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1. Introduction

To meet the future energy demand for a carbon‑neutral and 
fossil‑fuel‑unplugged civilization, effective integration of 
renewable power plants into the electrical grid is a prerequisite. 
However, due to the intermittent nature of renewable power 
generation (i.e., solar and wind energy), effective and practical 
energy storage solutions are needed to mitigate this critical 

Photoactivation of aspartic acid-based carbon dots (Asp-CDs) induces the 
generation of spin-separated species, including electron/hole (e−/h+) polarons 
and spin-coupled triplet states, as uniquely confirmed by the light-induced 
electron paramagnetic resonance spectroscopy. The relative population of 
the e−/h+ pairs and triplet species depends on the solvent polarity, featuring 
a substantial stabilization of the triplet state in a non-polar environment 
(benzene). The electronic properties of the photoexcited Asp-CDs emerge 
from their spatial organization being interpreted as multi-layer assemblies 
containing a hydrophobic carbonaceous core and a hydrophilic oxygen and 
nitrogen functionalized surface. The system properties are dissected theoreti-
cally by density functional theory in combination with molecular dynamics 
simulations on quasi-spherical assemblies of size-variant flakelike model sys-
tems, revealing the importance of size dependence and interlayer effects. The 
formation of the spin-separated states in Asp-CDs enables the photoproduc-
tion of hydrogen peroxide (H2O2) from water and water/2-propanol mixture 
via a water oxidation reaction.
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limitation of renewables. On this basis, 
solar energy harvested during appropriate 
weather conditions can be converted via 
artificial photosynthesis into a stable, 
readily accessible, and portable chemical 
form of high‑energy‑content molecules.[1–3]

In the past, several metal-free multi-
component photocatalysts have been 
developed for solar fuel production, 
being capable of fast charge transfer and 
efficient electron and hole separation 
between the individual components.[4–6] 
However, it is very challenging to under‑
stand the complex nature of photoexcita‑
tion, photogenerated charge transfer, and 
recombination processes occurring in this 
multi-component photocatalytic systems, 
which still hinders the further develop‑
ment of suitable nanomaterials for artifi‑
cial photosynthesis.[7–9]

Carbon dots (CDs) are photo
luminescent (PL) organic-based nano‑

materials[10–13] (size <10  nm) that exhibit great potential in 
advanced applications such as nanosensors,[14–19] cellular bio‑
imaging,[20–23] optoelectronics,[24–30] and as photosensitizers 
in solar energy conversion.[31–37] The majority of known CDs 
reported in the literature are characterized by a graphitic-like 
core organized into intricate sp2/sp3 carbon networks and a 
surrounding shell, which, depending on the type of organic 
precursor used during the CDs synthetic assembly, may also 
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contain other light elements, for example, oxygen and nitrogen, 
included as local dopants and/or functional groups located on 
the nanoparticle’s surface. Experimental and theoretical studies 
demonstrated that the unique PL properties of CDs are mostly 
associated with the sp2 carbon core states (π–π* transitions) 
and surface or core–surface states linked to the presence of 
functional groups on the CDs shell such as SH, NH2, CO, 
COOH, CN and CN.[38–45] The core–surface interactions 
and the emergence of solvent effects (polar vs nonpolar interac‑
tions, H-bonds) are phenomena that can substantially modu‑
late radiative, as well as non-radiative processes, including the 
light absorption and emission characteristics (band profiles 
and emission lifetimes) in solution.[14,42,46] Beyond the PL prop‑
erties,[47,48] the upfront application of CDs in photocatalysis 
remains difficult to realize.[49] One key aspect to resolve is the 
CDs’ photoactivation ability to form—via electron transfer 
processes—long-living polaron states and charged separated 
species that do not undergo fast recombination. Such proper‑
ties can be imprinted in the material by introducing structural 
defects via surface oxidation, surface passivation, elemental 
doping (e.g., with light and/or heavy elements), or by surface 
functionalization with selected molecules that act specifically as 
electron donor or electron acceptor sites.[50–54] However, there is 
no clear design that allows to clearly anticipate the possible gen‑
eration of excited states (ESs) in CDs that are potentially useful 
in photocatalysis.[45,55,56] In this work, we introduce the concept 
of spatial anisotropy as the key factor for the synthesis of multi‑
functional (optically and photocatalytically active) carbon-based 
nanomaterials and demonstrate that Asp-CDs give, under light 
excitation, not only highly emissive PL units but also express 
long-living magnetic electron/hole polaron species. Such fea‑
tures result from the spatial organization of Asp-CDs, which is 
interpreted in terms of a two-domain structure, a hydrophobic 
carbon-rich region (core) and a hydrophilic region (shell) that 
contains a larger amount of oxygen and nitrogen atoms. The 
multidomain architecture naturally favors charges and spin 
separation (electrons, e−, and holes, h+) without further addi‑
tions of defects structures, introduced by post-synthetic proce‑
dures. We analyzed experimentally and theoretically in detail 
the PL properties of Asp-CDs and showed that different types 
of solvents (water, water/2-propanol mixture) can substantially 
modulate both the photophysical behavior (PL properties) and 
the magnetic polarons distribution (e−/h+), affording a combi‑
nation of charged separated domains, magnetically non-inter‑
acting, and exchanged coupled triplet states (S  = 1). In Asp-
CDs, core and shell regions, following photoexcitation, exhibit 
well-recognizable electronic fingerprints (core: sustained PL in 
water (solid phase, T = 220 K); sharp isotropic resonant signal 
vs shell: quenched PL in water (solid phase, T = 220 K); forma‑
tion of asymmetric wings), as unveiled from PL spectroscopy 
and electron paramagnetic resonance experiments. Using in 
situ light-induced electron paramagnetic resonance spectros‑
copy (X-band LEPR), the observed characteristic resonance 
signals of e−/h+ were interpreted in terms of S  = 1/2 centers 
associated with electrons residing on C sp2 regions (e−) and 
S  = 1/2 holes located on N and O richer regions (h+). These 
sites behaved as spatially separated magnetic polarons; the 
presence of interacting through-space e−/h+ sites resulted in 
spin-coupled systems and the concentration of interacting 

S  = 1 centers was sensitive to medium polarity. The genera‑
tion of photoexcited S  = 1 states (following Asp-CDs photoex‑
citation at 325  nm) was enhanced in benzene and admixture 
of water/2-propanol, whilst decreased in pure water (pH = 7). 
Therefore, the Asp-CDs material behaves as an organic photoe‑
mitter in which polaron and triplet states generated by inter‑
system crossing (ISC) are tweaked by solvent interactions. We 
further exploited these photoinduced spin-separated species 
for the photoproduction of H2O2, which is a high-energy oxi‑
dant, important in various fields ranging from medicine, and 
chemical industry to environmental technologies.[57–60] Interest‑
ingly, the Asp-CDs generated H2O2 even without the presence 
of oxygen, unlike other sole CD photocatalysts.[61] Theoretical 
calculations established a link between structural features and 
photoexcitations processes in Asp-CDs, which corresponded 
well with experimental observations. These findings can be 
taken as a blueprint for the rational design of carbon-based 
photocatalysts.

2. Results and Discussion

Highly emissive Asp-CDs were prepared by a solvothermal 
method, using aspartic acid as the sole chemical precursor 
(Figure S1a, Supporting Information) according to the pub‑
lished protocol.[32] Detailed structural analysis of prepared Asp-
CDs is provided in Supporting Information (Figures S1–S4, 
Supporting Information). The results confirm that the syn‑
thesized Asp-CDs material shares similar size distribution, 
chemical composition, and structural organization to the CD 
materials reported earlier.[32] Furthermore, the structural anal‑
ysis suggest that Asp-CDs consist both of a highly carbonized 
core (fragments of π-conjugated sp2 carbon domains) and a 
hydrophilic surface. Thus, the arrangement of Asp-CDs into 
a two-domain structure in a virtual core/shell fashion can be 
envisaged.

To probe the electronic fingerprints of the Asp-CDs system 
and to unveil the emergence of different excited states radia‑
tive relaxation pathways associated with its predicted core/
shell organization, the optical properties of Asp-CDs dispersed 
in water were examined by absorption and PL spectrosco‑
pies (Figure S5, Supporting Information). Asp-CDs exhibit a 
broad visible absorption range with a specific feature centered 
around 355  nm (Figure S5, Supporting Information, black 
line). Absorption bands in this range are typically ascribed to 
surface-exposed groups and molecular fluorophores. On the 
other hand, absorption in the high-energy region (<300  nm) 
can be associated with π–π* transition occurring mainly in 
sp2 carbon domains (core region). Thus, the presence of these 
two bands in the absorption spectrum indicates the exist‑
ence of the optically active transitions related to the graphitic 
core and surface-exposed groups containing O, N in Asp-
CDs.[40,45,54] The excitation wavelength range of the Asp-CDs 
extends from 285 to 445  nm with a PL excitation maximum 
centered at 355 ± 2  nm (Figure S5, Supporting Information, 
blue line) aligning with the position of the absorption band 
corresponding to the surface and/or molecular states. Intense 
blue emission occurs under optimal excitation of 355 nm with 
the PL emission maximum centered at 450  nm (Figure S5,  
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Supporting Information, green line). Room temperature PL 
excitation-emission mapping was then performed to gain addi‑
tional knowledge on the core/shell organization of Asp-CDs. 
Besides the dominant PL emission center located at 450  nm 
(center 1), an additional center positioned at 520 nm (labeled as 
center 2) arose under its optimal excitation at 420 nm (Figure 1a).  
To rule out the presence of unbound molecular fluorophores, 
which could affect the overall PL properties of CDs, exci‑
tation-emission maps of Asp-CDs before and after dialysis  
(Figure S6a,b, Supporting Information), as well as size-exclusive 
column chromatography (Figure S6c, Supporting Information), 
were acquired, showing that the PL properties of Asp-CDs 
remained unchanged after these purification procedures, which 
confirms that emission from center 1, as well as center 2, can 
be attributed solely to the Asp-CDs system. Recently, it was 
reported that a water-to-ice phase transition of the citric acid-
based CD dispersions leads to quenching of fluorescence origi‑
nating from the molecular fluorophores attached to the surface 
of the synthesized CDs due to the formation of charge-sepa‑
rated CD core–shell trap states.[14] Since results from structural 
analysis predict similar virtual core–shell structures for Asp-
CDs, the same methodology was applied to probe individual 
PL emission centers in Asp-CDs. Excitation-emission map of 
Asp-CDs dispersed in water (solid phase, T = 220 K) shows that 
fluorescence from center 1 is quenched, while center 2 remains 

active (Figure 1b). Considering that the hydrophilic CD surface 
is in close contact with the solvent molecules, it is expected that 
its electronic fingerprints become more affected by interac‑
tions (e.g., electrostatic, H-bonding) compared to the shielded 
CD core region, in agreement with the findings revealed by 
molecular dynamics (MD) simulations for the citric acid based 
CDs.[14] Following this principle, center 1 represents the PL 
properties of the CD surface, while center 2 corresponds to the 
properties associated with the CD core. To analyze the fluores‑
cence quenching in Asp-CDs, spectrally and time-resolved PL 
(TR-PL) emission maps in these two phases (pure water and 
water/2-propanol mixture) were obtained in the spectral range 
380 to 675  nm under the excitation at 372  nm. TR-PL maps 
(Figure  1d,e) indicate the strong dependence on the phase of 
the solvent in the 380–475 nm spectral region (center 1). On the 
other hand, the TR-PL signal collected in the higher wavelength 
range (500–600 nm) seems to be unaffected by the water-to-ice 
phase transition (center 2). Moreover, PL decay curves of Asp-
CDs in both liquid and solid phases were measured to quan‑
tify the PL quenching (Figure S7, Supporting Information). PL 
lifetimes of 5.1 and 6.3  ns, corresponding to centers 1 and 2, 
respectively (liquid phase, T  = 300 K), were extracted using a 
stretched-exponential function (see Experimental Section for 
more detailed information in Supporting Information) and 
fitting analysis (Figure S7a,b, Supporting Information). After 
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Figure 1.  Influence of liquid-to-solid (water-to-ice) phase transition on steady-state and time-resolved PL of Asp-CDs. a–c) Excitation-emission color 
maps of Asp-CDs; in liquid phase, T  =  300 K (a); solid phase, T = 220 K (b), and in solid phase after the addition of 2-propanol, T = 220 K (c) with 
individual PL emission centers labeled. d–f) Time-resolved PL emission color maps with extracted time-resolved emission spectra g–i) of Asp-CDs 
measured at the same conditions (phase, temperature, solvent) as in the steady-state experiments under 372 nm excitation.
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the liquid-to-solid phase transition occurred, a strong decrease 
in the PL lifetime of center 1 from 5.1 to 1.5 ns was observed 
(Figure S7c, Supporting Information), while the PL lifetime of 
center 2 remained less affected by the solvent phase change 
(Figure S7d, Supporting Information). To study the emission 
dynamics of both PL centers, TR-PL spectra before and after 
the water-to-ice phase transition were analyzed (Figure  1g,h). 
Passing the liquid-to-solid phase transition resulted in a sig‑
nificant increment of the quenching rate in the 380–475  nm 
spectral region (Figure 1h), giving a much larger spectral shift 
of ≈70  nm in the overall TR-PL spectra (compared to ≈15  nm 
measured in a liquid phase). This phenomenon is thought 
to arise from phase transition-induced activation of nonra‑
diative relaxation channels.[14] The addition of 2-propanol to 
the Asp-CD aqueous dispersion prevented the quenching of 
fluorescence originating from the CD surface states (center 1) 
during the liquid-to-solid phase transition. Both steady state 
(Figure  1c) and time/spectrally-resolved (Figure  1f) PL maps 
of Asp-CDs dispersed in the water/2-propanol mixture (50:50 
vol%) at 220 K show similar features as those measured in pure 
water (liquid phase) at 300 K. PL lifetime of center 1 recovered 
80% of its initial value (Figure S7e, Supporting Information), 
and the spectral shift in TR-PL reached similar value (≈15 nm) 
after 25 ns as that witnessed in the liquid phase (water) meas‑
urements (Figure  1i). These results indicate that after the 
addition of 2-propanol, the radiative relaxation from emission 
center 1 is the preferred radiative energy-releasing process, 

even in the solid phase. The PL spectroscopy results clearly 
show that the complex PL emission of Asp-CD can be under‑
stood by invoking the presence of a virtual core/shell structural 
organization. Moreover, such morphology of CDs can induce 
a difference in electron affinity between the core and the shell 
domains, which can lead, besides the formation of excitons, 
to the generation of highly reactive charge-separated carriers, 
capable to sustain redox reactions.

In order to observe the existence of long-living photo‑
generated spin active states in Asp-CDs, the LEPR technique 
was employed. Due to the fast recombination rates of spin cou‑
ples (polaron pairs, τ ≈ ps) at room temperature, the generation 
of photoexcited spin active states in Asp-CDs was studied in a 
frozen matrix solution (T = 80 K). Under dark conditions, EPR 
spectra of Asp-CDs are nearly EPR silent, thus the material con‑
tains a negligible number of paramagnetic sites (<<1018 spin/g) 
(Figure S8, Supporting Information). However, upon UV irra‑
diation (@325 nm), a strong resonance signal around g ≈ 2.00 
becomes well resolved in the EPR spectrum, which indicates 
the formation of spin-active species characterized by lifetimes 
long enough to become EPR observable (T  = 80 K). For com‑
parison, the EPR signals obtained under UV light of Asp-CDs 
dispersed in water, water/2-propanol mixture (50:50 vol%), and 
benzene solutions are shown in Figure 2a–c. The estimated 
spin-spin relaxation time (T2) evaluated for the narrow and slow 
relaxing g  ≈ 2.00 resonance spin component, T2 = 2/√3 × [ħ/ 
(g × βe ×  ∆Bpp)], is 9.4  ns (see, Figure S9, Supporting 
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Figure 2.  X-band light-induced EPR (LEPR) spectra of photogenerated charges in Asp-CD/solvent. a–c) LEPR envelopes of Asp-CDs in water, water/2-
propanol (50:50 vol %), and benzene solutions. Experimental data are presented as gray symbols, whereas the S = 1 (3T) spin components are presented 
as red, green, and red lines, respectively. Experiments were performed at T = 80 K and under in situ UV irradiation (@325 nm, 200 mW). d–f) EPR 
simulations of the various spin components of Asp-CDs as observed in water, water/2-propanol (50:50 vol %), and benzene solutions. Experimental 
data are presented as gray symbols, whereas the sum of all simulated spin components is given as black lines. The diverse spin species resulting from 
simulation coded as electron (e−), hole (h+), and triplet (3T) species are drawn with red, dark and light green, light and dark blue, navy, and purple 
lines, respectively.
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Information, for details). The observed variance in the LEPR 
resonances and signal shapes indicate formation in Asp-CDs 
of charged separated electron (e−) hole (h+) paramagnetic spe‑
cies with relative concentrations dependent on the solvent’s 
chemical nature. To interpret the observed EPR signals, com‑
puter simulations of the resonance envelopes for the e−/h+ and 
spin-coupled components were performed in the spin-Hamilto‑
nian framework, Ĥ = βe g Ŝa,bB0 − 2JŜaŜb + D[S2

z −Ŝ (Ŝ+1)/3] +  
E(S2

x−S2
y). In Ĥ, the terms D and E indicate the axial and 

rhombic zero-field-splitting, respectively, and J is the exchange-
interaction energy between spin-coupled electron (e−, Ŝa) and 
hole (h+, Ŝb) sites. In Figure  2a, the sharp isotropic resonant 
signal falling at giso  = 2.000 (around 325 mT resonance mag‑
netic field) corresponds to electrons located in sp2 carbon-rich 
domains and accounts for 39.4% of the total (EPR detect‑
able) spin density. The regions containing heteroatoms (N, O 
centers) give hole signatures (h+ sites) that produce asymmetric 
wings developing from the strong g = 2.000 resonance line. The 
resonance signals due to the hole centers could only be simu‑
lated (Figure  2d) by invoking overlapped contributions of two 
species, one axial with gz  = 2.005 and gx,y  = 1.996 (marked as 
h2

+, 38.4% of the total spin density), and a second spin compo‑
nent with rhombic distortion (labeled as h1

+), with gz = 2.004, 
gy = 1.998, and gx = 1.992 (11% of the total spin density). Other 
weaker signals are assigned to magnetic interactions arising 
between e− and h+ sites, giving triplet states (3T1) characterized 
by gx,y,z  = 2.000, D  = 3.7 mT, E/D  ≈ 0.1, and J  < 7 cm−1. The 
calculated S = 1 resonance feature highlighted by the red spec‑
trum is shown in Figure 2a (11.2% of the total spin density). We 
suggest that the h+ centers in Asp-CDs are bulk exposed and 
the surface disorder, arising from an uneven spatial distribu‑
tion of N and O-rich regions, translates into a variance in the 
EPR signals. Furthermore, under the framework of the mag‑
netic point-dipole approach,[62] the calculated D value provides 
an estimation of the through-space distance of the magnetically 
interacting spin species ((e−, Ŝa) and hole (h+, Ŝb)) of ≈ 0.9 nm; 
this value is compatible with a core–shell representation of spin 
domains consistent with the observed averaged nanoparticle’s 
dimension of 2.5 nm, as given earlier. From these observations, 
it is anticipated that the hole centers, if truly bulk exposed, 
should exhibit higher sensitivity to changes in the environment, 
thus sensitive to interactions with solvent molecules, contrary 
to the shielded electrons located onto the nanoparticle’s core.

The ability of the Asp-CDs system to deliver e− to an acceptor 
molecule was probed in water upon the addition of methylvi‑
ologen (MV). Following in situ UV irradiation @325 nm (T = 
260 K), fast formation of the EPR resonance signal clearly asso‑
ciated with methylviologen radical cation (MV•+) was observed. 
The experimental EPR spectrum of the so-formed MV•+ is 
given in the Supporting Information (Figure S10, Supporting 
Information). To test the presence of any dependence of the 
electronic features associated with the spin-active photoexcited 
species upon changing the solvent, LEPR experiments were 
performed on Asp-CDs dispersed in a water/2-propanol (50:50 
vol%) mixture, as well as in benzene. The recorded LEPR spec‑
trum under UV-light irradiation for the water/2-propanol mix‑
ture and the benzene solution is shown in Figures 2b and 2c, 
respectively. From spectrum analysis, the overall resonance 
line in the water/2-propanol mixture exhibits different features 

compared to those seen in neat water, with significantly more 
pronounced signals coming from “surface-exposed” hole 
centers. Likewise, in the features recorded in water, only a small 
variance of the strong resonant line arising from the electrons 
confined in the core region is observed, at giso = 1.992 (27.2% of 
the total spin density), and the formation of two rhombic com‑
ponents associated to the hole sites (h1

+) with gz = 2.010, gy = 
2.000, gx  = 1.999 accounting for 13% of the total spin density 
and (h2

+) giving gz  = 2.007, gy  = 2.000, gx  = 1.990, and 30.8% 
of the total spin density. The presence of mixed polar solvents 
(water/alcohol) leads to the development of an admixture 
of triplet states i) gx,y,z   =   1.997, D = 6.8 mT, E/D ≈ 0.09 with 
14.3% of the total spin density, with an estimated through-space 
distance of 0.74  nm, and ii) gx,y,z   = 1.997, D  = 4.9 mT, E/D  ≈ 
0.16 with 14.7% of the total spin density, giving an estimated 
through-space distance of 0.83 nm, with J < 7 cm−1. The overall 
contribution to the EPR resonance line of these S = 1 species 
(29% of the total spin density) is given in the LEPR spectrum 
(Figure  2b, green line). For clarity, the entire spectra simula‑
tions of the various spin components in Asp-CDs in a water/2-
propanol (50:50 vol%) mixture are shown in Figure 2e. These 
data indicate that the formation of separated polarons and 
magnetically interacting e−/h+ species is an intrinsic property 
of the as-synthesized Asp-CDs under photoexcitation, which 
is intimately associated to spin/charged separated species fea‑
turing an anisotropic space distribution of atomic elements C, 
N, and O. To validate further this picture, we performed LEPR 
power saturation experiments on Asp-CDs in water/2-propanol 
(50:50 vol%) mixture, and confirmed that the saturation trends 
of e−, h+, and spin S  = 1 coupled species saturate very differ‑
ently under increasing microwave powers, being the e− species 
the fastest saturating components, followed by h+ and then 
by S = 1, the slowest power saturating species (full details are 
given in Figure S11, Supporting Information). The observed 
trend in microwave power saturation behavior is expected for 
the admixture of uncorrelated and spin-coupled organic-based 
radicals.[63] We finally tested the presence of photoexcited spin 
species of Asp-CDs in benzene, a nonreactive and weakly polar 
solvent. The LEPR spectrum of the Asp-CDs/benzene mixture 
is shown in Figure  2c and exhibits identical fingerprints for 
the photoexcited electrons (gx,y,z = 2.000, 23.5% of the total spin 
density), but only one set of hole centers (gz = 2.006, gy = 1.998, 
and gx = 1.990, 23.5% of the total spin density), and one set of 
S = 1 specie (gx,y,z = 2.000, and D = 3.7 mT, E/D ≈ 0.11, 53.0% 
of the total spin density, estimated through-space distance of 
0.9  nm, J  < 7 cm−1). The computer simulations of these spin 
components are given in Figure 2f. Furthermore, we performed 
in situ measurements recording the time evolution of the LEPR 
signals of the spin active photoexcited species detected in Asp-
CDs in water and water/2-propanol mixture. The resulting 2D 
color maps and 3D LEPR spectra are given in Figure 3. We 
employed for such purpose a light-off to light-on and then light-
off photoexcitation time sequence. The results clearly highlight 
that the formation of the spin active species immediately fol‑
lows the light irradiation and furthermore indicate that in the 
water/2-propanol mixture (Figure  3b,d), a more complex spin 
system (combination of triplets,3T2, and 3T1) emerges during 
the light-on process (see Figure  2 for notations). These mag‑
netic polaron states, clearly, are long-living species after light 

Small 2023, 19, 2206587
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irradiation is cut off, at least true at 80 K. The occurrence of 
polaron states (e−/h+) and long-lived triplet states in Asp-CDs, 
which are formed during photoexcitation, supports the idea 
that in addition to engineering the chemical composition, band 
gaps, and structural properties, such as nanosystem size and 
shape, engineering the anisotropy of the system in the material 
is also crucial for applications in photocatalytic processes.

To understand the relationships between the unique struc‑
ture and optical properties of Asp-CDs dispersed in water, as 
well as to elucidate the formation of polaron states, charge-sep‑
arated species and triplet states in Asp-CDs irradiated by UV 
light as observed in the LEPR experiments, density functional 
theory (DFT) and its time-dependent formulation (TD-DFT) 
were employed in a thorough analysis of the electronic absorp‑
tion/emission spectra and character of singlet/triplet excited 
states of an extended series of neutral and ionized model sys‑
tems (Figure S12, Supporting Information). The model sys‑
tems were carefully designed based on available experimental 
information (i.e., the elemental composition, the presence of 
carboxylic groups, as well as remnants of succinimide moieties 
in an O/N-rich surface region surrounding an sp2-carbon-rich 
core, as evidenced in high-resolution transmission electron 
microscopy (HRTEM) images)[32] and followed a conceptual 
multi-layer model of Asp-CDs (Figure 4a) containing flakes of 

various size: small ones (≈1.6 nm) on the CD “poles,” medium-
size ones (≈1.8 nm) at “tropics,” and large ones (≈2 nm) at the 
“equator”. The plausibility of such a model was also supported 
by MD simulations, which showed that the quasi-spherical 
CD structure was stable in the aqueous environment, and the 
flakes tend to aggregate preferably forming stacked structures 
(Figure 4b and Figures S21 and S22, Supporting Information). 
First, the electronic structure of Asp-CD monolayers as a func‑
tion of the size and surface functionalities was analyzed. As 
already mentioned, the optical properties of CDs result from an 
intricate interplay of core–core and core–surface electronic tran‑
sitions. In general, we found that the absorption spectra of Asp-
CDs were predominantly influenced by the flake size owing to 
the quantum confinement effect.[64] The core–surface transi‑
tions typically occurred in the short-wavelength region (350–
450 nm), whereas the core–core (π–π*) absorption bands spread 
toward longer wavelengths with gradually decreasing intensity 
(Figures S14 and S16, Supporting Information). The surface 
groups were usually partly involved in delocalized π–π* transi‑
tions, but neither the deprotonation nor the number of func‑
tional groups significantly affected the absorption spectra. On 
the other hand, the presence of edge N atoms often introduced 
new low-lying excited states shifting the absorption bands even 
to the IR region, in line with previous works.[65] The observed 

Small 2023, 19, 2206587

Figure 3.  The 2D color maps (a,b) and 3D spectra (c,d) obtained from in situ LEPR experiment (CW X-band, 9.080 GHz, T = 80 K), showing the time 
evolution of the EPR signals when a dynamic light excitation sequence (off-on-off) is applied to the frozen systems of Asp-CDs in water (a, c) and 
water/2-propanol mixture (b,d). The following experimental conditions were used during measurements: sample kept under dark conditions (UV-off, 
signal acquisition time range 0–5 min) followed by in situ UV light exposure (UV-on, signal acquisition time range 5–10 min) and then back to dark 
conditions (UV-off, signal acquisition time range 10–25 min). The color coding in (a,b) indicates positive (+, red) to negative values (−, blue) of the 
EPR signal intensity (dχII/dB).
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continuous decrease of the absorption curve (Figure S5, Sup‑
porting Information, black line) results from a heterogeneous 
character of the layers exhibiting multiple overlapping absorp‑
tion bands with decreasing intensity for longer wavelengths 
(see Supporting Information for more details). Although the 
size of large and medium models did not allow us to theoreti‑
cally study their emission spectra, it was reasonable to assume 
that the S0-S1 gap would be reduced via the relaxation of the S1 
state. Also, owing to the vicinity of excited states, the breaking 
of the Kasha rule was not expected. As large layers and medium 
flakes containing edge N atoms featured low-lying S1 states 
(absorption in the 900–1300 nm), we assumed that the photo‑
excitation of such systems ended up with a non-radiative decay 
to the ground state (GS). The observed long- and short-wave‑
length PL emission centers (Figure  1) could then be ascribed 
to the core–core transitions in medium-size layers without 
edge N atoms (such as model 4-M, Figure 4c and Figure S18c, 
Supporting Information) and small flakes (such as models 
5-S and 6-S, Figure S19, Supporting Information) on the CD 
poles, respectively. Importantly, the electron density difference 

(EDD) plots for the latter indicate that transitions have a strong 
charge-transfer (CT) character and thus can be sensitive to the 
environment. For the smallest models, the simulated emission 
spectra were consistent with the short-wavelength PL band 
peaking at 450  nm (Figure  4e). Interestingly, the multilayer 
structure of Asp-CDs implies the possibility of interlayer tran‑
sitions. Whereas the consideration of such transitions would 
not change the proneness of large flakes toward non-radiative 
deactivations, they can play an important role in core–surface 
excitations. Indeed, the analysis of a stacking complex made 
of small flakes (5-S and 6-S, Figure S13, Supporting Informa‑
tion) showed that although the absorption band at 350  nm of 
the complex was very similar to the sum spectrum of individual 
components (Figure  4d), the S0  → S1 transition had strong 
interlayer CT character involving the electron transfer from a 
smaller layer to the larger one.

Our theoretical picture is also consistent with the interpreta‑
tion of the LEPR measurements described above. In particular, 
the majority of model systems (including the stacking com‑
plex) exhibited very low singlet-triplet splitting values (typically  

Small 2023, 19, 2206587

Figure 4.  a) Cross-section of a conceptual multilayer model of a quasi-spherical Asp-CDs nanoparticle featuring a two-domain structure consisting 
of a hydrophobic core (deep sky blue) and a solvent-sensitive hydrophilic shell (light blue) with a schematic illustration of considered photophysical 
processes evidenced by PL and LEPR experiments. Inner π-conjugated carbon regions and flexible functionalities rich with heteroatoms in small (S), 
medium (M), and large (L) layers are represented by horizontal black and gray bars, respectively. b) Initial and final structures of MD simulations 
showing the stability and aggregation of CD layers (5-S, 4-M, 1-L, and 2-L correspond to specific small, medium, and large model structures; see Figure 
S12, Supporting Information). The color coding: carbon – gray/black, oxygen – red, nitrogen – blue, and hydrogen – white. Water is omitted for clarity. 
c) Simulated absorption spectra of protonated 4-M and deprotonated dH-4-M(5–) models in water. d) Absorption spectra of a stacking complex formed 
of 5-S and 6-S in water. e) Normalized absorption and emission bands corresponding to the S0→S1 transition in 5-S and 6-S in water obtained at the 
M06-2X/6-31+G(d)/SMD(water) level of theory. Insets: EDD plots for the S0→S1 transition (red/blue regions indicate decrease/increase of the electron 
density upon the excitation).
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<2 kcal mol−1) typically between the 1S1 and 3T3 states (Figures 
S15, S17, S18b,d, S19b,d, and S20b, Supporting Information). 
Although the vicinity of levels does not solely imply the effi‑
ciency of the ISC, it can be anticipated that such processes are 
plausible under continuous irradiation of samples by UV light. 
While in large flakes, fast non-radiative deactivation processes 
can effectively compete with the formation of long-lived triplet 
states, in the medium and small systems, spin species accumu‑
late at the core–surface boundary (see, e.g., Figures S18b,d and 
S19b,d, Supporting Information), which can explain the interac‑
tions of surface spins observed in LEPR. Importantly, the find‑
ings for the stacking complex, namely that the lowest triplet 
state (like the lowest singlet) exhibits CT character involving 
the creation of an h+-site on a smaller (i.e., outer) layer and an 
e− site on the larger (i.e., inner) one (Figure S20c,d, Supporting 
Information), are in keeping with the observed formation of 
polaron pairs in the LEPR experiments.

All in all, we found the proposed multi-layer “Earth-like” 
model of Asp-CDs (Figure  4a) fully consistent with the strong 
experimental evidence of the multicenter and environment-sen‑
sitive character of PL, as well as the formation of polaron states, 
charge-separated species, and triplet states in Asp-CDs upon pho‑

toexcitation, thus not only providing indispensable insights into 
the physical mechanisms of such photoactivation processes but 
also vice versa, confirming the validity of the suggested model.

To further explore the nature of photogenerated magnetic 
polaron species and their application in the field of photoca‑
talysis, LEPR measurements on Asp-CDs in the presence of 
N-tert-butyl-α-phenylnitrone (PBN) spin trap were conducted 
(Figure 5a). The LEPR spectra obtained upon reacting under 
light irradiation at 325 nm (10 min, N2 atmosphere, RT) of Asp-
CDs with PBN in water solution revealed the formation of a 
radical signal with resonance pattern fully consistent with the 
PBN trap of hydroperoxyl radicals (HOO•, formation of PBN-
OOH adduct) (hyperfine parameters from computer simulation: 
AN  = 1.45 mT, AH  = 0.28  mT). The result indicates the prom‑
ising use of Asp-CDs as photocatalysts for H2O2 production 
from water. The photocatalytic activity of Asp-CDs was studied 
in water and water/2-propanol mixture (50:50 vol%) at room 
temperature and under air atmosphere. Asp-CDs dispersed 
in water were able to generate H2O2 with reaction rates of 140 
and 52 µmol g−1 h−1 under UV light (365 nm) and one sun irra‑
diation, respectively. The H2O2 production rates were further 
enhanced by the addition of 2-propanol to the reaction mixture, 

Small 2023, 19, 2206587

Figure 5.  Photocatalytic production of H2O2. a) PBN spin-trapping LEPR spectra (hydroperoxyl radicals) of Asp-CDs. Experimental data are presented 
as gray symbols, whereas the red line represents the computer simulation. b) H2O2 photoproduction rate of Asp-CDs in water and water/2-propanol 
mixture (50:50 vol%) for 2 h using UV (365 nm, 5 mW cm−2) and solar light. c) Time-dependent profiles of H2O2 photoproduction by Asp-CDs in 
water/2-propanol mixture (50:50 vol%). d) H2O2 production rates of Asp-CDs in water/2-propanol mixture (50:50 vol%) under atmospheres of air, 
O2, and N2.
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reaching the values of 240  and 120  µmol g−1 h−1, respectively 
(Figure 5b). The time-dependent profiles of H2O2 photoproduc‑
tion by Asp-CDs under UV light and one sun revealed that the 
H2O2 concentration was sustained during several hours of irra‑
diation (Figure 5c).

Given the abundance of seawater, the capability of Asp-CDs 
to photoproduce H2O2 in seawater and seawater/2-propanol 
mixture (50:50 vol%) was also tested, revealing the Asp-CDs 
photocatalytic activity of 135 and 208  µmol g−1 h−1 under UV 
light (365 nm), respectively. Under one sun, the reaction rates 
were determined to be 37 and 126 µmol g−1 h−1 in seawater and 
seawater/2-propanol mixture (50:50 vol%), respectively (Figure 
S23, Supporting Information).

To uncover the reaction pathway of the H2O2 formation by 
Asp-CDs, photocatalytic activities of Asp-CDs in a water/2-pro‑
panol mixture (50:50 vol%) under air, O2, and N2 atmospheres 
were studied. It was found that the reaction rate of H2O2 pho‑
toproduction remained nearly independent of the reaction envi‑
ronment (air, N2 atmosphere, O2 atmosphere), an indication 
that H2O2 is primarily formed through a water oxidation reac‑
tion (WOR). This finding demonstrates that photogenerated 
holes in Asp-CDs are surviving the electron/hole recombi‑
nation processes long enough to effectively react with water 
molecules. The hypothesis is further supported by the EPR 
analysis, which revealed different electron–hole localizations 
in the Asp-CDs structure, with the holes located mainly on the 
Asp-CDs surface while electrons being preferentially localized 
in the aromatic carbon-rich nanoparticle’s core. To the best of 
our knowledge, this is the first example of neat CD material 
capable of H2O2 photoproduction via WOR without the need to 
use additional co-catalyst components for effective H2O2 photo‑
production.[9,61,66–69] To further elucidate if 2-propanol can affect 
Asp-CDs photocatalysis and to exclude the possibility of alcohol 
photo-reforming during H2O2 photoproduction, nuclear mag‑
netic resonance (NMR) analysis of the samples (Asp-CDs in 
water/2-propanol mixture) taken before and after the reaction 
was carried out. Representative 1H NMR spectra confirmed that 
2-propanol remained intact throughout the whole process and 
no side product deriving from 2-propanol was observed (Figure 
S24, Supporting Information), indicating that 2-propanol 
played the role of the stabilizer of the magnetic polaron states 
in Asp-CDs formed during photoexcitation, and does not act as 
an additional reactant in the H2O2 production. Furthermore, 
no degradation of the Asp-CDs photocatalyst during turnover 
was observed, for example, as a result of the accumulation of 
unspent electrons during the water oxidation process. Taking 
into consideration the witnessed diverse performance of H2O2 
photoproduction, which depended on the irradiation wave‑
length used (larger H2O2 production under UV light, smaller 
under 1 sun, Figure 5c), the effectiveness of the H2O2 produc‑
tion even in N2 atmosphere, and the combined EPR results, we 
suggest the reaction mechanism depicted in Scheme S1, Sup‑
porting Information, as the effective pathway, supported by 
Asp-CDs, for the catalytic photoproduction of H2O2 from water. 
Upon photoexcitation, e−/h+ magnetic polarons are generated 
in Asp-CDs, which localize into diverse domains of the photo
catalyst (Scheme S1, Supporting Information, step 1), with 
the holes more exposed to solvent molecules in the bulk, and 
electrons more localized in the nano-photocatalyst core. The 

photogenerated holes fast react with the water molecules which 
are in contact with the Asp-CDs hydrophilic surface, providing 
an effective formation of H2O2 (step 2). Under light irradiation, 
a fraction of hydrogen peroxide disproportionate into hydroxyl 
radicals (step 3, OH•) which readily react with nearby H2O2 
molecules, giving hydroperoxyl radical species (step 4, OOH•), 
which production was confirmed by the PBN spin trap experi‑
ments, and further evolve into H2O2 and O2 (step 5). Finally, 
the locally formed O2 molecules from step 5 act as acceptors 
for the photoexcitated electrons (step 6), which were generated 
together with holes in step (1), forming H2O2. The overall reac‑
tion for photocatalytic H2O2 production is finally given by Equa‑
tion S7, Supporting Information, and highlights that the local 
anisotropy in Asp-CDs is the key factor that gates the effective 
and cooperative use of both photogenerated electron/holes 
polarons, affording a single catalytic unit, without the need of 
co-catalysts, for driving water oxidation processes.

3. Conclusion

Beyond the tunable PL properties and besides the application 
of CDs as prime components in optoelectronic devices,[11] the 
light-harvesting ability of these systems has the great potential 
to boost photocatalytic processes, either as photosensitizer and/
or to become effective photocatalysts themselves.[13] Although 
very appealing, unlocking such features in CDs remains difficult 
to realize from the synthetic point of view. It requires detailed 
knowledge of the nature of the photoactivated states, to under‑
stand the electronic factors that translate into stabilization of 
the photoexcited charges and formation of long-lived holes on 
the CDs surface. In this work, we have shown that the struc‑
tural organization is the key factor that drives the emergence of 
magnetic polaron states upon photoexcitation in Asp-CDs. Asp-
CDs can be seen as a two-domain multilayer nanodot assembly, 
ordered in a virtual core/shell fashion, which consists of a highly 
carbonized core (fragments of π-conjugated sp2 carbon domains) 
and a hydrophilic surface, containing a high amount of oxygen 
and nitrogen-containing functional groups. The core and shell 
regions exhibit very different PL properties, also reflected in their 
PL response to polarity changes in the solvent medium, and 
these optical differences mirror the spatial anisotropic organiza‑
tion of the materials into distinct domains. The core/shell struc‑
ture of Asp-CDs and the nature of the charge-separated species 
generated under photoexcitation have been validated by in situ 
LEPR spectroscopy, by using UV irradiation @325  nm. More‑
over, the presence of defined fingerprints associated with photo‑
excited electron (e−), hole (h+) species, and spin-coupled systems 
(triplets, 3T) was confirmed. The relative concentrations of these 
spin states, e−, h+, and stabilization of 3T were found to depend 
on the solvent’s chemical nature and polarity of the solvent; 
the e−/h+ spin coupling giving 3T states became more effective 
in benzene, followed by water/2-propanol mixture and least in 
neat water. Theoretical analysis based on (TD-)DFT calculations 
and MD simulations performed on model systems, which were 
visualized as multi-layer quasi-spherical assemblies containing 
stacking flakes of various sizes, demonstrated that the optical 
properties of Asp-CDs result from an intricate interplay of core–
core and core–surface electronic transitions, exhibiting very low 

Small 2023, 19, 2206587
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singlet-triplet splitting values (typically <2  kcal mol−1), between 
the singlet (1S) and triplet (3T) states. Large domains undergo 
fast non-radiative deactivation processes, which can effectively 
compete with the formation of long-lived triplet states, whereas 
medium and small-size domains show that the spin species accu‑
mulate at the core–surface boundary. In addition, we exploited 
the formation of magnetic polaron states in Asp-CDs for H2O2 
photoproduction via WOR. Sole Asp-CDs were able to produce 
H2O2 in pure water even without the presence of oxygen, and a 
further enhancement in H2O2 reaction yield was achieved when 
2-propanol was introduced into the reaction mixture, confirming 
its role as a stabilizing agent for photocatalytically active states. 
The observed formation of long-living magnetic polaron states 
in Asp-CDs, resulting from their spatial organization, underlines 
the vast potential of carbon-based nanomaterials in the field of 
photocatalysis.

4. Experimental Section
Chemicals and Reagents: All chemicals were supplied by Sigma-Aldrich 

and used without further purification unless otherwise stated. Absolute 
ethanol (99.5%+) was purchased from VWR Chemicals. Dialysis tubing 
(2 kDa cut-off, benzoylated) for colloid purification was purchased from 
Sigma-Aldrich.

Synthesis of Asp-CDs: Asp-CDs were produced by a solvothermal 
method according to a previously published protocol.[32] Briefly, 500 mg 
of aspartic acid was mixed with 15 mL of absolute ethanol and left in an 
ultrasonic bath for 30 min. The prepared suspension was processed by 
a solvothermal procedure in a Teflon-lined stainless-steel autoclave at 
210 °C for 8 h. The solution was filtered using a 200 nm Teflon syringe 
filter and transferred to 20 mL of deionized water. The solution was then 
heated in a reaction flask at 40 °C for a few hours until the unwanted 
ethanol was eliminated. The obtained aqueous colloidal suspension of 
Asp-CDs was again passed through a syringe filter and then dialyzed 
against deionized water for 24 h to remove residual small molecular 
species. Size-exclusive column chromatography (PD MiniTrap G-25) was 
performed to confirm the high monodispersity of Asp-CDs.

Material Characterization: TEM images were acquired on a JEOL 2010 
transmission electron microscope operating at 160  kV. XPS analysis 
was carried out using a PHI VersaProbe II (Physical Electronics) 
spectrometer with an Al Kα source (15 kV, 50 W). The Fourier transform 
infrared (FT-IR) spectrum was collected on an iS5 Thermo Nicolet FT-IR 
spectrometer using the Smart Orbit ZnSe ATR technique.

Spectroscopy Measurements: The UV–vis absorption spectrum of 
the colloidal Asp-CDs was recorded on a Specord S600 spectrometer 
(Analytik Jena, Germany). Steady-state and TR-PL measurements 
were performed on an FLS980 fluorescence spectrometer (Edinburgh 
Instruments) equipped with a 450  W xenon arc lamp and EPL-375  ps 
pulsed diode laser (λem   =   372  nm with a pulse width of 66.5  ps, 
a repetition rate of 10  MHz, and an average power of 75  µW, also 
Edinburgh Instruments) as the excitation sources. PL decay curves were 
fitted using a stretched exponential function: I t I e t= τ− β

( ) 0
( / ) , where the 

fitting parameters τ and β are the PL decay time and stretch parameter, 
respectively. PL measurements of the samples in liquid and solid 
phases were conducted using a variable-temperature liquid nitrogen 
optical cryostat OptistatDN2 controlled by a cryogenic programmable 
temperature controller Mercury iTC (Oxford Instruments).

EPR Measurements: EPR spectra were acquired on a JEOL JES-X-320 
spectrometer operating at X-band (≈9.14–9.17 GHz); EPR envelopes were 
collected at 80 K. The quality factor (Q) was maintained above 6000 for 
all measurements. High-purity quartz tubes (Suprasil, Wilmad, ≤0.5 OD)  
were used as a sample holder and the accuracy of the g-values was 
determined by comparison with a Mn2+/MgO standard (JEOL standard). 
The microwave power was set to 1.9  mW to avoid power saturation 

effects. A modulation width of 0.35 mT and a modulation frequency of 
100 kHz were used. All EPR spectra were collected with a time constant 
of 30 ms and a sweep time of 2 min with three accumulations to improve 
the signal-to-noise ratio. HeCd laser (325 nm, 200 mW) was employed 
as the UV light source during the EPR measurements fitted with a fiber 
optic cable directly into the cavity resonator dedicated window. All EPR 
spectra were simulated in the Matlab software platform; the EasySpin 
simulation package was used for spin-Hamiltonian simulations.[70]

Computational Details: The GS structures of all monolayer model 
systems were optimized employing DFT at the M06-2X level[71] using 
the 6–31G atomic basis set.[72] The choice of the exchange-correlation 
functional was based on the fact that it performs well not only for the GS 
thermochemistry but also for the analysis of ESs.[73] To better describe 
dispersion interactions, the ωB97X-D functional[74] in combination with 
the def2-SVP basis set[75] was applied for the geometry optimization 
of a two-layer model. In all cases, vibrational analysis was performed, 
and the absence of imaginary frequencies was checked to confirm 
the character of the stationary points on the potential energy surface. 
Solvent effects were accounted for by using an implicit Solvation Model 
based on Density (SMD).[76] ESs were explored using TD-DFT employing 
the M06-2X functional with the 6–31+G(d) basis set. Whereas for the 
simultaneous analysis of multiple singlets, as well as triplet ESs, the 
SMD model was combined with the linear response (LR) approach, 
and the emission spectra were obtained state-specifically (for the S1 → 
S0 transition) applying the recently proposed cLR2 approach,[77] which 
included the dynamical response of the solvent to the solute transition 
density, as well as a perturbative correction of the state-specific 
polarization of the solvent due to the ES density (cLR), and was shown 
to be superior to both LR and cLR for various types of transitions. All 
calculations were performed using the Gaussian16 program.[78]

In MD simulations, a multicomponent hydrated system consisted of 
one 1-L, one 2-L, two 4-M, and two 5-S monolayer models parametrized 
in the Generalized Amber Force Field (GAFF)[79] with refined parameters 
for aromatic carbon atoms.[80] The geometries of 1-L, 2-L, 4-M, and 5-S 
were first optimized at the B3LYP/6-31G*[81,82] level, and the electrostatic 
potentials at these geometries were calculated at the HF/6-31G* level in 
gas. RESP[83] partial charges were assigned by the Antechamber tool[84] 
from the Amber12 software package.[85] Atom types, bond, angle, and 
dihedral parameters were assigned by tleap from the same package. 
Finally, a topology in Amber format was translated to Gromacs format 
using amb2gmx.pl script. To address the stability of the quasi-spherical 
organization of Asp-CDs and the feasibility of its formation, two cases 
with different starting positions were chosen. First, the monolayers were 
pre-stacked and solvated with TIP3P[86] explicit water molecules (3889 
in total) in the box of 5 × 5 × 5 nm3 at the beginning of the simulation. 
Second, the monolayers were randomly placed in the simulation box 
and solvated with 3875 water molecules. After minimization, a two-step 
equilibration was carried out. First, the system was thermalized from 0 
to 300 K for 1 ns with the V-rescale[87] thermostat with a 0.1 ps scaling 
constant. Then, 2 ns equilibration of pressure was performed using the 
isotropic Berendsen barostat[88] to keep the pressure at 1 bar during the 
simulation, the time constant for pressure relaxation was set to 2 ps, and 
the temperature was kept at 300 K. Productive 1 µs long MD simulations 
were carried out under NpT conditions with a 1 fs time step, bonds 
involving hydrogen were constrained using the LINCS[89] algorithm. 
The temperature was kept at 300 K with the V-rescale thermostat with a 
0.1 ps scaling constant, the pressure was kept at 1 bar using the isotropic 
Parrinello–Rahman barostat,[90] and the time constant for pressure 
relaxation was 1 ps. The electrostatic interactions were treated by means 
of the particle-mesh Ewald (PME)[91] method with a real-space cutoff 
of 1  nm; the same cutoff was applied for van der Waals interactions. 
Periodic boundary conditions were applied in all three dimensions. All 
MD simulations were performed in Gromacs 5.0.[92] Figures from the 
MD simulations were rendered in PyMoL.[93]

Photocatalytic H2O2 Production: Photocatalytic H2O2 production 
experiments were carried out using a xenon lamp equipped with 
an AM1.5 G filter at one sun intensity (100  mW  cm−2) and a UV  LED 
(365 nm, with a power density of 5 mW cm−2) as an irradiation source. 
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Colloidal suspension of Asp-CDs was dispersed in a total of 6  mL of 
water and water/2-propanol mixture (50:50 vol  %), respectively, with 
the resulting amount of photocatalyst set to 4.5  mg. A photometric 
Spectroquant H2O2 Test was used to quantify H2O2 production (at 
450 nm, the detection limit in the range of 0.015–6 mg L−1 H2O2). For 
photocatalytic measurements in a specific atmosphere, the suspension 
was continuously flushed with O2 and N2 before and during illumination 
for 15 min.

Nuclear Magnetic Resonance: 1H NMR measurements were performed 
using a JEOL JNM-ECZ400R series with a superconducting coil having 
a magnetic field of 400  MHz (9.4 T). A water suppression technique 
was used to remove the water peak. D2O (200 µL) was added to each 
sample before measurement. The NMR spectra were collected at room 
temperature, performing 16 scans, with a resolution of 16 384 points, and 
a relaxation delay of 5 s.
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