and for six protonated water
molecules per unit cell, it is 3.54 x 10~* cm® s~ . These are
extremely favorable, and such high values support the rapid
sensing of humidity by the COF material. The build-up of more
and more protonated water improves their self-diffusion, most
likely through cooperativity. Also, these high diffusion values
suggest that this humidity sensing is not a mere surface

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) A DFT-optimized structure of HzO" in a COF with a loading of 1HzO"/unit-cell. sp® nitrogen and protonated water sandwiched
between them are shown in balls. (B) and (C) DFT-optimized structure of 6HzO*/unit-cell in 1 showing the protonated water sandwiched by the
sp® nitrogen from two different layers. (D) and (E) The RDF plots from MD simulations of 1 with 1HsO" and 6HsO"/unit-cell displaying the
distances between the protonatable sites (donor) and the water molecules (acceptor). (F) The mean square displacement vs. time plot from MD
simulations showing favourable diffusion for both neutral and protonated water inside the COF, and with high HzO" concentration, the diffusion

coefficient increases drastically.

phenomenon but a diffusion-controlled process. Importantly,
a broader insight is developed: for solid-state sensing, one need
not have strong equilibrium interactions between the guest and
the host; rapid diffusion-controlled kinetics is the key.

Conclusion

In conclusion, we have developed for the first-time a -COOH
functionalized and sp® N rich imine bonded COF which can be
easily exfoliated to nanosheets of a few nm thickness. This COF
reversibly changes its color from orange-yellow to bright red
when exposed to humidity. This dramatic color change could be
used for developing potential humidity sensors. We attributed
this color change to the humidity dependent protonation or
deprotonation of the tertiary amine and free -COOH group
present in the framework. This was further supported by the
DFT/Gaussian based calculations. Furthermore, the nanosheets
dispersed in organic solvents emit blue light upon excitation
with UV radiation. This luminescence is completely quenched
upon addition of a small quantity of water. This property of the
COF has been utilized for detection of trace quantity of water in
different organic solvents. This study would help in designing
next generation COF based humidity sensors.

Experimental
Synthesis of IISERP-COF31

Tris[4-formylphenyl]Jamine  (0.25 mmol) and 3,5-dia-
minobenzoic acid (0.37 mmol) were added in a Pyrex tube and

This journal is © The Royal Society of Chemistry 2024

dissolved in 2 ml mesitylene, 3 ml o-dichlorobenzene and 4 ml
ethanol. 0.25 ml acetic acid was added to this mixture and was
stirred well. The Pyrex tube was then flash frozen using liquid
nitrogen and sealed. The contents in the sealed tube were
heated at 120 °C for 3 days. After cooling to room temperature,
the light-yellow precipitate was filtered and washed with DMF,
THF, and MeOH. The isolated yield was 76% with respect to the
aldehyde. The solid was characterized using FTIR & *C-NMR
spectra, FESEM, TEM, etc.
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