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The establishment of structure-photoluminescence (PL) relationships remains an ultimate challenge in
the field of carbon dots (CDs). It is now commonly understood that various structural domains may
evolve during the preparation of CDs; nonetheless, we are still far from capturing the specific features that
determine the overall PL of CDs. Although the core, surface and molecular states are usually considered
the three main sources of PL, it is not known to which extent they interact and/or affect one another.
Expectedly, the communication between the different PL centres depends on the mutual arrangement
and the type of linking. To gain insights into such a communication, time-dependent density functional
theory (TD-DFT) calculations were performed for several (N-doped/O-functionalized) polyaromatic
hydrocarbons (PAHSs) as representative models for the core/surfaces PL states and the prototypical mole-
cular fluorophore (MF) 5-oxo0-1,2,3,5-tetrahydroimidazo-[1,2-a]-pyridine-7-carboxylic acid (IPCA), con-
sidering different interaction modes, namely hydrogen bonded and stacked complexes as well as co-
valently bonded and fused structures. Our results revealed that each of the studied arrangements in some
way supported the communication between the PL centres. The deactivation pathways typically involve
multiple charge and energy transfer events that can promote the formation of charge separated states
and/or lead to the activation of other PL centres in CDs. Depending on the arrangement, the doping
pattern and surface functionalization, both the CD core and the MF can act as an electron donor or
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Introduction

Carbon dots (CDs) represent a highly attractive class of zero-
dimensional carbon nanoallotropes. Since their discovery by Xu
et al,' the CDs have been praised as low-cost, biocompatible,
chemically stable, water soluble nanosystems with outstanding
optical and electrical properties, such as intense photo-
luminescence (PL), high resistance to photobleaching, high elec-
tron mobility, and photo-induced electron transfer.>* These pro-
perties endow CDs with applications ranging from photocataly-
sis, sensing, and imaging up to light-emitting diodes.*”®
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acceptor, which could help to design CDs with desirable hole—electron surface/core characteristics.

Generally, CDs are defined as quasi-spherical objects with a
diameter below 10 nm possessing a multilayer graphite core
and oxygen and/or nitrogen functional groups on the CD
shell.'® Although CDs are often categorized into three types,
i.e., graphene quantum dots (GQDs), carbon nanodots (CNDs),
and carbonized polymeric dots (CPDs), their structural com-
plexity is vast. This stems from miscellaneous synthetic pro-
cedures, as small changes in reaction conditions or precursors
can lead to different CDs."'™* To achieve better control over
the properties of CDs for specific applications, the relation-
ships between the structure and PL mechanisms of CDs need
to be fully understood.

CDs exhibit multi-centre emission with three sources being
used to explain the PL origins of CDs, ie., core states due to
carbon sp® domains, surface states stemming from surface
chemical groups, and molecular states due to the presence of
molecular fluorophores (MFs)."**® Various structural domains
within CDs may contribute to the PL of CDs, and they can
even co-operate and/or influence each other.'® Thus, many
processes such as the charge transfer (CT), energy transfer
(ET), radiationless de-excitations, (reverse) inter-system cross-
ing (ISC), and involvement of trap states may be expected to
occur upon photoexcitation of CDs (Fig. S51). Nevertheless,
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despite all the efforts and acquired data, the clear link
between a particular structural feature and the observed PL
signal has not been established yet.

Computational chemistry tools are very helpful in elucidat-
ing relationships between the structure and PL properties of
molecular systems. The theoretical studies focusing on the
interplay between various PL centres in the context of CDs are,
however, very limited.>*®*' Concerning the molecular states,
5-ox0-1,2,3,5-tetrahydroimidazo-[1,2-a]-pyridine-7-carboxylic
acid (IPCA) has been identified as a prototypical MF in CDs.>?
The optical properties of IPCA monomer and dimer have been
theoretically studied in gas and aqueous solvent,* and also as
a non-covalently bonded dimer in the model of CD by QM/
MM.>* Nonetheless, neither experiments nor modelling really
provided any direct insight into the communication of the
molecular states stemming from the presence of IPCA with
other structural motifs in CDs. Not fully resolved structural
organization of MFs within CDs contributes to this conun-
drum. For example, citric-acid based fluorophore moieties
have been reported as a free-floating by-product of CDs prepa-
ration,?® but also as being present in the CD interior*® as well
as CD exterior,”” or even covalently bonded to the CD
surface,”® and these possible scenarios very likely depend on
synthetic conditions.*”

Here, we describe the PL properties of a series of core/
surface/MF models involving a prototypical MF IPCA in
various chemical and structural context within CDs. In particu-
lar, our models cover all plausible types of structural arrange-
ments (H-bonded, stacked, covalently bonded, and fused
systems) of IPCA and a pyrene-like polyaromatic hydrocarbon
(PAH) molecule representing the small-sized core of CDs. Our
results show that the interplay between these PL centres may
not only introduce new peaks in the absorption spectra of the
complex (e.g., in covalently bonded systems), but many new
dark states emerge, which can come to play during de-exci-
tation processes. Also, depending on the structural organiz-
ation of IPCA and PAH units, plausible CT and ET events
between the molecular and core states along the internal inver-
sion de-excitation cascade were identified, which can lead to
the emission from a PL centre (e.g., core) different from the
one photo-activated during absorption (e.g., IPCA).

Experimental
Models

Our studied structural domains can be sorted into four groups
(Fig. 1), namely H-bonded and stacked complexes, covalently
single-bonded systems, and fused systems. All model systems
were constructed from one prototypical MF, IPCA, and one
PAH molecule, which represents a CD core (Fig. 1, Fig. S17).
These models cover the main structural types, which can be
present and co-operate in the overall PL of the CDs. Let us
note that the fused structures can also be considered as
models giving rise to the surface PL states.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Besides a parent pyrene molecule (model A; see Fig. S1at),
CD core models containing two inner-lattice graphitic nitro-
gens (graphitic-N-core models B, D, and F) and two graphitic-
edge nitrogens (graphitic-N-edge models C and G) were con-
sidered (Fig. S1lat). As CDs usually possess oxygen-containing
functional groups on their surface and/or edges, some PAHs
were functionalized with either two oxo-groups (models D and
E) or one carboxylic group (models F and G). In the model E,
the graphitic-edge doping was replaced by two graphitic-core
nitrogens in the same ring (graphitic-N-core2), as we only con-
sidered Kekulé structures. To assess the core-size effects, co-
valently bonded as well as stacked complexes containing an
N-doped coronene moiety were also considered (Fig. S157).

Methods

To examine the effects of various binding modes on the nature
of electronic transitions in CD/MF systems, the lowest excited
states of coupled systems were thoroughly analysed in terms of
the vertical (de-)excitation energies and the corresponding
oscillator strengths as well as in terms of electron density
difference (EDD) plots and natural transition orbitals (NTOs).

The density functional theory (DFT) and time-dependent
density functional theory (TD-DFT)*° calculations were per-
formed by applying the Coulomb-attenuating three-parameter
Becke, Lee-Yang-Parr (CAM-B3LYP)*"*? functional including
the D3 correction to account for dispersion interactions®® in
combination with the def2-TZVP** basis set. All calculations
were performed for hydrated systems, employing the implicit
universal solvation model based on solute electron density
(SMD),* and using the Gaussian 16 (revision B.01).>® The
structures were rendered in PyMOL?” and Chemcraft.*®

To simulate absorption spectra, the ground state (GS) geo-
metry of all the models (Fig. S11) was first optimized without
any symmetry constraints. All the optimized geometries were
verified to be true minima on the potential energy surface by
the absence of imaginary frequencies in the harmonic
vibrational analysis. The electronic vertical excitation energies
(VEEs) were calculated within the TD-DFT framework using
the linear response (LR) as well as corrected linear response
(cLR) approaches,**™** with the first thirty singlet states taken
into consideration in the former. Furthermore, LR-TD-DFT cal-
culations of ten lowest singlets and triplet excitations were per-
formed, on the GS geometries, to judge on the feasibility of
ISC in model structures. It should be noted that the evaluation
of adiabatic singlet-triplet energy gaps (AEsr) was not achiev-
able for all systems due to convergence problems (using the
applied method) during geometry optimizations of triplet
excited state structures.

For the calculation of radiative de-excitations, Kasha emis-
sions from the S; state were considered. The S; geometry was
first optimized with the def2-SVP basis set, followed by calcu-
lation of emission energies with the def2-TZVP basis set apply-
ing the equilibrium solvation regime for the ES calculations
and nonequilibrium solvation for the subsequent calculation
of the GS.
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Fig. 1 The schematic figure on how CDs (two models in the middle), can be formed from PAHs and different interaction systems of PAH/IPCA that
were used as models for our calculations (corresponding chemical structures are shown in Fig. S1f). Colouring scheme: blue — nitrogen; red —
oxygen; white — hydrogen; grey, green, orange, beige, cyan, violet, yellow — carbon. Different colours of carbons were chosen to clearly show their

location in the models of CDs.

CT and ET analyses were performed based on the NTOs
that were rendered in Chemcraft (version 1.8) and electron
density differences (EDDs) displayed in GaussView (version
5.0).** The calculations of total coupling of electronic energy
transfer (EET) were performed using TD-DFT as implemented
in Gaussian 16, where solvent effects were introduced using
the SMD cavity for the whole system;*>*® ES calculations were
performed on each fragment, and all the couplings among all
the resulting states were computed; and ONIOM-like'” link-
atom input information to cap the fragments was used for our
models bonded through a single covalent bond in EET
calculations.

Results and discussion

First, we describe the changes in absorption and emission of
CDs due to the formation of the PAH/IPCA complexes (Fig. 1).
In the second part, we demonstrate how a particular bonding
type and/or specific structural arrangement of IPCA and PAH
can affect the de-excitation processes assuming the photo-acti-
vation of the system by a 350 nm source of light, i.e., in the
region of the absorption maximum of IPCA. The analysis of
the optical properties of isolated molecules from which we
constructed our models to establish structure-PL relationships
in CDs and trace the communication between the core/surface
and molecular states is detailed in the ESL.}

Changes in absorption spectra

In the H-bonded systems, the interaction of both IPCA and
PAH units with light remains practically independent to each
other. This means that the formation of H-bonded complexes
does not give rise to any significant new peaks in the CDs
absorption spectra (Fig. 2a and b), even though the frontier
orbital analysis (Fig. S1b and S7}) suggests a possible CT exci-
tation from the PAH unit to IPCA. Indeed, a CT n-n" transition

4024 | Nanoscale, 2023, 15, 4022-4032

(state S,, 401 nm) from PAH to IPCA with a rather small inten-
sity (f = 0.026) due to a small overlap of the involved MOs was
observed in our COOH_core model (Tables S11 and S12%). A
similar, except being dark, CT state (S;, Amax = 371 nm, f =
0.002) was observed for the COOH_edge model.

The stacking arrangement of PAHs and IPCA opens new
absorption channels in CDs. Notably higher energy of the
highest occupied molecular orbital (HOMO) in N-doped PAH
units and slightly lower energy of the lowest unoccupied mole-
cular orbital (LUMO) in IPCA (Fig. S17) indicate the plausibility
of low-lying CT excitations from N-doped pyrene to IPCA, as
demonstrated in stacked_core and stacked_edge models
(Fig. 2c, d, S8; Tables S13 and S147). However, in the model
with a graphitic-N-edge unit (stacked_edge model), the S, — S;
electronic excitation (Amax = 558 nm) exhibits much stronger
CT character (D index 3.48 A) from PAH to IPCA (Table S14%)
compared to stacked_core complex (D index 1.33 A). Owing to
its non-zero oscillator strength (f= 0.021) a new small peak in
the visible region can be observed (Fig. 2d). Nevertheless, the
intense absorption bands of stacked_core and stacked_edge
(above 300 nm) are due to LEs within the molecular com-
ponents (Tables S13 and S14t), which is in line with a good
overlap of the sum spectra with those of separate molecules
albeit the intensity of peaks slightly decreases upon the
complex formation (Fig. 2c and d).

Introducing O-functional groups in the stacked models
(oxo_stacked1_a, oxo_stacked1_b) preserves the shape of the
sum absorption spectra of components only above 380 nm,
i.e., the main absorption bands are predominantly due to LE
transitions in this region (Fig. 2e). The S, — S; transition is a
bright LE in O-PAH (f = 0.250) peaking at around An.x =
453 nm. Below 380 nm, new absorption peaks, relevant for
photoexcitation using a ~350 nm irradiation source, emerge
upon the stacking. In oxo_stacked1_a, these peaks appear due
to the hybridized local and charge-transfer (HLCT) S, — S;3
transition (Amax & 360 nm, f = 0.049), where an electron is

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Absorption spectra of non-covalently bonded complexes along with those of the separated molecules which form the complexes (see mole-
cules A-H in Fig. S1}). For each spectrum, the line spectra (considering 30 lowest singlet states) were convoluted by a Gaussian function assuming

the inhomogeneous broadening of peaks with ¢ = 20 nm.

transferred from m-orbital delocalized over both components
to a © orbital localized only on IPCA (Table S167), and S, —
Sa,5 (Amax & 330 nm, f = 0.04) transitions (Fig. 2e, Table S16t).
In oxo_stackedl_b, a new absorption peak corresponding to
So — S3 CT excitation (PAH — IPCA) arose at ~350 nm
(f = 0.054, Fig. 2e, Table S177), overlapping with the LE peak
of the IPCA molecule. Another albeit less bright CT
(IPCA — PAH) excitation (Amax = 335 nm, f = 0.027) can be
detected in the region of spectrum, where typical excitation
wavelengths are targeted for photoexcitation of CDs.

The change of the N-doping pattern in the O-functionalized
stacked complexes can cause significant structural distortions
(Tables S18 and S19, Fig. S171). Whereas oxo_stacked2_b
keeps a compact stacked arrangement, oxo_stacked2_a corres-
ponds to a partially open stacked configuration stabilized by
the formation of H-bonding (IPCA-N---O-PAH). Consequently,
the absorption spectrum of oxo_stacked2_a copies to a large
extent those of the isolated molecules. On the other hand, the
compact arrangement of oxo_stacked2_b gives rise to slight
modifications of the band shapes in the 350-400 nm region
(Fig. 2f) resulting mainly from the Sy — S3 (Amax & 352 nm,

This journal is © The Royal Society of Chemistry 2023

f=10.075) and Sy = S5 (Amax ~ 343 nm, f = 0.041) transitions
exhibiting HLCT character, where the electron is transferred
from m-orbital of IPCA to n'-orbital delocalized over the
complex (Table S197).

Absorption spectra of models when the core/molecular PL
centres CDs are connected with an ester bond (referred as
esterl_core and ester2_edge models) greatly overlap with the
absorption spectra of the isolated molecular components
(Fig. 3a and b). These structural motifs are also vital for under-
standing the CDs PL as they may occur during the synthesis of
CDs before the carbonization process is completed. No bright
excitations with CT character were observed in these models,
which we attribute to the twisted mutual orientation of both
units (Fig. S11a-h, Tables S20 and S217) and to the character
of the ester bond, which does not enable efficient electron
delocalization.

On the other hand, an amide bond allows the whole
complex being quasi-planar which can significantly affect the
electronic energy levels of linked components. In the amidel_-
core model, the peak corresponding to LE on IPCA is blue-
shifted by 28 nm compared to an isolated IPCA molecule, as

Nanoscale, 2023,15, 4022-4032 | 4025
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Fig. 3 Absorption spectra of covalently bonded complexes along with those of the separated molecules which form the complexes (see molecules
A-H in Fig. S17). For each spectrum, the line spectra (considering 30 lowest singlet states) were convoluted by a Gaussian function assuming the

inhomogeneous broadening of peaks with ¢ = 20 nm.

the -COOH group of IPCA was replaced by -CONH- group
(Amax & 315 nm, f = 0.173, Fig. 3c). In amidel_edge, a small
part of electron density is transferred from N-doped pyrene to
a linking amide group and to the IPCA unit upon the Sq — S,
excitation (Amax & 444 nm, = 0.177), which indicates efficient
interaction between the two PL centres. An additional small
peak (f = 0.020) can be observed at 385 nm due to S, — Ss,
which exhibits CT character from PAH to IPCA. Due to the re-
placement of -COOH by -CONH-, the LE on IPCA is also blue-
shifted to 316 nm, giving rise to an additional peak in the
absorption spectrum of amide1_edge model (Fig. 3c).

The position of an amide binding group covalently linking
PL structural motifs inside CDs can also significantly affect the
energy levels of the system. The observed changes are
indirectly related to the dihedral angle between IPCA and
pyrene units (Fig. S11}), as the quasi-planar orientation can
lead to a more intense interaction of molecular orbitals of the
components. Our results corroborate this hypothesis, as
several CT excitations were identified in amide2 and amide3
positions for both N-doping patterns (Tables S22-S277).
Models with a graphitic-core unit, amide2_core and amide3_-
core, do not absorb light in the spectral region 330-400 nm,
similarly to amidel_core model (Fig. 3d). The electron is trans-
ferred to the amide group and IPCA in S, — S; in amide2_core
(Table S247%), causing a slight redshift of the absorption
maximum. The change of the linking position also introduces
the new peaks around 430 nm, which can be described as
(weak) HLCT S, — S, excitation from PAH to IPCA. A striking

4026 | Nanoscale, 2023, 15, 4022-4032

difference due to different linking of -CONH- bond was noted
for amide3_edge, in which the absorption peak for S, — S;
HLCT transition from PAH to IPCA was blue-shifted to Ay ~
539 nm (Fig. 3e) and attained a notable oscillator strength (f=
0.122).

The formation of fused PAH/IPCA systems (fused, fused_-
core, fused_edge models) in CDs would produce many new
peaks in their absorption spectra (Fig. 3f-h), which may be
assigned to the extended delocalization effects and the pres-
ence of multiple bright CT excitations. Contrary to previously
analysed systems, the frontier orbital analysis suggests that the
fused systems should be considered more as core/shell
systems because their HOMOs and LUMOs are delocalized
over the entire model structures (Fig. S147). In fused model,
all ten lowest bright excitations have to some extent the n-n"
character with the n-orbitals delocalized over the whole system
(Table S281), e.g., the Sy — S, transition is a HLCT excitation,
where the electron density predominantly transfers from the
whole structure to a PAH part, however, it is less intense (f =
0.014). For the fused_core model, LE on IPCA is now the S, —
S4 transition with An.x ~ 363 nm (Fig. 3g), ie., red-shifted by
21 nm compared to IPCA, with an increased oscillator strength
(f = 0.392) in comparison with an isolated IPCA molecule
(Table S2971). There are several CT excitations from PAH to the
whole system or mostly to IPCA unit for Sy — S; (Amax ~
503 nm, f= 0.079). The S, — S5 transition is a HLCT excitation
from PAH to the whole system. The fact that it is the bright
excitation lying in the visible part of electromagnetic spectrum

This journal is © The Royal Society of Chemistry 2023
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(354 nm, f = 0.026) offers the interesting region to target the
absorption in CDs. Concerning the fused_edge model, the
So — S; excitation (Amax & 592 nm, f = 0.122) occurs on the
whole model structure, dominantly on the PAH unit. Again,
new excitations in comparison with IPCA and N-doped isolated
molecules are present, which correspond to CT excitations
delocalized over the whole system (Table S301). These peaks
positioned at 350, 558 and 511 nm make the fused_edge
model plausible for the rationalization of typical photo-
excitation wavelengths of CDs.

To address the impact of the core size on the absorption
spectra of the studied systems, representative covalently
bonded as well as stacked complexes containing an N-doped
coronene moiety were investigated (Fig. S15%). In amide-linked
models (amidel_cor and amidel_cor_edge), bright CT exci-
tations from PAH to IPCA corresponding in both cases to S, —
S, transition are centered around 460 nm (Fig. S16, Tables S31
and S327), ie., they are red-shifted (by ca. 14 and 72 nm,
respectively) compared to pyrene-like analogs (Tables S22 and
S23t). The S, — S, vertical excitation energy is even more red-
shifted (by 171 nm and 415 nm) for amide1_cor and amidel_-
cor_edge, respectively, with respect to the smaller-core
systems. For the stacked complex without O-functionalization
(stacked_cor model), a brighter CT state was found for
N-coronene/IPCA in comparison to the N-pyrene/IPCA counter-
part, ie, Sp — S, transition (An.x & 320 nm, f = 0.030) for
N-coronene/IPCA vs. S, — Se transition (Amax =~ 317 nm, f =
0.004) for N-pyrene/IPCA (Tables S13 and S33t). Again, the S,
— S; maximum is red-shifted by 156 nm (1. ~ 938 nm) with
respect to N-pyrene/IPCA. In stacked_oxo_cor model, the
HLCT excitonic transition (So = S7; Amax &~ 341 nm) has the
oscillator strength with the value f= 0.044 (Table S347), which
is similar as in the pyrene counterpart (see oxo_stacked1_a, b).
Similar CT states were found also in stacked_oxo2_cor model
(So = S45 So = Se; So — Sy; Table S35t) and in the stacked
complex with different N-doping pattern (stacked_oxo_cor2; S,
— S4; So — Ss; So — Sy; Table S367). Interestingly, the So — S;
excitation energy is red-shifted only by 38 nm (4, &~ 491 nm)
for the N-coronene/IPCA stacked complex with oxo-functionali-
zation (stacked_oxo_cor model) in comparison to the oxo_s-
tacked1_a model (with pyrene-sized PAH). Despite a different
N-doping pattern imprinted in the stacked_oxo_cor2 model,
the absorption peak corresponding to S, — S; is not red-
shifted outside the Vis region (Amax & 518 nm, f = 0.051). In
general, our results indicate that even in models with a larger
core than pyrene, the overlap of molecular orbitals of the com-
ponents remains efficient, and new CT states are present.
Additionally, the absorption peaks are red-shifted for the
larger core.

To sum up this part, in the 340-360 nm region, where the
isolated IPCA and its dimers absorb light, other multiple
absorption events can occur, thus photoactivating different PL
centres. It was also shown that not only large sp® carbon core
domains but also the interaction between IPCA and PAH units
in fused and amide-bonded systems are likely responsible for
the absorption in the visible region. Moreover, it was demon-

This journal is © The Royal Society of Chemistry 2023
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strated that the electronic excitations with CT character from
IPCA to PAH only occurred in CD core models functionalized
with oxo-groups due to the relative positions of the frontier
orbitals isolated of IPCA and oxo-PAHs.

De-excitation pathways

The analysis of de-excitation pathways in the studied models
of various interacting PAH/IPCA structural domains of CDs
provides valuable insights into the PL deactivation processes
occurring in real CD samples after irradiation. We chose to
describe the sequential de-excitation cascades (S, — S,) after
the photoexcitation with a 350 nm energy source, which is the
typical excitation wavelength presumably targeting the absorp-
tion maxima of MFs such as IPCA. Along the de-excitation
pathways based on the NTO analysis, we identified CT/ET pro-
cesses between the interacting CD components (Fig. S57).
Despite being dark, the CT and ET states can play an impor-
tant role during de-excitation dynamic processes, leading to
charge-separated excitons and/or activation of multiple PL
centres in CDs. The here presented de-excitation cascades rep-
resent alternative relaxation channels to local de-activation of
IPCA and its dimers leading to the emission from molecular
states.>*?*

The formation of H-bonded complexes of IPCA and
N-doped PAHs within CDs appears to promote radiationless
channels and thus lowers the PL QY in CDs. The reason is that
the de-excitation cascade brings the photoactivated H-bonded
systems down to the S; state which gets (after relaxation) too
close to the GS (Fig. 4a and b). In particular, in the
COOH_core model, the 350 nm excitation source causes popu-
lation of S¢ and S; energy levels, which are LEs on IPCA and
PAH, respectively. Sequential internal conversions of Ss to S3
involve the electron transfer from PAH to IPCA (S5 — S,) and
reverse CT (S, — S;) according to the NTO analysis
(Table S11t). The EDD plot for S;” — S, at the relaxed S; geo-
metry (inset in Fig. 4a) shows the localization of an exciton on
PAH, and the proximity of S, and S; energy levels in this geo-
metry suggests the non-radiative de-excitation. An analogous
picture was drawn for the COOH_edge model, with one low-
lying dark state missing in the deactivation cascade (Fig. 4b,
Table S127).

Similarly, the stacked complexes of non-functionalized
N-doped PAHs with IPCA endorse non-radiative channels in
CDs, lowering the QY (Fig. 4c). There are several dark CT states
(e.g., S, and S¢ in stacked_core model, and S in stacked_edge
model) which cannot be identified in the absorption spectrum
but are important in the de-excitation processes. After local
excitation (S5) on IPCA at 345 nm in the stacked_core model,
Ss — S, ET to the PAH part of the complex can occur (see
section 10 in ESIf for the evaluations of total couplings of the
EET analysis) although the relatively large energy difference
(~1 eV) between the two states suggests a competitive pathway
via direct emission from the S; state localized on IPCA in some
stacked arrangements.>>** In the case of the S; — S, internal
conversion, ET is followed by hybrid local charge-transfer
(HLCT) to IPCA (S; — S;) and HLCT to PAH (S, — S;) and
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Fig. 4 De-excitation cascade for the non-covalently bonded complexes (see Fig. 1 for system labeling) excited by the 350 nm energy source. LE
represents local excitation, CT (e"/h*) charge (electron/hole) transfer, HLCT hybridized local and charge-transfer, ET energy transfer. Insets: EDD
plots for the Sq — S; transition (red/blue regions indicate increase/decrease of the electron density upon the excitation). Note: For stacked_edge
structure, the S, state was calculated with the LR approach (see ESI+ for the explanation).

internal conversion to S;”. Thus, the emission takes place from
this HLCT state, and it is significantly redshifted to 1512 nm.
Moreover, these HLCT excitations have almost zero oscillator
strengths, suggesting low efficiency of radiative deactivation.
With the 350 nm source used for the photoexcitation, the for-
mation of an exciton (S; — Ss5) dominantly localized on PAH
part of the stacked_edge model can be expected (Fig. 4d). The
transition to from the S; state to CT S, state could be described
as a weak ET from PAH to IPCA forth and back, with several
NTOs involved in the transitions. Relaxing from S, to S, the
electron is transferred to IPCA part. Here, the TD-DFT pre-
dicted that the S; state in the relaxed geometry is energetically
lower than GS, which is apparently an artefact of TD-DFT,
which is not appropriate for describing quasi-degenerate states
and suggests the occurrence of a conical intersection in this
model.

The stacked complexes of IPCA with O-functionalized
N-doped PAHs can lead to both radiative and radiationless de-
excitation pathways in CDs depending on the doping pattern.
The excitation to the S; HLCT state in oxo_stacked1_a is fol-
lowed by weak ET localizing the exciton on the PAH moiety
(Fig. 4e). The S; — S, emission is bright (f= 0.558) with Aax &
500 nm. If oxo_stacked1_b is photoexcited with the 350 nm
source, S; and S; states become populated (Fig. 4f). The NTO
analysis suggests that the S; energy level is reached via a
sequential ET process (from IPCA to PAH) through hole trans-
fer (S, — S3) followed by electron transfer (S; — S,). This non-

4028 | Nanoscale, 2023, 15, 4022-4032

covalent structural domain similarly emits the light of green
colour (525 nm, f= 0.464).

Altering the doping sites in O-functionalized N-doped
stacked complexes can result in different de-excitation cas-
cades lowering PL QY in CDs including possible occurrence of
ISC (Fig. 4g and h). In oxo_stacked2_a, the 350 nm source
would cause the populating of S; localized on PAH, which can
internally convert to S; via the S, state, both keeping the char-
acter of LE on PAH. The LE character is also preserved during
the relaxation of the S; state, despite notable differences
between the S, and S; structures (Fig. S171). Besides the Kasha
emission being in the IR region (Anma.x & 976 nm, f= 0.093), a
small singlet-triplet energy gap AEsy = 1.1 kcal mol™
(Fig. S6T) suggests the plausibility of ISC, thus opening a radia-
tionless deactivation channel.

In the case of oxo_stacked2_b, the 350 nm excitation source
would populate HLCT Ss, CT S, and HLCT S; states. The tran-
sition from S5 to S; involves hole transfer from IPCA to PAH
and back, followed by ET from S; to S, and vibration relaxation
to S;. As in oxo_stacked2_a, the Kasha emission occurs from
S; localized on PAH unit (see EDD plot in Fig. 4g) at 952 nm
(f = 0.091), and the small singlet-triplet energy gap AEsy =
0.4 kecal mol ™" (Fig. $61) again suggests ISC as a possible radia-
tionless decay channel.

The linking of IPCA with N-doped PAHs via a single
covalent bond leads either to local emission from IPCA,**** or
to a non-radiative de-excitation pathway lowering the PL QY of

This journal is © The Royal Society of Chemistry 2023
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CDs, as the Kasha emission occurring on PAH is red-shifted to
the red end of the visible range with low oscillator strength or
even to the IR region. The involvement of low-lying dark CT
states with a hole on PAH and an electron on IPCA in de-exci-
tation processes in models with the ester bond is depicted in
Fig. 5a and b. The Sy — S; transition in esterl_core corres-
ponding to a LE on PAH is dark and lies in the red spectral
region (Amax & 748 nm, f = 0.000), while the emission is far in
the IR region (1370 nm, f = 0.001), suggesting a non-radiative
decay. On the other hand, the S, state in esterl_edge model
with a graphitic-N-edge unit is the bright LE on pyrene
peaking at 493 nm (f = 0.045), and the emission is shifted to
the red spectral region (751 nm, f= 0.080) and it only slightly
decreases the QY in comparison with the PL of isolated IPCA
molecule. However, it should be noted that the Ss state in
esterl_core is relatively well separated from S,, which suggests
that a competitive pathway via direct emission from the Ss
state localized on IPCA is plausible.

Contrary to other studied cases, the 350 nm energy source
cannot activate PL channels of single-bonded complexes of
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IPCA/N-doped PAHs with graphitic-N-core doping pattern as
there are no absorption peaks in this region. A lower energetic
source could stimulate a LE on PAH (Fig. 5c) for amide1_core.
Its de-excitation from this S; state only includes the internal
conversion to S; and the calculated vertical emission energy in
the IR region (4 = 1372 nm) suggests non-radiative deactivation
(Fig. 5c). If the HLCT states amide2_core and amide3_core was
targeted with the lower-energy excitation source, similar de-
excitation pathways could be followed in both these models,
starting with electron transfer from IPCA to PAH (S, — S;) and
sequential internal conversions and vibration relaxations to Sy,
where the exciton is localized on PAH (Fig. 5e and g). The exist-
ence of these complexes would, again, lower the QY of CDs
emission as the emission was calculated to be in the IR region.

The amide-bonded complexes with graphitic-N-edge doping
could be photoexcited with 350 nm laser. In amidel_edge, it
would cause LE on PAH (S, — S,) and the de-excitation would
involve dark HLCT from PAH to IPCA (S, — S;) and back trans-
fer (S; — S,), followed by vibration relaxation to S, (Fig. 5d).
Eventually, this radiative channel would lead to emission at
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Fig. 5 De-excitation cascade for the covalently bonded complexes excited by the 350 nm energy source. LE represents local excitation, CT (e~/h*)
charge (electron/hole) transfer, HLCT hybridized local and charge-transfer, ET energy transfer. Insets: EDD plots for the So — S; transition (red/blue
regions indicate increase/decrease of the electron density upon the excitation).
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757 nm (f= 0.081). Photoexcitation with 350 nm energy source
would also create an exciton pair on PAH in amide2_edge and
amide3_edge complexes. Similar de-excitation pathways were
identified for these two models, where transitions between
bright HLCT and CT states could be tracked (Fig. 5f and h;
Tables S25 and S271). The amide2_edge model exhibited verti-
cal emission at the end of the visible region, while HLCT char-
acter of S; in amide3_edge resulted in a non-radiative de-exci-
tation pathway, which could be related to smaller distortion of
the two components in the S1 state (Fig. S18t). Moreover, ISC
cannot be excluded from considerations as the closest singlet-
triplet gap out of all single-bonded models is 1.9 kcal mol™
for amide3_edge (Fig. S67).

The formation of fused structures in CDs can open either
radiative or radiationless channels depending on the number
and topology of the graphitic nitrogens in their structure
(Fig. 5i-k). In the fused model with two graphitic nitrogens
being remnants of fusion with IPCA, the calculated Kasha
emission was predicted at 441 nm (f = 0.834), which is very
close to the IPCA emission band. If the HLCT state (354 nm) of
fused_core was targeted with a 350 nm excitation source, two
ET could be witnessed during deactivation processes to Sy, i.e.,
internal conversion from Ss to S,, and a successive ET (S; — S,)
involving two-step hole and electron transfers (Fig. 5j). The
So — S; transition is not bright (An.x &~ 651 nm, f= 0.003), and
the corresponding Kasha emission is far in IR region at
1071 nm with the low oscillator strength (f= 0.005), suggesting
non-radiative deactivations. Targeting S, of fused_edge with
the 350 nm source, electron CT from IPCA to PAH, back to

4030 | Nanoscale, 2023, 15, 4022-4032

IPCA and again to PAH are needed to reach the S; level. The
S; — S, emission is in the near IR region (Amax &~ 945 nm, f=
0.023). Although the singlet-triplet gap for the S, state of these
fused structures is in the range of 4.3-15.8 kcal mol™", thus
discouraging the feasibility of the ISC pathway, it should be
noted that the gap determined using the GS geometries can
differ from that obtained from the adiabatic picture. The
general features in our models representing interplay between
core/surface and molecular states in possible structural
domains occurring within CDs are summarized in Fig. 6.

Conclusions

We analysed absorption and emission properties of computa-
tionally feasible CD core/surface/molecular fluorophore
systems, focusing on the possible interplay between different
PL centres via charge and energy transfers that can occur
during the de-excitation processes. By including both non-co-
valently and covalently bonded systems as well as fused struc-
tures, our models covered the main structural domain types
and thus reflected the semi-local complexity of CDs. Our
results revealed that all the studied arrangements supported,
to some extent, the mutual communication between the core,
surface, and molecular states. However, we showed that, in
some cases (e.g., in stacking structures and covalent single-
bonded systems), the direct emission from the photoactivated
MF competed with an internal conversion de-excitation
pathway, while in others (e.g., H-bonded, and fused systems),

This journal is © The Royal Society of Chemistry 2023
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efficient CT and ET events led to either a long-wavelength
emission from the core state or a non-radiative decay.

The non-covalent interactions mediated by H-bonding did
not significantly affect the optical properties of molecular com-
ponents; however, the low-lying dark CT states were still able
to assist non-radiative decay pathways. A more efficient overlap
of frontier MOs in the stacked structures modified electronic
excited levels, and new peaks corresponding to bright CT
states emerged in their absorption spectra. Such changes in
the absorption as well as emission spectra were enhanced in
those types of covalent bonding, where steric factors allowed
the molecular units to attain a quasi-planar arrangement, such
as in systems linked via an amide bond. The most significant
changes in the optical properties compared to the behaviour
of separated molecules were found for fused structures formed
via sharing one edge bond, where the CT character of exci-
tations between the core and surface/molecular states was
demonstrated.

The deactivation pathways in the studied systems typically
involve multiple CT and/or ET events that can promote the for-
mation of charge separated states and/or lead to the activation
of other PL centres in CDs. In addition, it was shown that,
depending on the arrangement, the doping pattern and
surface functionalization, both the CD core and the MF can
act as an electron donor or acceptor in the charge transfer pro-
cesses, which could help to design CDs with desirable hole-
electron surface/core characteristics. Our study represents a
significant step towards deciphering the complexity of the PL
mechanisms in CDs via establishing a link between their struc-
ture and the PL properties.
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