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Abstract: Carbon nanodots (CNDs) have been synthesized using
low-cost and biocompatible starting materials such as citric acid/urea,
under microwave irradiation and constant pressure conditions. The
obtained pressure synthesized CNDs (pCND) were covalently
modified with photo- and electro-active -extended tetrathiafulvalene
(exTTF) by means of a two-step esterification reaction affording
PCND-exTTF. The electronic interactions between the CNDs and
exTTF were investigated in the ground and excited states. Ultrafast
pump-probe experiments assisted in corroborating that charge
separation governs the deactivation of photoexcited pCND-exTTF.
These size-regular structures, as revealed by AFM, are stable
electron donor-acceptor conjugates of interest for a better
understanding of basic processes such as artificial photosynthesis,
catalysis and photovoltaics, involving readily available fluorescent
nanodots.

Carbon nanodots (CNDs) have emerged as intriguing light-
absorbing nanomaterials as alternatives to traditional
semiconductor quantum dots and organic chromophores owing
to their unique photophysical properties, photo-chemical stability,
and biocompatibility.!™® In terms of CNDs production, laser
ablation,”  acidic  oxidation,®!  hydrothermal  methods,®!
ultrasound or  microwave-assisted  synthesis,'®*'  and
electrochemical techniques stand out."”? A number of “green”
routes have also been explored to prepare CNDs in a single
step from affordable starting materials and without needing
elaborated experimental set-ups.®'! As a leading example,
nitrogen-containing precursors should be mentioned.'"*"® Their
use has resulted in CNDs, which feature emission efficiencies
almost as high as fluorescent dyes,”""'® despite the lack of a
complete understanding of its origin and/or nature.

CNDs combine properties such as good UV-Vis light
absorption, water solubility and high stability, which hold a great
promise for their implementation as photosensitisers for solar-
driven catalysis and in charge-transfer assays for artificial
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photosynthesis.!""® However, CNDs have been subject of just a
few photoinduced charge transfer studies. By virtue of variable
supramolecular forces either electron donors or acceptors have
been non-covalently combined with CNDs.!"® 223 The covalent
decoration of CNDs with photo- and electro-active building
blocks has only recently been explored with porphyrins,? where
the strong electronic interaction with CNDs results in a series of
energy transfer and charge separation events.®

The covalent approach to CNDs functionalization is

particularly interesting as it enables the introduction of multiple
photo- or electro-active wunits in the form of stable
nanoconjugates. In this context, we have explored the
preparation of novel CND-based electron donor-acceptor
systems. In particular, we have covalently linked a photo- and
redox-active molecular building block, namely T-extended
tetrathiafulvalene (exTTF),*® to CNDs materials. exTTFs are
pro-aromatic electron donors. Unlike porphyrins, they undergo a
remarkable gain of aromaticity and planarity upon oxidation,
forming stable one-electron and two-electron oxidized species at
relatively low oxidation potentials. Considering these features,
exTTFs have been widely used to form electroactive
architectures when linked to fullerenes, carbon nanotubes, and
graphene.”” They have been successfully used for preparing
photoinduced electron transfer systems®® as well as solar
energy conversion devices.?"
We have synthesized the starting CNDs by using citric acid and
urea precursors by following the recently published protocol by
some of us.?®% A constant pressure during the microwave
synthesis leads to a distribution of pressure synthesized CNDs
(PCND) with a sharp and narrow emission pattern.”®! To probe
these pCND in terms of intramolecular charge transfer events
we modified them with exTTF (Figure 1). The as-prepared pCND
were treated with thionyl chloride under heating conditions to
convert the carboxylic acids to acid chlorides. These reacted in
situ with 2-hydroxymethyl-exTTFE? to yield pCND-exTTF, by
following a procedure similar to those previously reported.?"3? |n
a control experiment, acid chloride pCNDs (pCND-Cl) were
isolated and subsequently hydrolysed back to the starting
carbon nanodots (pCND-H). Analysis of these materials by
different techniques (TGA, FTIR and NMR) demonstrated that
the pCND core is not subject to significant modification of its
structure during the 24h treatment with thionyl chloride (Figures
S6, S7, S9 and S12). The obtained pCND-exTTF were fully
characterized and complete details regarding syntheses and
analyses (TEM, AFM, NMR, TGA, XRD, mass spectrometry,
FTIR, Raman and XPS) can be found in the Supporting
Information (Figures S1-S5 and S8-S15).

From TEM we concluded the presence of pCND-exTTF,
which are, however, prone to aggregate on the grid; smaller
individual pCND-exTTF coexist with larger objects (Figure S1).
A more homogeneous distribution with an average size of 5.3 +



1.9 nm was found in AFM images taken on mica substrates.
Only a few aggregates were discernable (Figure S3). Matrix
assisted laser desorption ionization-time of flight (MALDI-TOF)
displayed a MW dispersion centered at 2000 Da, in accordance
with the presence of a polydisperse nanomaterial of the
estimated size of the pCND-exTTF. The presence of the exTTFs
was corroborated by the fragmentation pattern observed at 410
Da (Figure S11).

Support for the covalent functionalization of the pCND was
gathered from 'H and "®C NMR (Figures S4 and S5), which
showed mainly the signals corresponding to the 1,3-dithiole
rings at 6.7 ppm ('H) and 118.0-118.2 ppm ('°C) as well as the
anthracene core at 7.3-7.8 ppm ('H) and 120.7-140.7 ppm ('*C).
As a result of pCND functionalization, the signal corresponding
to the hydroxy group of the 2-hydroxymethyl-exTTF dissappers
in the "H NMR spectrum of pCND-exTTF. Please note that this
signal is present as a triplet at ca. 5.3 ppm in the exTTF
reference (Figure S4). Some of the pCND NMR signals are not
observed in the pCND-exTTF spectra. A likely rationale infers
that the corresponding groups are entrapped within the pCND
core or that their signals are either very broad or invisible due to
the restricted mobility of such groups in this environment.*%4
Finally, 1H diffusion ordered NMR spectroscopy (DOSY) of
pCND-exTTF (Figure S8) enables only the detection of species
with diffusion coefficients of D ~ 3 x 107° m?s, which is in
accordance with related previous results.?2*!

From TGA under inert atmosphere a similar weight loss is
observed for both pCND and pCND-exTTF, although the
stability of the CNDs seems to increase upon esterification.
Furthermore, powder XRD shows for pCND-exTTF a broad
diffraction consistent with a nanocrystalline graphitic structure
(Figure S10). The Raman spectra of pCND and pCND-exTTF
also reveal graphitic content and defects, since both G and D-
band are observed. (Figure S13). From FTIR spectroscopy
(Figure S12), the typical stretching vibrations of C=0, C-N, and
C-O of pCND-exTTF are distinguished at 1715-1633, 1401, and
1090-1018 cm™, respectively. In addition, stretching vibrations of
O-H and N-H evolve around 3430-3182 cm™, while aliphatic C-H
bond stretching vibrations are discernible at 2925-2852 cm™.

XPS was also found to be useful in terms of deriving
structural information from pCND and pCND-exTTF (Figure 1,
Figures S8 and S9 and Table S1). In addition to contributions
stemming from the core levels of C 1s, N 1s, and O 1s, evidence

for the S 2p core level were noted for pCND-exTTF in Figure S9.

This confirmed the presence of sulfur in pCND-exTTF,?¥ which
was not found for the as-prepared pCND prior to the reaction
with exTTF. Deconvolution of the C 1s core-level region of
pCND-exTTF points to six species with binding energies of
284.1 eV (C-C/C=C), 284.9 eV (C-O/C-N), 286.2 eV (C-O-C),
287.4(C=0), 288.2 (0-C=0), and 289.7 eV (n—n* shake up).”®
The same components were used to fit the C 1s core-level
region in pCND (Figure S8). The presence of the characteristic
n—n* shake up of carbon atoms in graphene-like structures®” is
in agreement with the TGA and Raman analyses and prompts to
some graphitic character of the CND materials. TEM and AFM
further supports the notion of n—n* shake up bands since the
presence of small aggregates together with individual pCND are
observed (Figures S2 and S3). The fit of the N 1s line of pCND-
exTTF shows four different chemical components centered at
398.5 eV (pyridinic N), 399.3 eV (amine), 400.0 eV (pyrrolic N),
and 401.0 eV (graphitc N).'"*?? The ratios of the same

components in pCND suggest a slight increase of graphitic and
pyridinic nitrogen after functionalization with exTTF, which goes
along with the TGA results.
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Figure 1. a) Schematic illustration of pCND-exTTF. Color code: S (yellow), N
(blue), O (red), C (grey) and H (white). b) Water solutions of pCND (left) and
pCND-exTTF (right) under 365 nm light illumination. c) XPS deconvoluted C
1s spectrum of pCND-exTTF. d) XPS deconvoluted N 1s spectrum of pCND-
exTTF.

All the different building blocks, that is, pCND and exTTF,
are discernable in the absorption spectrum of pCND-exTTF
(Figure 2). The exTTF-centered maxima are observed in both
cases at 368 and 432 nm. Additionally, the absorption tails due
to the presence of pCND throughout the visible range of the
solar spectrum is also observed.

pCND-exTTF exhibits the characteristic quasi-reversible
oxidation of exTTF (Figure 2 and Figure S16) at +0.01 V vs.
Ag/AgNO; in DMSO that is in accordance with an exTTF
reference.®™ pCND show two irreversible oxidations
corresponding to the amino groups at -0.01 and 0.58 V and
several irreversible reductions at -1.30, -1.72, -2.03 and -2.31 V
(Figure 2 and Figure S10).2¥ After exTTF modification, the
electrochemical features of pCND are not clearly discernible and
mostly the exTTF oxidation (see above) and the reduction of its
skeleton, in the form of two irreversible reductions close to the
solvent window (-2.41 and -2.53 V), are observed.

First insights into excited-state interactions came from
fluorescence measurements. Here, we noted a pCND
fluorescence quenching of at least a 90% in pCND-exTTF as
shown in Figure 3. Based on this finding, we postulate the
presence of an additional pCND excited state deactivation in
pCND-exTTF; the presence of photo- and electro-active exTTF
activates either an energy or a charge transfer process.

Unambiguous proof for a charge transfer rather than an
energy transfer deactivation stemmed from femtosecond
transient absorption measurements with pCND-exTTF. In
particular, 387 nm excitation leads to the instantaneous
formation of an excited state with prominent maxima and minima
at 612 and 438 nm, respectively. These transform, in contrast to
that observed for the exTTF and pCND references, within a few
picoseconds into a new transient. The most notable fingerprints
of this transient are maxima at 463, 549, and 660 nm as well as
a 423 nm minimum, which are in sound agreement with pulse
radiolytic findings focusing on the oxidation of exTTFs.P¥*! |n

2



other words, a charge separation, in which exTTF are one-
electron oxidized and pCND are one-electron reduced, evolves
upon formation of the initial excited state. The ultimate fate of
the pCND™-exTTF™ charge separated state is charge
recombination on the timescale of tens of picoseconds and the
product is the ground state. Analyses, which were based both on
multi-wavelength and global methods, provided the means to
derive lifetimes of the charge separation and charge
recombination processes.
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Figure 2. a) UV-Vis absorption spectra of pCND (black), exTTF (red) and
PCND-exTTF (grey) in DMSO solutions. b) Cyclic voltammograms of an
exTTF reference (red), pCND-exTTF (grey), and pCND (black) in DMSO
solutions containing 0.1 M TBAPFg as supporting electrolyte with a glassy
carbon working electrode, a Ag/AgNO; reference electrode, and a Pt wire
counter electrode. The dashed line represents the background signal.

Multi-wavelength analyses proof that the charge separation
as well as charge recombination in pCND-exTTF are fast with
1.3 and 13.3 ps, respectively. As a consequence, we turned to
global target analysis and employed a kinetic model based on
an ultrafast chirp correction as well as monophasic charge
separation and charge recombination — Figure 4. The spectral
features of the species associated spectra (SAS) are in sound
agreement with the proposed kinetic model, that is, a laser chirp
(SAS1), an exTTF based excited state (SAS2), and a pCND"-
exTTF" charge separated state (SAS3).
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Figure 3. Upper part — steady state emission spectra of iso absorbing pCND
(black) and pCND-exTTF (red) obtained at an excitation of 400 nm at 295 K in
DMSO. Lower part — excitation/emission 3D map for pCND-exTTF obtained at
295 K in DMSO.

In conclusion, we have carried out the synthesis of blue-light
emitting CNDs from a mixture of citric acid/urea under
microwave pressure controlled conditions. The obtained pCND
were treated with thionyl chloride to create acyl chloride groups
on the CNDs surface that react immediately with 2-
hydroxymethyl derivatives of exTTF. Characterization of pCND-
exTTF by TEM, AFM, NMR, TGA, XRD, mass spectrometry,
FTIR, Raman, XPS, UV-Vis and cyclic voltammetry, confirms the
covalent anchoring of exTTF to the CND core. The electronic
communication between the electron accepting pCND and the
electron donating exTTFs has been investigated by a variety of
photophysical techniques. Remarkably, pump-probe
experiments reveal that charge transfer dominates the
deactivation of photoexcited exTTF in pCND-exTTF. Our
experimental findings reveal that the synthetic method for the
preparation of pCND is highly reproducible, providing stable and
readily available fluorescent nanodots. pCND are photo- as well
as electro-active species and are of interest in a variety of fields,
namely artificial photosynthesis, catalysis and photovoltaics,
where photoinduced electron transfer processes play a key role.
Work is currently in progress in these directions.
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Figure 4. Upper part — normalized species associated transient absorption
spectra (SAS1, SAS2, and SAS3) for pCND-exTTF obtained at 295 K in
DMSO using the kinetic model described above. Lower part — corresponding
concentration profiles for pPCND-exTTF.
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Exploring Tetrathiafulvalene-Carbon
Nanodots Conjugates in Charge
Transfer Reactions

Carbon nanodots (CNDs) are functionalized for the first time with n-extended tetrathiafulvalene (exTTF) units by using a covalent
synthetic approach. Upon photoexcitation, a charge separated state with a lifetime in the range of ps evolves from electron donor-
acceptor interactions between the carbon nanodots and the electron-donating exTTF.



