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Abstract

Carbon dots (CDs) are environmentally benign, strongly photoluminescent, metal free
nanoparticles. Interfacing them with tailor-made organic semiconductors possesing an ordered
channel structure such as covalent organic frameworks (COFs) promises to yield multifunctional
materials. In this study, microwave-derived CDs are successfully incorporated into the porous
structure of COF in a one-pot synthesis in which the condensation reaction between
benzo[1,2-b:4,5-b']dithiophene-2,6-dicarboxaldehyde (BDT) and 1,1,2,2-tetra(p-aminophenyl)
ethylene (ETTA) is conducted in the presence of CDs. A detailed structural and optoelectronic
characterization of the COF/CDs composite reveals that upon tuning the CDs loadings
encapsulated in COF the interaction between both components can be controlled allowing the
switch between energy and charge transfer. At CDs loadings <20 wt%, strong binding of CDs to
the COF enables charge transfer evinced from the quenched photoluminescence (PL) of both
components and accelerated exciton decay kinetics of the COE. At CDs loadings >30 wt% Forster
resonance energy transfer from CDs to COF prevails, leading to enhanced COF PL. Our study
underlines the interaction mechanism in organic composites and provides the knowledge required
for the design of novel functional materials with applications in photocatalysis, optoelectronics and
sensing.

1. Introduction

For a long time, inorganic semiconductors were at the forefront of the functional materials for energy and
sensing applications. Since then, the focus of the search for cheap materials that can be produced via simple
modular construction has shifted toward organic materials [1]. In acknowledgment of these materials, the
2000 Nobel Prize in Chemistry was jointly awarded to Heeger, MacDiarmid and Shirakawa for the discovery
of conducting polymers. Recently, a new class of organic semiconductors, namely, covalent organic
frameworks (COFs), has emerged [2, 3]. COFs are built by rigid organic building blocks that are covalently
connected via various reversible reactions, e.g. imine condensation [4] or Knoevenagel condensation [5]. By
rational selection of the building block’s symmetry, three-dimensional or two-dimensional (2D) frameworks
featuring long-range order and porosity are formed. In addition to their modular structure, COFs are
tailor-made materials from the perspective of chemical and physical properties. COFs with specific
properties can be designed by installing reactive functional groups or semiconducting organic segments into
the building blocks. An intriguing structural property of 2D COFs is their defined, uniform and continuous
channels in which guest molecules or particles can be embedded and thus providing a platform for the
formation of multifunctional composites.

In this regard, carbon dots (CDs) are an intriguing option [6]. These nanoparticles are made up entirely
of abundant, environmentally friendly elements—usually carbon, oxygen, hydrogen and nitrogen—with a
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wide spectrum of possible applications ranging from optoelectronics, photocatalysis, biomedical imaging,
and sensing [7]. The design of the composite materials based on COF and CDs has attracted a lot of attention
since by combining two materials with highly tunable properties countless promising applications can be
envisioned. Herein, the interactions between the COF and CDs determine the final functionality of the
composite. COFs usually have weak emission because of m—m stacking between layers and intramolecular
bond rotation [8, 9]. Encapsulation of the CDs in the COF’s porous structure can lead to an enhanced
emission yield of the COF via energy transfer from CDs to COF. Ma et al showed that when the emission
spectra of CDs overlap with the absorption spectra of the COF, Forster resonance energy transfer (FRET)
occurs resulting in a strong COF photoluminescence (PL) [10]. The PL was dynamically quenched in the
presence of Cu?", allowing the sensitive detection of this metal. Song et al prepared a similar system that
allowed the detection of Fe’>™ and Cu®™ [11, 12]. Cui et al developed an aptasensor employing COF and CDs
[13]. The CDs were non-covalently bound to COF and their PL were quenched due to energy transfer to
COF. The presence of a certain biomolecule causes the detachment of CDs from the surface and recovery of
their original emission. In the case of strong interactions between COF and CDs charge transfer (CT) at the
interface of the composite might occur thus suppressing the undesired recombination of the photogenerated
charge carriers. Interactions involving CT are crucial in the photocatalytic and optoelectronic applications.
Liang et al reported the construction of the COF/CDs composite promoting high-flux CT and efficient
photocatalytic activity for antibacterial photocatalytic therapy [14]. Zhong et al reported COF/CDs
composite system for efficient photocatalytic CO, to CO reduction [15]. Although the proof of principle for
CT and FRET in COF/CDs composites has been demonstrated the control over these two processes via the
concentration of embedded CDs in COF has not been yet reported.

In this study, a 2D COF constructed from 1,1,2,2-tetra(p-aminophenyl)ethylene (ETTA) and
benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde (BDT) is combined with CDs synthesized by a simple
and quick microwave approach. BDT-ETTA COF exhibits suitable features for the studies on energy and
charge transfer in COF/CDs composite. BDT-ETTA COF possesses high crystallinity and porosity, PL and
efficient charge separation due to the acceptor and donor character of the ETTA and BDT units, respectively,
so that the charge transport to CDs can compete with the recombination [16]. CDs synthesized from citric
acid (CA) and branched polyethylenimine (BPEI) have previously shown both photocatalytic activity and
strong luminescence [17]. Detailed spectroscopic and structural analysis reveals that the energetic
interactions between COF and CDs depend on the structural arrangement of the composite, which was
controlled via adjusting the CDs loading.

2. Methods

2.1. Synthesis of CDs

The CDs were synthesized according to the literature reports [17, 18]. A BPEI purchased from Sigma-Aldrich
and anhydrous CA purchased from Merck served as precursors for the CDs synthesis. Herein, CA (1 g) and
BPEI (2 g) were dissolved in 20 ml of milli-Q water and stirred at 60 °C for 10 min. The volume was adjusted
to 50 ml with water and transferred to the microwave reactor. The sample was then heated at 190 °C for

30 min. The maximum heating rate was set to 900 W. The resulting yellow solution was purified by
centrifugation at 25000 RCE, followed by filtering through a 0.2 pm pore size syringe filter, and freeze
drying. The obtained brownish powder was ground with pestle and mortar before use in the COF synthesis.

2.2. Synthesis of BDT-ETTA COF and COF/CDs composite

2.2.1. Synthesis of ETTA

1,1,2,2-Tetraphenylethylene (3.0 g, 9.0 mmol) was slowly added with stirring at 0 °C to a mixture of 30 ml
nitric acid (>99%) and 30 ml glacial acetic acid followed by stirring for three hours at room temperature.
Then the solution was diluted with cold water. The resulting precipitate was filtered and dried under reduced
pressure. Recrystallization from 1,4-dioxane, filtration and drying resulted in a yellow solid of
1,1,2,2-tetra(p-nitrophenyl)ethylene (TNPE) with 69% yield [19]. IH NMR (400 MHz, CDCl3) § (ppm):
8.055-8.100 (m, 8H), 7.16-7.21 (m, 8H).

20 ml of anhydrous tetrahydrofuran (THF) was used to dissolve TNPE (1.0 g, 1.9 mmol) under nitrogen
atmosphere. Under further stirring 4 g of Raney-nickel catalyst slurry was added [20]. Followed by the
dropwise addition of hydrazine monohydrate (1.3 ml, 26 mmol) to the mixture. The mixture was heated to
reflux for 2 h. After cooling to room temperature and filtration, the filtrate was dried under reduced pressure
leading to a yellow solid of ETTA with 79% yield. 1H NMR (400 MHz, DMSO-d6) ¢ (ppm): 6.60-6.55 (m,
8H), 6.29-6.24 (m, 8H), 4.84 (s, 8H).
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2.2.2. Synthesis of BDT

The synthesis of BDT was adapted from [21]. Herein, benzo[1,2-b:4,5-b’]dithiophene (1.0 g, 5.3 mmol) was
dissolved in 100 ml anhydrous THF in an outgassed flask under nitrogen atmosphere. The cooling to —78 °C
of the stirred mixture was conducted in a dry ice/acetone cooling bath. A solution of n-butyl lithium (5.0 ml,
2.5 M in n-hexane, 12.5 mmol) was added dropwise within 10 min. Stirring for 30 min at —78 °C and then
for 1 h at room temperature were performed. The cooling to —78 °C was repeated followed by the dropwise
addition of dimethylformamid (DMF) (1.0 ml, 13.0 mmol) and stirring overnight. The solution was then
transferred into ice water and filtered. The yellow precipitate was washed with water several times and
further treated with MeOH and Et,O. The solid was dried under reduced pressure leading to a yellow solid of
BDT with 46% yield. 1H NMR (400 MHz, DMSO-d6) § (ppm): 8.53 (s, 2H), 8.89 (s, 2H), 10.20 (s, 2H).

2.2.3. Synthesis of BDI-ETTA COF and COF/CDs composite

BDT (4.94 mg, 0.0201 mmol), ETTA (3.94 mg, 0.0100 mmol) and CDs (between 0 and 17.76 mg) were
added to a culture tube. Benzyl alcohol and mesitylene (V/V 9:1, 500 ) were added. The mixture was mixed
with a pipette before adding acetic acid (6 M, 50 pl). The tube was sealed and kept at 120 °C for 3 d. The
resulting precipitate was filtered, washed and extracted with THE.

2.3. Powder x-ray diffraction
Powder x-ray diffraction measurements were performed on a Bruker D8 Discover with Ni-filtered Cu-Ka
radiation and a LynxEye position-sensitive detector (scan speed of 4 s per 0.01 degree 26).

2.4. Physisorption

Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K within a pressure range
of p/py = 0.001-0.98. Prior to the measurement of the sorption isotherms the samples were heated for 24 h at
120 °C under turbo-pumped vacuum. For evaluating of the surface area the BET model was applied between
0.05 and 0.2 p/py. Pore size distributions were calculated using the Quenched Solid Density Functional
Theory (QSDFT) equilibrium model (desorption branch) with a carbon kernel for cylindrical pores.

2.5. UV-Vis spectroscopy
UV-Vis spectra were recorded using a Perkin—Elmer Lambda 1050 spectrometer equipped with a 150 mm
integrating sphere. For powder measurements BaSO,4 was applied as a reference.

2.6. Steady-state and time-resolved PL measurements

PL and PL anisotropy measurements were performed with a FluoTime 300 from PicoQuant GmbH. The
samples were photo-excited using a laser with a wavelength of 378 nm (LDH-P-C-375 from PicoQuant
GmbH) and 510 nm (LDH-P-C510 from PicoQuant GmbH) pulsed at 500 kHz, with a pulse duration of
~100 ps and fluence of ~300 1] cm ™2 per pulse. The PL was collected using a high-resolution
monochromator and photomultiplier detector assembly (PMAC 192-N-M, PicoQuant GmbH).

2.7. Cyclic voltammetry

Electrochemistry measurements were recorded using 0.1 M NBuyPFg (Aldrich, 99.9%) in acetonitrile
(Aldrich, anhydrous) as the electrolyte. The cell was assembled in an argon-filled glove box

(c(0,) < 0.1 ppm, c(H,0) < 0.1 ppm). A silver wire served as a reference electrode, that had been kept in
concentrated hydrochloric acid for half an hour. Ferrocene potential versus the silver electrode was
established to be 440 mV (see figure S1). CDs were measured as a solution, using indium tin oxide (ITO)
substrate as a working electrode. When measuring COF thin films, the films themselves were used as the
working electrodes. Platinum wire served as the counter electrode. A Metrohm Autolab PGStat302N was
used for the measurements.

3. Results

This study aimed to design a multifunctional COF/CDs composite material with structural control over their
optoelectronic interactions. For the synthesis of CDs, the microwave approach reported in [17] was adapted.
Herein, CA and BPEI were treated in a microwave at 200 °C and under pressure of 20 mbar. Powder x-ray
diffractograms (PXRDs) of the obtained CDs (figure 1(a)) show two very broad, overlapping reflections
extending from approximately 5-25 26. Liang et al reported a similar broad reflection for the CDs prepared
by condensing CA and ethylenediamine using a hydrothermal method [14]. The broad PXRD reflection
indicates low graphitization of the sample. The CDs were further subjected to calcination in an oven at

200 °C and 350 °C. The samples are referred as CDs_150 °C and CDs_200 °C. For both samples reflection at
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Figure 1. (a) PXRD diffraction patterns and (b) FT-IR spectra (prominent features are highlighted in gray) of untreated CDs
(black) and after calcination at 200 °C (green) and 350 °C (blue). (c) F(R) spectrum and PL spectra (at Aex = 375 nm (dashes)
and at A\ex = 510 nm (dots)) of untreated CDs.

27 20 occurred, as shown in figure 1(a), indicating the formation of crystalline particles with a lattice spacing
similar to that of graphite [22, 23].

For the quantification of the particle size, the diffractograms were fitted with multiple Gaussian functions
to extract FWHM values required for the calculation of the crystallite size via the Scherrer equation. The
function closest to 27 26 was selected to obtain the size of graphitic domains. The fits are shown in figure S2
and all relevant values obtained from the fits and the calculated using the Scherrer equation are given in table
S1. In the case of the untreated CDs, the center of the Gaussian function is not at 27 26 in contrast to the
tempered CDs. Hence, to estimate the particle size of the CDs PL anisotropy measurements were performed
[24, 25]. This method applies the Einstein—Stokes relationship to calculate the hydrodynamic diameter.
Herein, the depolarization of the PL is related to the Brownian motion of the particles, which in turn is
related to the size of the particles. The fitting is presented in the figure S3. The particle diameters of the
tempered CDs obtained from the Scherrer equation and the PL anisotropy are similar, being 1.9 nm for
CDs_200 °C, and 2.3 nm for CDs_350 °C. For untreated CDs, only PL anisotropy allowed the accurate
particle size quantification of 2.5 nm.

The surface functionality of the CDs was characterized by means of Fourier transformation-infrared
spectroscopy (FT-IR) spectroscopy. The FT-IR spectra of the precursors are presented in figure S4 and the
corresponding signal assignments in table S2. Figure 1(b) shows the FT-IR spectra of untreated and
tempered CDs. Measurements were carried out in transmission on pellets containing the samples and KBr.
Untreated CDs show a broad signal at around 3400 cm ™! with a shoulder at lower frequencies, which
belongs to O—H and N-H stretching vibrations, respectively [17, 26]. This evinces the presence of alcohol
and amine groups. The doublet band at around 2950 and 2850 cm ™! has previously been assigned to alkyl
C-H bond stretching vibration, indicating the presence of sp> carbon domains [27]. In addition, there are
many absorption bands in the fingerprint region below 2000 cm™!. Most prominently, bands at around
1700 cm™ !, 1650 cm ™! and 1550 cm ™! are associated with C=0, C=C and C=N stretches, as well as with
N-H bending [17, 27]. After calcination at 200 °C and 350 °C most IR bands disappeared evincing the loss
of the surface functionalization. Although untreated CDs have low crystallinity they possess the suitable size
and surface functionalization for the planned incorporation into the porous structure of the COF. Further
in-depth characterization is presented for untreated CDs denoted as CDs.

One of the most prominent properties of CDs is their strong PL. UV-Vis and PL spectra of the precursors
differ from the spectra of CDs as presented in figure S5. The recorded diffuse reflectance UV—-Vis and PL
spectra of CDs powder are shown in figure 1(c). The measured UV—Vis reflectance was converted into the
Kubelka—Munk function which is proportional to the absorption according to the following equations [28]:

_(1=RM)’ a®
FR ==y~ 50 )

where F(R), R(\), a(\) and S(\) are the Kubelka—Munk function, reflectance referred to BaSO, standard,
absorption coefficient and scattering coefficient at each wavelength, respectively. Apart from an absorption
below 300 nm there is a prominent absorption band at 360 nm, as well as a weak shoulder at around 500 nm.
The features in the visible wavelength range were previously shown to be caused by different polycyclic
aromatic hydrocarbons [29]. Specifically, this involves 7—m* transitions of C=C bonds and n—r* transitions
of C=0 groups [26, 30]. The bandgap energy was estimated to be 2.80 eV by means of the Tauc method,

as shown in figure S6. When exciting CDs at Ay = 375 nm, a broad and intense PL band centered at around
500 nm with a long tail toward longer wavelengths is observed. The large stokes-shift of around 160 nm is due
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Scheme 1. Schematic representation of the BDT-ETTA COF synthesis in the presence of CDs, X was varied between 0 and
100 wt%. Note: the exact position of the CDs within the COF structure is not known.

to exciton self-trapping in the form of excimer formation [29]. The tail toward longer wavelengths has been
previously explained by the energy transfer between different chromophores within the CDs. Upon excitation
at A\ex = 510 nm, a less intense PL band is observed with a maximum at around 570 nm. This excitation-
dependent emission is a characteristic feature of CDs [30]. This is often ascribed to the multichromophoric
nature of CDs which comprises different molecular species as well as defects and surface states [26].

For the synthesis of the COF functionalized with CDs, BDT-ETTA COF was selected. BDT-ETTA was
synthesized solvothermally according to a literature report [31]. The appearance of an intense (100)
reflection as well as several higher order reflections in the diffractogram confirm the successful formation of
the COF (figure 2(a)). The obtained structure of BDT-ETTA-COF is in a good agreement with the simulated
a dual-pore Kagome structure in P6 symmetry (see figure S7). The inset of the figure 2(a) shows a
magnification of the smaller reflections at slightly higher angles, including the stacking reflection at around
20 26 which corresponds to a m—m stacking distance of 0.44 nm. For the preparation of COF/CDs composite
BDT-ETTA COF was synthesized in the presence of CDs (scheme 1). This approach allows the linkers to be
arranged around the CDs as the COF grows. PXRDs demonstrate high crystallinity of samples with up to
20 wt% CDs loadings, as shown in figure 2(a). Less intense higher order reflections can be observed up to
50 wt% loadings, although relative intensities decrease significantly above CDs loading of 20 wt%. Stacking
reflection is present for samples with CDs loadings up to 20 wt%, whereas for higher CDs loadings broad
reflections at these angles are caused by the presence of CDs.

Nitrogen sorption measurements were conducted to confirm the formation of a porous COF structure
and to monitor the changes upon CDs loading. The isotherms and the corresponding pore size distribution
(PSD) are shown in figures 2(b) and (d), respectively. For BDT-ETTA COF two sharp volume increases in
the isotherm were observed, corresponding to pore sizes of 1.8 and 3.6 nm which belong to the trigonal and
hexagonal cavities of the Kagome structure, respectively. The surface area and pore volume were found to be
around 1360 m? g~ and 1.2 cm’ g~ !, respectively. Composites with up to 20 wt% CDs loadings show
similar behavior with two maxima at about 1.8 nm and 3.6 nm, as expected of a Kagome structure. However,
both pore volume and surface area increase with increasing CDs loading, without any change in the shape of
the PSD. In contrast, the pore structure of the 100 wt% sample changes significantly, along with a drastic
decrease in pore volume and surface area. CDs exhibit no porosity.

Scanning electron microscopy micrographs of the BDT-ETTA COF synthesized in the presence of 0 wt%,
30 wt% and 100 wt% CDs loadings revealed that the morphology of the BDT-ETTA COF changes from the
closely packed distinct particles (0 wt%) to less-defined agglomerates as CDs loading increases (figure S8).
These morphological changes are consistent with the PXRD data shown in figure 2(a). The transmission
electron microscopy image shown in figure S9(a) reveals a high degree of crystallinity and order for pristine
BDT-ETTA COE. For the composite containing 30 wt% CDs loading crystalline areas among amorphous
areas could be detected as presented in figure S9(b). However, no CDs could be detected most likely due to
the small dimensions (around 2 nm), low Z-contrast (made up entirely of C, N, O, H), and low crystallinity.

5
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Figure 2. (a) PXRD diffraction patterns with inset showing the stacking peak for the samples with high crystallinity, (b) nitrogen
sorption isotherms, (d) calculated PSD, (c) FT-IR-spectra with gray highlighted bands of BDT-ETTA COF synthesized in the
presence of different CDs loadings: 0 wt% (black) 10 wt% (red), 20 wt% (green), 30 wt% (blue), 50 wt% (turquoise), 50 wt%
(pink), and CDs (gray).

To prove the incorporation of the CDs into the porous structure of the COF and to study the interaction
in the composite on the molecular level the FT-IR measurements were conducted (figure 2(c)). The observed
FT-IR band at 1668 cm ™! in the pristine COF, which is still visible in all COF/CDs composites, can be
assigned to the imine-bond [32]. This indicates that the COF layers remain intact in the presence of the CDs
loadings up to 100 wt%. The decreased crystallinity for COF samples with high CDs loadings observed in
PXRD is a result of less ordered layer stacking [33]. Further changes in FT-IR spectra can be observed as the
CDs loading increases. The corresponding sections of the spectra are highlighted in gray. New, weak bands
appear at 1780 cm ™, 1700 cm ™! and 1360 cm ™!, which closely match the bands observed in the pristine
CDs. As shown in the inset, the appearance of the signal at 1700 cm ™! is observable for samples with low
CDs loadings. The presence of CDs features in the COF spectra confirms the co-existence of CDs and COFE.
However, no shift or appearance of the new FT-IR bands were observed, which excludes the possibility of the
covalent bond formation between COF and CDs.

For the additional characterization of the pristine BDT-ETTA COF and of the corresponding composites
with CDs elemental analysis was performed. The corresponding data are presented in the table 1. Such
elements as C, N, H exist in both components of the composite while S is only present in the BDT unit of the
COF and not in CDs. Hence, a gradual decline of S with increasing CDs:COF ratio and an increase of the C
and N in the composites compared to the pristine BDT-ETTA COF evince the successful incorporation of
the CDs into the COF structure.

For the investigations of the optoelectronic interactions between COF and CDs the UV-Vis diffuse
reflectance and PL measurements were conducted on powders. Compared to the building blocks, ETTA and
BDT (figure S10), the absorption of the COF is red-shifted as a result of conjugation between the molecular
units (figure 3(a)). The bandgap energy of the pristine BDT-ETTA COF was determined via the Tauc plot
method being 2.09 eV. The Tauc plot is shown in figure S11(a). Upon increasing CDs loading, the color of
the COF changes gradually from bright orange to brown. The F(R) spectra shown in figure 3(a) reveal an
increase in absorbance in the wavelength range between 600 and 750 nm as the CDs loading increases from 0
to 100 wt%. Furthermore, the absorption onset in the wavelength region between 400 nm and 700 nm shows

6
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Table 1. Material composition obtained from theoretical calculations of BDT-ETTA COF and from elemental analysis of pristine
BDT-ETTA COF and BDT-ETTA/CDs composites.

BDT-ETTA COF/CDs
(CDs loading in wt%) N (%) C (%) H (%) S (%)

0 (from simulations) 6.79 73.76 391 15.54
0 (synthesized) 5.49 61.47 3.35 13.04
10 6.47 69.9 4.05 12.76
20 6.09 68.36 4.52 11.85
30 6.31 68.48 4.81 11.97
50 7.19 66.13 4.55 9.96
100 8.89 60.21 4.63 7.82
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Figure 3. (a) F(R) and (c) PL spectra (Aex = 375 nm) of BDT-ETTA COF synthesized in the presence of different CDs loadings:
0 wt% (black) 10 wt% (red), 20 wt% (green), 30 wt% (blue), 50 wt% (turquoise), 50 wt% (pink), and CDs (gray). (b) Optical
bandgap energies E; determined via Tauc method and (d) PL decay constants ki, extracted from the stretched exponential
fitting according to Kohlrausch-Williams—Watts (KWW) model as a function of CDs loading. (d) The inset shows the
distribution breadth 3 of the decay constant ki

a different slope for 100 wt% samples in comparison to the pristine COFE. The band gap energies of all
samples were determined using the Tauc plot method assuming a direct transition. The corresponding
graphs are shown in figure S11. As evident from figure 3(b), E; does not show any trend with the CDs
loading. Figure 3(c) shows the change in the PL of the COF induced by the presence of CDs. For PL spectra,
the assumption is made that the penetration depth of the excitation light is less than the thickness of the
sample, thus the difference in intensity can be related. Pristine BDT-ETTA COF shows a very broad PL with
a maximum at around 690 nm when excited at 375 nm. Compared to the PL spectra of the building blocks
shown in figure S12, the formed crystalline COF displays a significant redshift induced by enhanced
conjugation. The increase in CDs loading up to 20 wt% leads to a decline in PL intensity of the COF
indicating a quenching process. For the CDs loadings higher than 20 wt% the PL intensity of the COF
increases gradually with CDs loading. For the samples with CDs loadings from 10 to 50 wt% no shift of the
PL maxima occurred, while the sample with 100 wt% shows a blue-shift of the emission. The latter results

7



J. Phys. Energy 6 (2024) 025018 ] Feijoo et al

[
~
—

15- — 0 Wt% ——CDs
- —10 Wt% ——CDs + COF (1 mL) |1 150 o
=) 20 wt% 2- \ CDs + COF (2 mL) 5_’
T — 30 Wt% 8 S
| 50 wt% >
.“?‘10 — 100 Wt% E 1100 "u;;
@ ——CDs £ c
[
[ (=] 9L
- 0 c
£ 5 ° 50
_1 < I~ =
o
0 7 ; : 0 . . P meann ; 0
400 500 600 700 800 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 4. (a) PL spectra of COF suspensions in ACN synthesized in the presence of different CDs loadings: 0 wt% (black) 10 wt%
(red), 20 wt% (green), 30 wt% (blue), 50 wt% (turquoise), 50 wt% (pink), and CDs (gray). (b) PL spectra of CDs suspensions in
acetonitrile with increasing volume of COF suspension. The total volume was kept constant.

from the loss of crystallinity and thus in conjugation of the COFE. The PL spectra of amorphous and
crystalline synthesized BDT-ETTA COF are shown in figure S13. The PL band of the CDs is absent in the PL
spectra of the composite for all CDs loadings.

Time-resolved PL decays were recorded to identify whether CT between COF and CDs occurs. The
observed decay dynamics represent the recombination between photogenerated electron—hole pairs. Due to
the low dielectric constant of the COF the electron—hole pair remains bound as an exciton. Hence, it is
expected that the decay dynamics follow first order kinetics. However, since the COF contains defects and
other irregularities in the structure the photogenerated excitons are not homogeneously distributed in three
dimensions. This causes a dispersion of the decay rate constants. The Kohlrausch-Williams—Watts (KWW)
model provides mathematical description of the dispersive kinetics. It assumes a Lévy-distribution of
first-order rate constants. As shown in equation (2), this results in a stretched-exponential decay of the
involved species. Fitting experimental data allows the estimation of the observed rate constant k, and the
distribution width 8. From these parameters, the average decay rate constant kxww is calculated according to
equation (3)

[A] (1) = [A] e~ ®0" )

(initial and time dependent concentrations [A](t) and [A],, observed decay rate constant k,, time t, distribution

breadth 3)

_ kB
kxww = - (é) (3)

(average decay rate constant kxww, gamma function I).

The fitted decays are shown in the figure S14. Figure 3(d) demonstrates that the decay rate constant ki,
increases with CDs loadings up to 10 wt% and 20 wt% compared to pristine BDT-ETTA COF, while at
loadings of 30 wt% and 50 wt% ki remains unchanged, and decreases at CDs loading of 100 wt%. Herein,
an inverse relationship exists between the decay constants and the PL intensities. The 3 values presented in
the inset of figure 3(d) lie at around 0.5 thus indicating a good agreement between the experimental values
and the fitting model.

To gain further insight into the interactions between the COF and CDs mechanical strength was applied
to the composite to initiate the separation between the two components. Herein, the samples were treated in
acetonitrile by ultrasonication. As opposed to dry powder samples, two distinct PL bands with a maxima at
460 nm and at 580 nm appear in the PL spectra, figure 4(a). The former feature belongs to the PL of CDs
while the latter feature belongs to the PL of the BDT-ETTA COF. These results reveal that sonication power
causes separation between COF and CDs. The quenching of CDs PL is prevented and the original emission is
recovered. Additionally, from figure 4(a) it is evident that CDs PL intensity increases with higher CDs
loadings thus revealing that the amount of the CDs embedded in the COF structure increased gradually with
the amount of CDs added to the reaction mixture of COF. In further experiment, CDs suspensions of equal
concentration were exposed to the different volumes of the COF suspension, herein, the total volume was
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kept constant. While the absorbance of CDs did not change as the COF concentration was increased, a
gradual decline in the CDs PL intensity with higher COF concentration occurred, see figure 4(b).

4. Discussion

The results presented above allow the construction of a detailed picture of the physicochemical interaction
in COF/CDs composite. The appearance of CDs bands alongside the typical COF bands in FT-IR spectra
and the elemental analysis confirm the coexistence of the two materials (figure 2(c), table 1). The increased
pore volume found in the sorption experiments for the composites up to 20 wt% of CDs loading has already
been reported in previous studies and was assigned to the reduction of the interlayer interaction through

the insertion of CDs, which transforms the original stacked structure into a thinner 2D-layered structure
through self-exfoliation [11]. However, the self-exfoliation is less likely since the PXRD reflections typical for
the COF arranged in three dimensions through m—m stacking are still present and are not shifted(figure 2(a)).
Additionally, the CDs can act as a diffusion barrier for ETTA and BDT units, leading to slow and controlled
growth of the COF. Due to the high surface functionalization, the CDs can also serve as a modulator
promoting the growth of the COF. Calik et al studied the effect of the modulators on the COF synthesis

[34]. The modulator has been found to react reversibly with the COF building blocks thus allowing more
controlled growth. The authors observed that addition of small amount of the modulator led to the increased
crystallinity, pore volume and surface area of COF-5, which they ascribed to the formation of larger
crystallites with few defects. Addition of high modulator concentration, however, resulted in the crystallinity
decline. This is well in line with the above presented observations: Samples with CDs loadings of up to

20 wt% showed high crystallinity and increased pore volume and surface area compared to bare COF. On the
other hand, CDs loadings of >>30 wt% hampered the COF formation leading to loss in crystallinity as shown
in figure 2(a)). It can be concluded from the above discussion that the chosen method to obtain the composite
via growth of COF in the presence of the CDs has limitations. On the one side, the presence of the functional
groups on the surface of the CDs enables the incorporation of the CDs into the porous structure of the

COF. On the other side, CDs can impede the crystallization process of the COF resulting in the amorphous
product. For example, CDs with their functional groups can act as the COF building block and exchange

the linker [35]. Additionally, we have tested different synthetic methods in which COF served as a template
for the CDs synthesis, however, the BDT-ETTA COF did not survive the harsh conditions of the synthesis.

The observed structural interactions between BDT-ETTA COF and CDs imposes the evolution of the
novel photophysical features which were not present in the single components. The main observations in this
regard are: (1) for all CDs loadings the PL band of the CDs disappeared; (2) for CDs loadings <20 wt% a
decrease in PL intensity and acceleration of the PL decay rate of functionalized COF compared to pristine
COF occurred; (3) for CDs loadings >30 wt% an increase in PL intensity and deceleration of the PL decays
of COF compared to pristine COF occurred. The first observation reveals a quenching process of the CDs PL
operating either via charge or/and energy transfer. The second observation indicates the quenching of the
COF PL features via CT, while the third observation can originate from the FRET between COF and CDs. To
validate these hypotheses, the energetics of the COF and CDs have been analyzed. For an efficient charge
transport among the strong structural interaction an alignment of the energetics is required. The energetic
positions of the HOMO were determined by cyclic voltammetry from the onset potentials of the oxidative
features (figure S15). The position of the LUMO was calculated from the HOMO and the band gap energy.
The HOMO and LUMO positions for COF are —5.29 eV and —3.20 eV, respectively, and for CDs —4.96 eV
and —2.16 eV, respectively. Accordingly, HOMO and LUMO positions of the CDs are at less negative
potentials than those of BDT-ETTA COF. This configuration can result in either a type II or a Z-scheme
band alignment. In figure 5(a), we have schematically illustrated the type II band alignment: CT can occur
via hole transfer from the COF to CDs and electron transfer from CDs to COEF. In the case of a Z-scheme
alignment, an electron from the COF would recombine with a hole from the CDs. In both cases, acceleration
of the PL decay through CT will occur as evident from figure 3(d).

For the energy transfer an overlap between the emission of the CDs and the absorption of BDT-ETTA
COF is required according to the FRET theory. Apart from the spectral overlap, close proximity of energy
donor and energy acceptor, typically on the order of 1-10 nm is needed. Figure 5(b) demonstrates the
energetic overlap between COF and CDs. Both CT and FRET will quench the PL of CDs. Most obviously, this
was shown by the systematic decrease of the PL of a CDs suspension with increasing COF concentration
(figure 4(b)). In the bulk samples, the close association of CDs with COF leads to complete disappearance of
CDs PL, substantiating the operation of both CT and FRET. Furthermore, the control experiment, shown in
figure 4(a), demonstrates that the CDs did not become a part of the COF as through the application of the
external force the CDs were separated from the COF leading to the recovery of its original emission. The
emission of COF is quenched only by the CT process at CDs loadings <20 wt%, while FRET causes enhanced
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Figure 5. Illustration of the two processes that occur between CDs and BDT-ETTA COF in a corresponding composite: (a) charge
transfer and (b) Forster resonance energy transfer.

PL at CDs loadings >30 wt%. The appearance of two different mechanisms dependent on CDs loading can
be explained as follows: Stronger contact and interaction between CDs and COF can be assumed at low CDs
loading. In that situation, the CT process dominates, leading to complete quenching of PL of CDs, as well as
of the COE As the CDs ratio increases, a thin layer starts to form around the COF crystallites. Once
completed, additional CDs cannot directly interact with the COF, but are instead attached to the previous
CDs layer. Here, CT is prohibited. However, the CDs meet the spatial distance requirements for FRET to
occur. As mentioned before, FRET occurs at the distances between donor and acceptor of up to around

10 nm. As result of FRET, enhanced PL of COF is obtained. FRET from CDs to COF has already been
reported [10, 12, 13]. These conclusions are further supported by the kinetic data obtained from the
time-resolved PL measurements. The COF decay rate constant increases for 10 and 20 wt% samples as a
result of the additional decay pathway via CT (see figure 5(a)). At higher loadings, FRET from CDs
repopulates the excited state of COF, slowing the overall observed decay. These observations have also been
demonstrated by another group [10].

5. Conclusions

COF/CDs composites were successfully prepared by solvothermal synthesis of BDT-ETTA COF in the
presence of different CDs concentrations. CDs with their high surface functionalization affect the
crystallization process of the COE. For CDs loadings up to 20 wt%, they served as the modulator promoting
the growth of the BDT-ETTA COEF, while at higher CDs loadings the crystallization of COF was hindered.
The incorporation of the CDs into the porous structure of the COF was demonstrated for all CDs loadings
by FT-IR spectroscopy. Elemental analysis revealed that the amount of CDs encapsulated in COF increased
gradually with the concentration of the CDs present during the COF synthesis. This synthetic control over
the COF:CDs ratio in the composite enabled systematic study of the optoelectronic interactions between the
two components. Close contact between the two materials at low CDs loadings enabled interfacial CT
evinced by the PL quenching of the BDT-ETTA COF and CDs as well as by the acceleration of the PL decay
kinetics of COF. At CDs loadings >30 wt%, the contact between both components decreased, however,
spatial distance requirements for FRET to occur were fulfilled and the energy transfer prevailed leading to the
increased PL of the BDT-ETTA COE. This study demonstrates the structure—property relationship in
COF/CDs composites and provides important insights for the applications in photocatalysis and sensing.
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