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ABSTRACT: Carbon nanodots (CNDs) undergo electron transfer in different scenarios. Previous studies have mainly focused on
the electron-accepting features of CNDs in covalently linked donor—acceptor nanoconjugates. In view of this, we decided to carry
out in this study the formation of covalently linked nanoconjugates that feature electron-donating pressure synthesized carbon
nanodots (pCNDs) and electron-accepting 11,11,12,12-tetracyano-9,10-anthra-p-quinodimethane (TCAQ): pCND-TCAQ. The
stability of the one-electron reduced form of TCAQ renders it the acceptor of choice. Detailed structural and electrochemical
investigations allowed the characterization of pCND-TCAQ. Furthermore, investigations regarding intramolecular interactions, by
means of steady-state and pump—probe transient absorption spectroscopies, allowed detection and characterization of three excited
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state species, in general, and the pCND**-TCAQ’~ charge-separated state, in particular.

Carbon dots (CDs) have recently emerged as strongly
photoluminiscent carbon materials." The family of CDs
comprises different types of quasi-spherical nanoparticles, with
dimensions smaller than 20 nm. Commonly, they are
categorized into different subgroups: graphene quantum dots
(GQDs), carbon quantum dots (CQDs), carbon nanodots
(CNDs), and polymer-like dots (PDs).””> CNDs are
amorphous nanoparticles, which are fabricated from easily
affordable organic precursors, natural products, or waste, and
which compared to inorganic nanoparticles exhibit a
remarkable biocompatibility and eco-friendliness. These
properties render CNDs relevant for applications in the areas
of biology and medicine. Notable examples are cellular
imaging, biosensors, or drug delivery.é’7

Depending on the molecular precursors, which were
employed in the synthesis of CNDs, diverse functional groups
are present on their surface. These constitute a unique
platform for covalent as well as noncovalent chemistry to
connect, for example, light harvesters, electron acceptors, or
electron donors to them. An important feature of CNDs is
their duality in charge transfer events acting either as electron
donor or as electron acceptor.” In this regard, CNDs have been
decorated with photo- and redox-active building blocks for
energy and/or charge transfer processes, artificial photosyn-
thesis, and, more recently, solar energy conversion devices.”"?
Leading examples are the combination with SWCNTs,"!
polyoxometalates,'> or transition metal dichalcogenides."’

CNDs have been covalently §rafted with electron-donating
m-extended tetrathiafulvalenes,'” phthalocyanines,"” and por-
phyrins.'® In these nanoconjugates, a common feature is
intramolecular electronic interactions between CNDs, on one
hand, and electron donors or acceptors, on the other hand. As
a matter of fact, an intramolecular charge separation follows
light absorption. Charge-transfer events in covalent nano-
conjugates of CNDs, in which they act as electron donors,
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remain elusive and largely unexplored to date. The only
notable exception is a recent report on rylene diimides."”

Therefore, it is timely and imperative to make progress in
the study of covalent conjugates of CNDs with electron
acceptors. To this end, the electron-accepting 11,11,12,12-
tetracyano-9,10-anthra-p-quinodimethane (TCAQ) was se-
lected. Important is the enhanced stability of its one-electron
reduced form, which results in a low reduction potential.
TCAQ gains planarity and aromaticity upon reduction,
spreading the charge over the two dicyanomethylenes and
the central anthracene.'®

For the preparation of the CNDs, we followed a multi-
component methodology using the widely employed citric acid
and urea as starting materials, which were heated in a
microwave reactor maintaining the pressure constant."’
Pressure control limits the escape of gaseous byproducts
from the solution, causing formation of pressure-induced
CNDs (pCND) to terminate at an early stage.”” Subsequently,
the as-prepared pCNDs were treated with SOCI, at 70 °C to
transform the carboxylic acids present on their surface in acyl
chlorides. Afterward, the acyl chlorides reacted in situ with 2-
hydroxymethyl-TCAQ”' in an esterification reaction to afford
the pCND-TCAQ hybrids (Scheme 1).

After isolation and purification (see Supporting Information
for details)) AFM measurements served to evaluate the
morphology of the pCND-TCAQ nanoconjugates (Figure
S1). Statistical analyses revealed the presence of particles with
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Scheme 1. Synthesis of pPCND-TCAQ Nanoconjugates
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an average height of 4.3 + 1.5 nm, which are somewhat larger
than that observed for pCNDs (2.1 + 1.1 nm)."* The increase
in size after the introduction of TCAQs might be due to 7—x
interactions between TCAQs of different pCND-TCAQ
nanoconjugates resulting in larger aggregates.22

The thermal stability of the obtained material was compared
with that of the precursors, namely pCND and TCAQ. A
similar weight loss is observed for both pCND and pCND-
TCAQ, although a gradual and continuous weight loss was
noted for the latter (Figure S2). Additional evidence for
pCND-TCAQ_ nanoconjugation came from structural charac-
terization by means of FTIR and XPS spectroscopies (Figures
S3 and S4). On one hand, the FTIR spectrum of pCND-
TCAQ revealed the presence of the stretching vibration of the
cyano groups at 2208 cm™' and the C=O0 vibration due to
ester groups at 1735 cm™" (Figure 1). On the other hand, the
XPS high-resolution N 1s core-level spectrum of pCND-
TCAQ was composed of five components as depicted in
Figure 1. Four of these components were previously observed
in the starting material and correspond to graphitic-N, pyrrolic-
N, —NH,, and pyridinic-N,'* whereas the new component at
398.1 eV corresponds to the cyano groups of the TCAQs.
Comparison of the stretching vibration (FTIR) and binding
energy (XPS) of the cyano groups with reference systems
allows concluding the presence of some charge-transfer in the
pCND-TCAQ nanoconjugates.””**

The steady-state absorption and fluorescence spectra of
PCND, TCAQ, and pCND-TCAQ were measured in
methanol at room temperature (Figure 2). The absorption
spectrum of pCND displays a maximum at 365 nm and a tail
that extends into the visible part of the solar spectrum, while a
maximum at 340 nm is discernible for TCAQ. Importantly, the
absorption features of pCND-TCAQ differ from a simple
superposition of those from its constituents. For pCND-
TCAQ, a maximum at 328 nm and a shoulder at 397 nm are
detected. This points to strong electronic interactions between
pCND and TCAQ in pCND-TCAQ in the ground state.
Importantly, mixtures of pCND and TCAQ at 1:1, 1:5, and 5:1
ratios failed to exhibit the absorption features of pCND-
TCAQ. They reveal a single absorption, which red-shifts
slightly as a function of pCND (Figure SS). At this point we
conclude only weak electronic interactions.

Also indicative for the electronic interactions are electro-
chemical measurements (Figure 3). Reduction of TCAQ is
observed at —0.30 V vs Ag/AgCl in methanol, while the same
reduction shifts in pCND-TCAQ to —0.62 V. Implicit are
ground-state charge-transfer interactions, which shift electron
density from pCND to TCAQ and render TCAQ more
difficult to reduce in pCND-TCAQ than in TCAQ. Next, we
probed mixtures of pCND and TCAQ by means of
electrochemical measurements. Notable is the fact that the
TCAQ reduction shifts upon addition of pCNDs, but only
marginally within a range of 0.1 V (Figure S6). In line with the
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Figure 1. Top: FTIR spectrum of pCND-TCAQ. Bottom: XPS N 1s
component deconvolution spectrum of pCND-TCAQ.
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Figure 2. Left: Absorption spectra of pCND, TCAQ, and pCND-
TCAQ recorded in methanol at room temperature. Right:
fluorescence spectra of pCND, TCAQ, and pCND-TCAQ recorded
with 343 nm photoexcitation in methanol at room temperature. Inset:
normalized TCAQ and pCND-TCAQ fluorescence.

absorption measurements, we infer the presence of electronic
interactions in these mixtures, but much weaker than those
observed in pCND-TCAQ.
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Figure 3. Square-wave voltammograms of pCND, TCAQ, and
PCND-TCAQ nanoconjugate recorded in methanol at room
temperature.

Moreover, electronic interactions were analyzed in the
excited state by illuminating the samples at 343 nm (Figure 2).
PCND emits light at 470 nm in methanol at room
temperature, with a quantum yield of 18%. TCAQ features a
weak fluorescence at 450 nm with a quantum yield of <0.01%.
In pCND-TCAQ, the pCND-centered fluorescence is strongly
quenched, and a quantum yield of only 1% is observed. From
the quenching we conclude strong intramolecular electronic
interactions in their excited state, which open energy or
electron transfer quenching pathways. The fluorescence
spectrum of pCND-TCAQ resembles that of TCAQ, which
is consistent with transient studies (vide infra).

To shed light on the excited state dynamics, which are
connected to the steady-state observations, femtosecond
transient absorption spectroscopy (fsTAS) was performed.
We used 387 nm excitation and methanol as solvent at room
temperature. TCAQ_ initially shows strong photoinduced
absorptions, which display 480 and 550 nm shoulders upon
laser excitation (Figure S7). All of the aforementioned
absorption features decay, however, rapidly and within 10 ps,
only very weak photoinduced absorptions are observed. These
are persistent on the nanosecond time scale, a behavior which
is consistent with the weak emission observed in the steady-
state experiments. Global analyses of the data were based on a
three-species kinetic model. The corresponding three lifetimes
are 0.7 ps, 43 ps, and >10 ns, and their evolution-associated
spectra are depicted in Figure S3. These spectra are ascribed to
three sequentially populated excited states: TCAQ*, TCAQ**,
and TCAQ***, TCAQ* is the excited state populated upon
light absorption and displays intense and broad photoinduced
absorptions all throughout the visible range, where shoulders at
480 and 575 nm can be discerned. In 700 fs, it feeds TCAQ**.
This state gives rise to much weaker photoinduced absorptions
at 450 and 600 nm, and feeds TCAQ*** in 43 ps.
Noteworthy, TCAQ*** is responsible for the weak fluo-
rescence detected in the steady-state experiments. Its differ-
ential spectrum is characterized by a broad positive signal that
maximizes at 600 nm and shoulders at around 500 nm. pCNDs
were previously studied under these conditions. From negative
signals in the 470—700 nm region, we concluded time
constants of 6.1, 71.9, and 7000 ps.25

The behavior of pCND-TCAQ upon laser excitation is
completely different from that of its constituents (Figure 4).
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Figure 4. Top left: Differential absorption 3D map obtained upon
fsTAS on pCND-TCAQ, in methanol at room temperature, with 387
nm photoexcitation. Top right: Time absorption profiles and
corresponding fittings at 471 (green) and 600 (orange) nm. Bottom
left: Species associated differential spectra of pCND?*-TCAQ’~ (CT;
black), pCND**-TCAQ*~ (CS, red), and TCAQ*** (blue) excited

states. Bottom right: concentration evolution over time.

Initially, a broad positive photoinduced absorption with a 550
nm maximum is observed, together with a negative signal at
wavelengths shorter than 450 nm. Within about 150 ps, only
signals remain, which are 10 times weaker than those at shorter
time scales. For global analyses of the data we developed a
three-species kinetic model, which led to lifetimes of 3.5 ps, 31
ps, and >10 ns. The resulting evolution-associated spectra are
displayed in Figure 4. As the first species, a charge-transfer
state with a pCND®*-TCAQ’~ electronic configuration is
instantly populated with light absorption (CT, black curve in
Figure 4). Then, as second species, the pCND**-TCAQ"~
charge-separated state (CS, red curve in Figure 4) evolves from
a charge separation, which takes place in 3.5 ps. Importantly,
the differential spectra of the corresponding maxima in the
region 520—600 nm resemble those observed upon spec-
troelectrochemical reduction of TCAQ at 540 nm in DMSO
(Figure S8) or DMF®® and reductive pulse radiolysis
(maximum at 600 nm in toluene/isopropanol/ acetone).”’
Charge recombination occurs in 31 ps and reinstates the
ground state. The third species is the longest-lived component
(TCAQ***, blue curve in Figure 4) and has a differential
spectrum shape—albeit weak in intensity—that resembles that
found for the TCAQ*** excited state in TCAQ. Features
include maxima at around 500 and 600 nm. This excited state
is responsible for the weak emission observed in the steady-
state experiments. The absence of any charge separation was
corroborated in blank experiments, which were performed with
mixtures of pCND and TCAQ in either a 1:5 or a 5:1 ratio
(Figures S9 and S10). Regardless of the relative ratio, both
showed four species, with time constants of around 1-2 ps,
10—13 ps, 3.8 ns, and >10 ns. Their differential spectra display
features ascribed to TCAQ¥*, pCND#*, pCND*#*, and
pCND***, respectively (Figures S9 and S10).

In conclusion, we have successfully prepared a covalently
linked electron donor—acceptor nanoconjugate featuring
PCNDs as electron donors and TCAQs as electron acceptors.
pCND-TCAQ has been morphologically (AFM) and structur-
ally (FTIR, XPS) characterized. Intramolecular electronic
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interactions were determined by electrochemical and photo-
physical means, in both the ground and excited states. Notably,
charge separation evolves upon photoexcitation leading to a 31
ps lived charge-separated state. Our results underline that the
covalent linkage between pCND and TCAQ_is key to promote
strong electronic interactions, in both the ground and
electronically excited states, and to enable charge separation.
Our work shows a remarkably structure—property relationship
in newly engineered pCND conjugates and validates the
versatility of pCNDs as outstanding building blocks with
amphoteric redox behavior. Their tunable chemical function-
alization and electronic properties render them materials of
choice for emergent nanotechnologies.
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