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Pyrene-Based Polyimide Covalent Organic Framework with
Temperature-Dependent Fluorescence

Amin Zadehnazari, Ahmadreza Khosropour, Ataf Ali Altaf, Saeed Amirjalayer,

and Alireza Abbaspourrad*

The synthesis of a fluorescent covalent organic framework (COF) using
perylene and pyrene building blocks (PEPy-COF), via a one-pot condensation
reaction is reported. PEPy-COF is crystallized into 2D nanosheets with a cubic
and prismatic crystalline morphology and demonstrates structural stability at
temperatures up to 500 °C. The structural morphology is confirmed using
X-ray diffraction and atomic-level simulations. These 2D porous polymer
sheets form a tetragonal framework that is found to have a high specific
surface area of 772 m? g~'. Based on the definition of porous materials, the
network is mesoporous with an observed pore size of 3.03 nm, which is in
good agreement with the material’s calculated pore size. The experimentally
obtained HOMO-LUMO band gap is 2.62 eV, confirming the semiconducting
nature of PEPy-COF. PEPy-COF emits a shiny blue luminescence under UV
and visible light. This luminescence intensity is temperature-dependent in
solvents with different polarities and dielectric constants demonstrating that
the PEPy-COF has potential use in a wide range of temperature-sensing
devices. The fluorescence intensity ratio is similar for different temperatures

under ultra-sound conditions and varying solvents.

1. Introduction

The past decade has witnessed the fabrication of various types of
covalent organic frameworks (COF) many of which are formed
through the condensation polymerization reactions of polyaro-
matic starting materials.!! These polymeric materials have been
used across multiple fields and applications.[*?! Recently, COFs
containing z-conjugated structural units exhibiting fluorescence
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properties have gained attention due in
large part to their high chemical and physi-
cal stability and tunability.*]

The properties of COFs are deter-
mined by their building blocks or

fluorophore units and their geomet-
ric arrangements. Fluorescent COFs
usually have high electron rich =z-

conjugated units such as triphenylene,’]
tetraphenylene,|®’] pyrene,®] porphyrin,!
phenyl hydrazone,[') carbazole,'") and
phthalocyanine.”?l The design and fab-
rication of conjugated networks is one
method to enhance and tune the fluo-
rescent emissions of COFs. Combining
fluorescence with temperature sensing in
the design of new COFs has gained signifi-
cant attention.['*] Usually, optical materials
which are used to determine temperature
variations, are based on edge absorption
shift** refractive index change,*! or
maximum emission wavelength intensity
under temperature changes.' Examples
of the first category include Fabry—Pérot

interferometers  (resonators),'”]  extrinsic ~ Fabry-Pérot
interferences,!'! fiber Sagnac interferometers,’”) Mach—
Zehnder interferometers,[?°] optical fiber interferometric

sensors,!*!! fiber grating sensors,!??l long-period fiber gratings,[?*!

surface plasmon resonance sensors,?* silicon-on-insulator
sensors,!®! and thermochromic materials.?! Temperature-
dependent fluorescent materials are also categorized into
two types: transition-metal inorganic chromophores, such
as Europium,?] and organic molecules such as organic
polymers(?®! and COFs.””) Of these two, very few papers
have focused on temperature-dependent fluorescent COFs.[2*]

Most of the reported COFs that have shown fluorescence con-
tain boronic ester and imine bonds.[**3!] These COFs are unsta-
ble under moist, acidic, and basic conditions, making them un-
suitable as fluorescent sensors.!*? Ideally, COFs used as sensors
should have high physical, chemical, and thermal stability, large
surface area, and low density.**] To the best of our knowledge,
the fluorescent polyimide COFs that have been synthesized so
far, have only been used for the detection of chemicals such as
trinitrophenol explosives, amines, the detection of Fe**, and the
electrochemical detecting of Pb?*.[34-37]

We report here a new temperature-dependent fluorescent poly-
imide COF using perylene and pyrene building blocks (PEPy-
COF) to form a tetragonal mesoporous framework with cubic
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Scheme 1. Synthesis of PEPy-COF via a condensation reaction between 4,4',4”,4”-(pyrene-1,3,6,8-tetrayl)tetraaniline (PTA) and perylene tetracarboxylic

acid dianhydride (PTDA) in imidazole with zinc (I1) acetate catalyst.

prismatic morphology (Scheme 1). This is the first reported poly-
imide COF with a temperature-sensitive blue fluorescence emis-
sion which is robust to changing solvents and ultrasound treat-
ment.

2. Results and Discussion

2.1. PEPy-COF Synthesis and Characterization

The PEPy-COF was designed such that the pyrene monomers
with D,, symmetry were in the corners geometrically, and the D,
symmetric perylene units were located at the edges of the meso-
porous tetragons. PEPy-COF was prepared by the polymerization
reaction of perylene tetracarboxylic acid dianhydride (PTDA) and
4,4',4" 4" -(pyrene-1,3,6,8-tetrayl)tetraaniline (PTA) in imidazole
using zinc acetate [Zn(OAc),] as a catalyst and was isolated as a
brick red powder in 85.4% yield.

The FTIR spectra of our PEPy-COF confirmed the formation
of the imide ring (Figure 1a). The absorption bands at 1696 and
1660 cm™! were attributed to the asymmetric and symmetric
stretches of the carbonyl groups in the six-membered ring. The
band at 1372 cm™! was attributed to the imide C-N stretch while
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the band at 725 cm™! was assigned to C-N bending. The FTIR
spectrum of PTDA exhibits the carbonyl stretching frequency at
1758 cm™! which shifts to lower energies in the PEPy-COF spec-
trum. Further, the peak related to the amine group at 3335 cm™!
in PTA, was not present in the PEPy-COF spectrum. Further con-
firmation of the structure of the reaction product was done us-
ing solid-state 3C cross-polarization magic-angle spinning nu-
clear magnetic resonance (CP-MAS ssNMR) spectroscopy. In the
ssNMR spectrum of PEPy-COF, the imide carbonyl carbon ap-
peared, as expected, at 160.6 ppm with overlapping peaks for the
aromatic carbons appearing between ~110 and 150 ppm (Fig-
ure 1b).138!

X-ray diffraction (XRD) patterns showed the main diffraction
peak at 100 (2.83°), as well as peaks at 101 (5.07°), 002 (5.77°),
222 (7.70°), and 610 (23.17°) (Figure 2a). To increase crystallinity,
PEPy-COF was treated with supercritical CO, for 6 h.3%]

To resolve the structure of PEPy-COF, we performed atomistic
simulations screening the configurational phase space. We
focused on identifying the energetically most preferred packing
of the 2D-COFs to determine the energy differences between
eclipsed and staggered arrangements. To predict the structure
independently from the experimental data, we parametrized
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Figure 1. a) FT-IR spectra of PEPy-COF (blue), PTDA (pink), and PTA (red), presenting the imide stretching vibrational signals indicating imide hetero-

cycle formation. b) CP-MAS ssNMR of PEPy-COF.
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Figure 2. Atomistic structure of the PEPy-COF derived by utilizing quantum mechanical interatomic potentials parametrized by quantum mechanical
reference data. a) Comparison of the experimentally measured (black) and simulated XRD patterns. b) Slipped eclipsed energetically preferred PEPy-COF
structure. ¢) HOMO and LUMO orbitals of a single PEPy-COF sheet (employing a non-periodic model). d) Staggered xy simulated packing mode (the
energy difference is given per formula unit compared to the energetically preferred slipped eclipsed structure).

interatomic potentials using solely quantum mechanical (QM)
reference data (BLYP+D3/cc-pVDZ)“*) and used the previ-
ously introduced parametrization approach!* and Tinker
code.*’] By using our parametrized interatomic potentials, we
systematically varied the interlayer arrangement and optimized
both the geometry of the COF and the cell parameters.

Based on our calculations, we identified three different
possible arrangements with high symmetry. The eclipsed ar-
rangement was determined to be the energetically preferred
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packing mode of the PEPy-COF with an interlayer z—r stacking
distance of 0.355 nm (Figure 2b). Any displacement in the x-, y-
or xy-direction led to staggered arrangements, which were higher
in energy (Figure 2¢,d). In both predicted staggered arrange-
ments, staggered “xy” and staggered “x” (there was a decrease in
interlayer interaction energy and thus overall higher energy was
predicted; the energy change, AE, is relative to the energetically
preferred eclipsed arrangement). The higher calculated energy
of the staggered “x” mode allowed us to eliminate this structure.
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Figure 3. a) FE-SEM, b) HRTEM micrograph of PEPy-COF. ¢) Zoomed-in HRTEM image of the area marked with a white box in (b). d) Fast Fourier
transformation (FFT) filter applied on (c). e) The FFT of the area marked by the white box displaying the presence of a variety of crystalline phases. f)

Corresponding height profiles of the cyan line in (b).

A comparison of the simulated and experimentally measured
XRD data reveals that the predicted eclipsed arrangement is in
very good agreement with the experimentally observed results,
providing further evidence of the eclipsed PEPy-COF structure.
The highest intensity peak observed in the experimental XRD
of the sample is the peak that appears at 3.75°. Good agreement
was found between the experimental XRD pattern with the
calculated XRD of the AA-stacking (eclipsed).*®!

A comparison of the simulated and experimentally observed
XRD data revealed that the predicted eclipsed arrangement is
in good agreement with the experimentally found results (Fig-
ure 2a). A small difference between the predicted and simulated
data may arise because the predicted arrangements represent a
perfectly crystallized COF without solvent molecules. Previous
studies also reported that the solvothermal synthesis of COFs of-
ten results in small deviations from defect-free crystallinity.[*’!
HOMO-LUMO modeling of PEPy-COF was used to calculate the
HOMO-LUMO gap was 2.62 eV (Figure 2e). The value of the
band gap obtained experimentally was similar to the calculated
value.

The porosity of PEPy-COF was ascertained from the N,
adsorption—desorption experiment, which showed a reversible
type IV isotherm with a small hysteresis curve during desorption
(Figure S1, Supporting Information). The Brunauer-Emmett—
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Teller (BET) specific surface area for activated PEPy-COF was es-
timated to be 772 m? g~! with a pore volume of 0.845 cm? g~!. The
pore size distribution curve was narrow indicating that the PEPy-
COF was composed of stable mesopores, and any effect of other
pores or defects shaped between crystal layers was small. Ac-
cording to the experimental sorption data, a pore size of 3.03 nm
(Figure S3, Supporting Information) was calculated. This is in
line with the predicted eclipsed structure, which predicted a
highly ordered open structure with large pore openings of 2.62
X 3.57 nm. Field-emission scanning electron microscopy (FE-
SEM) imaging of PEPy-COF (Figure 3a) showed that the polymer
sheets were assembled in cubic and prismatic crystal forms and
the size of particles was less than 200 nm. From HRTEM, clearly
aligned crystal lattice patterns were detected along the (100)
plane (Figure 3b,c and Figures S4 and S5, Supporting Informa-
tion). In agreement with the predicted eclipsed arrangement,
the distance between the well-defined lattice fringe sheets was
estimated to be 0.31 nm (predicted 0.355 nm), showing the
sheet-like structure with regular orientations satisfactory for z—=
stacking (Figure 3c,d and Figure S5, Supporting Information).
The fast Fourier transform (FFT) pattern showed the presence
of a variety of highly crystalline phases (Figure 3e and Figure S5,
Supporting Information). From the corresponding height profile
in the layered area, a more accurate distance between the layers
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Figure 4. a) XPS spectrum and high-resolution XPS spectra deconvolution fit for b) C 1s, ¢) N Ts, and d) O 1s of PEPy-COF.

was measured (Figure 3f). Overall, the obtained FFT patterns
and HRTEM images are consistent with the formation of 2D
polymeric layers, where each plane contains a crystal domain.

X-ray photoelectron spectroscopic (XPS) analysis revealed the
presence of C, N, and O, and an absence of impurities (Figure
4a). Three peaks, 284.07 eV (C-C), 286.36 (C-0), and 284.95 eV
(C-N) revealed the three types of carbon atoms present after de-
convolution (Figure 4b).>%1 Additionally, the peak at 400.27 eV
signified the presence of a nitrogen 1s level, confirming the pres-
ence of a single type of nitrogen confirmed by the deconvolution
fit (Figure 4c),>! while the peak at 532.12 eV confirmed the pres-
ence of O 1s (Figure 4d). Energy dispersive spectroscopy (EDS)
elemental mapping of PEPy-COF showed the occurrence of car-
bon, nitrogen, and oxygen in the structure of the material (Figure
S6, Supporting Information).

PEPy-COF was evaluated for thermal stability using thermo-
gravimetric analysis (TGA). Initial weight loss occurred at 263
°C, and by 350 °C, the change in mass was ~10% (Figure S7,
Supporting Information). This was attributed to the carbon phase
oxidation. At 532 °C weight loss increased, and by 800 °C, only
39.2% remained, this high char yield is attributed to the presence
of the aromatic segments.

2.2. Photoluminescence

The solid-state UV-vis spectrum of PEPy-COF showed a broad
band across the UV region, and a second broadband between
450 and 650 nm, which were attributed to photo-absorption
of PTDA/PTA units and indicated that PEPy-COF could har-
vest photons in the visible region (Figure S8, Supporting
Information).>?) From the Kubelka—-Munk equation, the optical
band gap (E,) of PEPy-COF was calculated to be 2.62 eV, sug-
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gesting a semiconducting nature of the PEPy-COF (Figure S9,
Supporting Information).

Photoluminescence microscopy showed that the particles of
PEPy-COF have strong blue fluorescence (Figure 5a). Upon ex-
citation in the UV region, between 310 and 410 nm, the PEPy-
COF produced corresponding emission signals in the visible re-
gion. For example, under excitation at 330 nm, the PEPy-COF
displayed fluorescence emission peaks at 441 and 480 nm, with a
weak shoulder at 528 nm (Figure 5a and Figure S10, Supporting
Information). The maximum emission peak, showed a signifi-
cant non-linear and diverse red-shift as the wavelength increased
indicating that, due to the large difference in energy between
their lowest and highest energy levels, there was inefficient en-
ergy transfer, thus breaking Kasha’s rule.l>*!

PEPy-COF also exhibited high blue fluorescence when ex-
posed to visible light (Figure S11, Supporting Information). For
example, under excitation at 410 nm (Figure 5c), the PEPy-COF
emitted peaks at 455, 483, and 572 nm (Figure 5a). In contrast,
the starting material PTA emitted a single peak at 468 nm, while
PTDA emitted two peaks at 542 and 584 nm with a shoulder at
621 nm (Figure S12, Supporting Information). The strong fluo-
rescence of PEPy-COF upon excitation at 330 nm, represents the
energy transfer from the PTA (HOMO) to the PTDA (LUMO)
units along the sheet in the solid-state structure (Figure 5a and
Figure S10, Supporting Information). The fluorescence decay
curve is shown in Figure S13, Supporting Information, indicat-
ing that the fluorescence lifetime of PEPy-COF is 2.34 ns.

Temperature affects the fluorescence intensity of materials,
and the higher the fluorescence intensity, the greater the effect
of temperature.l** A suspension of 1 mg of PEPy-COF in 15 mL
of N,N’-dimethylformamide (DMF) was prepared and the fluo-
rescence intensity, under excitation at 410 nm in the temperature
range of 277-367 K was studied. The temperature working range,
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Figure 5. a) Fluorescence response of PEPy-COF upon excitation at a wavelength range. b) Temperature-dependent fluorescence spectra of PEPy-COF. c)
Images of the PEPy-COF dispersed in DMF (1 mgin 15 mL of DMF) under excitation. d) Correlation of change of fluorescence intensity with temperature.
It: Fluorescence intensity at temperature T, l@77): Fluorescence intensity at 277 K.

maximum excitation, and emission wavelength of the PEPy-COF
were compared with other temperature-sensing materials such
as polymers, COFs, and organic molecules (Table S1, Supporting
Information). Compared to the other reported materials, PEPy-
COF showed advantages such as a broad working temperature
range, very good brightness, excitable in the visible range, and
easy preparation without using any volatile toxic solvents.

While no change was seen in the spectral profile, some no-
ticeable changes appeared in the emission spectra at different
temperatures. The fluorescence intensity ratio (FIR), Iy/I;; de-
creased sharply with increasing temperature (Figure 5b) and
showed a linear correlation (Figure 5d). To verify that the PEPy-
COF temperature-dependent fluorescent property was indepen-
dent of solvent effects we dispersed the PEPy-COF in various
solvents with different polarity and dielectric constants (DMF,
DMSO, acetonitrile, and toluene). Due to the relative insolubil-
ity of PEPy-COF, we used ultrasound to assist in creating the
dispersions. As the temperature increased from 277 to 377 K,
the FIR decreased more than 50% linearly in all solvents, with
only a small shift in wavelength, was observed in the maximum
emission peaks (Figures $14-S21, Supporting Information). The
stability of PEPy-COF in different solvent environments across
a 100 K range in temperature showed that there was no sol-
vent interference with respect to the temperature-dependent
fluorescence. Compared with other anti-interference fluores-
cent probes based on such materials as Eu**-doped polymer
complex,*] metal-organic framework-polymer composite,*®! di-
hydrophenazine derivatives,l’’] and Er**/Yb**-doped glass,>®!
PEPy-COF showed a wider linear response region in different
environments: a desirable feature in temperature-sensing de-
vices. Most temperature-dependent fluorescent materials work
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in a small temperature range and they are very sensitive to high
temperatures or acidic or basic media.>®) COFs with imide bonds
are more stable than reported fluorescent COFs!®l and our PEPy-
COF has proven to be stable over a broad range of temperatures,
multiple solvents, and after treatment with ultrasound.

The possible mechanism for the decrease in the intensity with
temperature, or temperature quenching of the fluorescence, is
the dissociation of charge transfer excitons into free charge car-
riers at high temperatures. At lower temperatures, these free en-
ergy carriers undergo radiative decay because the quantity of the
photon traps and structural defects are decreased due to lower
molecular motion within the extended structure of the PEPy-
COF.[61-68] After 370 K, no noticeable changes in the fluorescence
intensity were observed. Generally, the fluorescence intensity de-
pends on different processes, but the inherent fluorescence of a
fluorophore should be independent of temperature.[®!]

The decrease in fluorescence intensity and lifetime with in-
creasing temperature is indicative of an increase in the non-
radiative deactivation of the excited singlet state (Figure S22, Sup-
porting Information). The most plausible mechanisms for high-
temperature quenching in our PEPy-COF with temperature are
an increase in the energy transfer between an excited electronic
state and a lower electronic state without any emission of radia-
tion (internal conversion); or energy transfer between the excited
state and the solvent or solute (external conversion). In general,
low temperature and high viscosity lead to increased fluorescence
because they reduce the number of collisions between molecules
and thus slow down the deactivation process.[®! Therefore, it is
expected that as we increase the temperature of our PEPy-COF
we should observe fluorescence attenuation. The ability of PEPy-
COF to hold energy within its structure due to the z—x linkages
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between layers, creates the broad temperature range observed for
fluorescence intensity drop.

3. Conclusion

We have developed a one-pot synthesis for a pyrene-based fluo-
rescent polyimide COF with a semi-conductor band gap, and a
temperature-dependent fluorescence profile. With excellent ther-
mal stability, high surface area, and high porosity, we expect
PEPy-COF to be useful for optronics applications such as com-
ponents of phototransistors and photoemissive tubes. PEPy-COF
like other semiconductors, can store energy in the sublayer struc-
tures and release it as light and therefore can be used in fluores-
cent diodes. Further, because of PEPy-COF’s broad temperature
range, it could be used in a temperature-sensing device based on
a design similar to that reported by Wu J. L. et al.l’% The high
stability and linear change of the FIR for all solvents under ultra-
sound conditions proves that the luminescence of PEPy-COF is
robust over a wide temperature range.

4. Experimental Section

Synthesis of PEPy-COF: PTDA (10 mg, 0.025 mmol), PTA (7.22 mg,
0.12 mmol), and zinc acetate (40 mg, 0.22 mmol) were mixed in imida-
zole (1 g, 0.588 mmol) in a high-pressure tube. The reaction mixture was
heated at 150 °C for 72 h. After cooling to room temperature, the pre-
cipitate was consecutively washed with 100 mL methanol, 50 mL of DMF,
100 mL of THF, 100 mL of acetone, and 500 mL of 10 w/v % potassium hy-
droxide to remove any unreacted PTDA. The filtrate was also acidified (6 m
HCl) and washed with ethanol and then water (5-10 washes) to remove
residual imidazole, PTA, and zinc acetate. The crude product was further
purified under Soxhlet extraction with THF for 24 h. Finally, the product
was dried in a vacuum oven at 70 °C for 24 h and was recovered as a
vivid brick red fine powder (PEPy-COF, 19.44 mg). Yield: 85.4%. Then the
sample was treated with supercritical CO, to remove any impurities from
the reaction. This method was performed by pumping supercritical CO,
through a fixed bed of solid substrate under a pressure of 30 MPa at 53 °C.
The sample was placed in direct contact with supercritical CO, flow for 6 h.
The supercritical CO, was drained away slowly and the sample was taken
out of the tank. The sample was analyzed without any prior drying in the
oven or in the open air. Physical Data: FT-IR (sample powder, cm~1): 3117
(w, C=H aromatic), 1696 (m, C=0 imide, asymmetric stretching), 1660
(s, C=0 imide, symmetric stretching), 1611 (s), 1488 (s), 1372 (s, C-N-C
axial stretching), 1228 (m, C-N-C transverse stretching), 1082 (w), 927
(m), 875 (m), 829 (m), 725 (s, C—N—C out-of-plane bending). Solid-state
13C CP-MAS NMR (125 MHz, 25 °C, TMS) & (ppm): 160.6, 148.92, 148.57,
145.06, 137.35, 131.39, 127.53, 124.02, 119.35, 118.88, 115.96, 114.55,
111.63, 109.88.
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