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The influence of sp?- and sp>-hybridized carbon coexisting in carbon cores on fluorescence characteristics
of carbon dots (CDs) was revealed by density functional theory calculations. Based on the constructed
coronene-like structures, the fluorescence emission spectra, transition molecular orbital pairs and
several physical quantities describing the distribution of electrons and holes were investigated. The
results indicate that due to the interaction between sp? and sp® carbon atoms, two main factors
including the hyperconjugative effect and the separation of sp? domain by sp® carbon atoms can

regulate the fluorescence wavelength. By analyzing the transition molecular orbital pairs, it was found
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Accepted 11th September 2023 that the fluorescence wavelength has a close correlation with the conjugation length, suggesting that
the conjugation length can predict the shift of the emission spectra of CDs. The theoretical results

DOI: 10.1039/d3ra05031a provide a comprehensive understanding of fluorescence mechanism and help to synthesize CDs with
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1. Introduction

After fullerene nanoballs, carbon nanotubes and graphene,
carbon dots (CDs) have become a new hot topic in the research
of carbon-based nanomaterials."® CDs have many peculiar
characteristics, including low cost, high stability, easy surface
modification, low toxicity, good biocompatibility and tunable
photoluminescence, leading to a wide range of applications of
CDs.* ' In recent years, the relationship between the structure
and fluorescence properties of CDs has been widely explored
to meet the requirements of practical applications. Many
research works have attempted to make the atomic structure
of CDs clear and found that CDs mainly consist of carbon
cores and surface chemical functional groups.’*** Carbon
cores are formed by embedding sp-hybridized graphene
fragments in a sp’-hybridized carbon network.'”** Therefore,
there are two main methods to regulate the fluorescence
emission wavelength of CDs. One is to change the size of the
carbon cores, the other is to modify surface functional groups
of CDs.”?' The main purpose of changing the size of the
carbon cores is to change the range of the sp® carbon domains,
which can determine the energy gap of CDs.**** Hence, many
previous investigations focused on the structures of carbon
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cores and their influence on fluorescence properties. Experi-
mentally, polycyclic aromatic hydrocarbons (PAHs) are mostly
used to construct the carbon cores composed by sp*-hybrid-
ized carbon atoms.***” Recently, some researchers realized the
fluorescence shift of CDs by changing hybridization types of
carbon.”®>' Lu et al.** regulated the external pressure to ach-
ieve an irreversible change from yellow (557 nm) to blue-green
(491 nm) emission of CDs. To explain this phenomenon, N-
doping polyaromatic structures were produced to model
the N-doping CD structure, and first-principles calculations
performed at the B3LYP/6-31G(d) level proved that the fluo-
rescence blueshift originated from the transformation of sp>
into sp*>-hybridized domains under high pressure. Rukhlenko
et al.** simulated the CD structure by pairs of coupled poly-
cyclic aromatic molecules and concluded that with the
increase of the sp>hybridized carbon domains in sp®-hybrid-
ized amorphous core, the valence electrons become more
delocalized and thus the fluorescence redshift occurs by using
a simple quantum chemical approach. Wang et al.*®* changed
the number of sp> hybridized benzene rings in the sp® carbon
network to modulate the sp*/sp® ratio and demonstrated that
the conversion of sp®>-hybridized to sp>-hybridized leads to the
emission redshift of CDs using first-principles calculations at
the B3LYP/6-31G(d) level. Recently, Xu et al.** used acetic acid
to promote the formation of sp® carbons during the synthesis
of CDs. They designed a variety of sp> hybridized benzene ring
structures to evaluate the effect of conjugated rings on the
emission wavelength and found as the number of conjugated
rings increases from 1 to 25, the calculated energy gap energy
decreases resulting from electron delocalization within the sp®
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domain using first-principles calculations performed at the
B3LYP/6-31G(d) level.

The above-mentioned theoretical and experimental works
have found that the proportion of sp> and sp*-hybridized
carbon has a regulating effect on the fluorescence properties of
CDs. However, the influence of sp>-conjugated domains sur-
rounded by sp® carbon core on fluorescence emission still needs
further discussion. In this work, coronene-like structures con-
sisting of sp*hybridized benzene rings and sp>-hybridized
carbons were constructed. The electronic structures and fluo-
rescence emission spectra were calculated by using density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) methods. Firstly, the relationship between the
geometry configuration of carbon cores and fluorescence
spectra was investigated and the interaction between sp* and
sp>-hybridized carbon atoms was discussed in details. Then, the
correlation of the conjugation length and the fluorescence
emission was revealed by analyzing the transition molecular
orbitals. This work illustrates the effect of sp> and sp® hybrid-
ized carbon on the fluorescence emission of CDs and provides
a theoretical guidance for the controlled synthesis of CDs.

2. Models and computational details

All calculation works were performed by Gaussian 16 package®
and performed by using the range-separated hybrid function
wB97X-D** with dispersion correction in conjunction with the
def2-SVP*” basis set. The polarizable continuum model (PCM)
solvation approach was used to calculate the solvation effect in
aqueous solution using the self-consistent reaction field
method.”® More computational details and the choice of
calculation method with basis set are in the ESL{ As shown in
Fig. 1, coronene structure was selected to construct various sp-
and sp>-hybridized carbon cores. Here, the size of sp> carbon
domain was controlled by changing the number of sp>-hybrid-
ized benzene rings. Single-electron excitation was considered to
describe the radiative transitions, and three structures in spin-
triplet state were excluded shown in Fig. S17 in the ESL{ The
ground-state geometry and electronic structure optimizations
were carried out by DFT calculations with no constraints
imposed beyond the multiplicity of the electronic state.
Frequency calculations were performed to check the local
energy minimum. Then the excited-state geometries were
further optimized by linear-response TD-DFT method.** The
vertical excitation energy and oscillator intensity of the elec-
tronic transitions in fluorescence spectra were also obtained. To
verify the validity of theoretical method, the fluorescence
emission energy of coronene was firstly calculated, and the
theoretical value 3.35 eV is in agreement with the experimental
value 2.95 eV.* The electronic properties analysis of all models
were finished by Multiwfn 3.8 software.**

3. Results and discussion
3.1 Emission properties of CDs

Fig. 2 shows the calculated fluorescence emission spectra of all
models. Previously experimental and theoretical works have

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of coronene-like carbon dot models. Red rings
represent sp-hybridized benzene rings. nR (n =1, 2, ..., 6) represents
the number of sp? carbon rings, and nR-i represents the i-th structure
with n sp? rings.

revealed that the fluorescence wavelength of CDs shows
a redshift trend with the increasing content of sp> carbon
domain."* In this work, the content of sp>-hybridized carbon
domain can be evaluated as the number of sp* carbon rings.
From structures 1R-i to 6R-i, the content of sp® carbon domain
varies from 25% to 92%. In overall view, the fluorescence
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Fig. 2 Calculated normalized fluorescence spectra of coronene-like
structures.
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wavelengths (250-523 nm) of all models exhibit a rough redshift
trend with the increasing content of sp>-hybridized carbon.
However, it should be noted that the emission wavelength and
the content of sp> domain are not strictly related. Sometimes,
the more content of sp> domain corresponds to the shorter
emission wavelength, or the same content of sp”> domain
produces different emission wavelength. The results suggest
that the size of sp> domain is not the only reason for regulating
the fluorescence shift.

Analyzing the geometry configuration illustrated as Fig. 1, it
can be found that structures 1R-1 and 1R-2 with the same
content of sp”> domain have different but close fluorescence
emission peaks located at 250 nm and 264 nm, respectively.
Also, structures 2R-3 and 2R-4, structures 3R-1 and 3R-2 with
the same content of sp> carbon have different but close emis-
sion peaks. Observing these structures, one can see that they
have the same content and geometry configurations of sp”
domain but different sp’-hybridized carbon surrounding
networks. The results mean that although the content of sp®
carbon domain is unchanged, various sp® surrounding struc-
tures can induce the fluorescence emission shift of carbon
cores.

In Fig. 2, another interesting result is that different contents
of sp> carbon domains possibly causes similar fluorescence
wavelengths. For example, structure 2R-1 exhibits an emission
peak at 251 nm, which is very close to the peak position of
structure 1R-1 or 1R-2. Comparing their benzene ring configu-
rations, one can see that although structure 2R-1 has two sp’-
hybridized rings, the two rings are separated by sp>-hybridized
carbon atoms, suggesting that the two benzene rings are
essentially independent. Therefore, the completely-separated
sp®> carbon domains in carbon core behave as smaller indi-
vidual domains, which finally determines the fluorescence
wavelength. This phenomenon has been observed in experi-
mental measurement, where the fluorescence emission was
dictated by isolated small sp> domains.** Nonetheless, it should
be noted that the sp> carbon domains in some cases seem to be
separated, but the benzene rings are factually linked by C-C
single bonds. For example, the sp® carbon domains in struc-
tures 2R-2 and 3R-3 are not completely separated, which leads
to the fluorescence emission energies of the two structures
different from any smaller individual domains such as structure
1R-1 or 2R-4. Thus, the conclusion is not suitable for describing
the separated sp> domains linked by C-C single bonds.

As we all know, zigzag edges and arm-chair edges are two
typical edges of sp” carbon domain in CDs. In the present
models, structures 2R-4, 3R-4 and 5R-2 have zigzag edges and
exhibit long-wavelength fluorescence emission compared to
other structures with the same content of sp®> domain. By
contrast, structures 3R-1, 4R-1 and 5R-1 have arm-chair edges
and exhibit short-wavelength fluorescence emission among all
structures with the same content of sp> domain. The results
indicate that when the content of sp®> domains remains
unchanged, the structures with zigzag edges exhibit long-
wavelength emission compared with the ones with arm-chair
edges, which is consistent with the theoretical results.*” For
those structures with both edge features, the fluorescence
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emission peaks are located between the two situations
mentioned above. From the perspective of aromatic stabiliza-
tion, the zigzag and arm-chair structures exhibit obvious
differences, and the former is more susceptible to chemical
reaction and has lower aromatic stabilization than the latter.**
The calculated spectra in Fig. 2 indicate that when the content
of sp> domain is the same, the higher the stability of CDs, the
shorter the fluorescence wavelength.

3.2 Electron excitation characters of CDs

In order to give a deeper understand of the excitation proper-
ties of CDs, the transition energy, oscillator strength, fluores-
cence wavelength and the configuration interaction
contributions of molecular orbitals mainly involved in elec-
tronic transitions are summarized shown as Table 1. The
highest occupied molecular orbital (HOMO)-the lowest unoc-
cupied molecular orbital (LUMO) transition contributions of 9
models (2R-2, 2R-3, 2R-4, 3R-3, 3R-4, 4R-3, 5R-1, 5R-2 and 6R-1)
approach 100%, which indicates that the fluorescence emis-
sions of these structures are mainly dominated by the HOMO
to LUMO transitions. The electron transitions of the remaining
7 structures are contributed by 2-3 groups of orbitals pairs near
HOMO and LUMO.

The hole-electron distribution is introduced by analyzing
the weights of electronic transitions of molecular orbitals.*>*®
According to Kasha's rule, the first excited state of singlet state
is usually the critical state for emitting fluorescence.*” There-
fore, the hole-electron distribution is applied to evaluate the
electronic emission process from the first excited state to the
ground state. Table 2 shows that the values of the relevant
physical quantities describing the distribution of electrons and
holes for CDs, and the explanations and formulas for these
physical quantities are shown in the ESL It can be found that
the average value of charge transfer distance (D) for all struc-
tures is 0.11 A and the maximum value is 0.433 A. Due to the
C-C bond length is about 1.4 A, so the small charge transfer
distance indicates that the centers of mass of electrons and
holes are very close. S; index measures the degree of electron-
hole overlap, and the calculated minimum value 0.82 means
that the distributions of holes and electrons mostly overlap.
Therefore, according to the values of D and S, it can be judged
that the fluorescence emissions of all structures belong to local
excitation.”*** Moreover, all the overall spatial distribution
scope Ao are close to 0 and the electron-hole separation degree
¢t are negative, which implies that there is no significant sepa-
ration of the hole and electron. In a word, the above analysis
gives a clear explanation that the excitation of all models
belongs to a local excitation dominated by m-m* transitions,
which suggests that one effective approach for regulating fluo-
rescence spectrum of CDs is to change the m-conjugated sp>
carbon domains.

3.3 The relationship between conjugation length and
fluorescence emission

In order to further describe the fluorescence properties of
carbon core structures, all the orbital pairs mainly involved in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Transition energy, oscillator strength, fluorescence wavelength, and configuration interaction (Cl) contributions (major molecular
orbitals involvement, %) of all models. Here, HOMO and LUMO are denoted as H and L, respectively

Transition energy Oscillator strength Aem
Structure (eV) ) (nm) Configuration interaction contribution (%)
1R-1 4.96 0.022 250 H—->L 62.7% H-1 - L+1 30.7%
1R-2 4.70 0.008 264 H-1—-L 54.7% H - L+1 39.1%
2R-1 4.93 0.021 251 H - L+1 51.3% H-2 - L 19.9% H-1 - L+1 11.9%
2R-2 3.66 0.664 339 H—-L 97.8%
2R-3 3.59 0.289 340 H—->L 98.9%
2R-4 3.65 0.360 345 H—-L 98.9%
3R-1 3.88 0.018 319 H - L+1 61.6% H-1—->L 33.4%
3R-2 3.79 0.058 327 H — L+1 48.8% H—-L 21.3% H-1—->L 19.4%
3R-3 3.09 0.556 401 H-—-L 98.2%
3R-4 2.69 0.333 460 H—-L 99.5%
4R-1 3.87 0 320 H—->L 49.4% H-1 — L+1 46.1%
4R-2 3.70 0.005 335 H — L+1 55.6% H-1 - L 36.9%
4R-3 3.14 0.970 395 H—-L 98.1%
5R-1 3.34 0.817 371 H—-L 96.0%
5R-2 2.37 0.636 523 H—->L 98.7%
6R-1 2.90 0.617 428 H—-L 97.8%

Table 2 Charge transfer distance (D, A), overlap degree (S,), overall
spatial distribution difference (Ag) and separation degree (t, A) of all
structures

Structure D Sr Ao t

1R-1 0.058 0.91 0.044 —1.261
1R-2 0.124 0.89 0.181 —1.395
2R-1 0.038 0.89 0.032 —1.767
2R-2 0.197 0.88 —0.006 —1.511
2R-3 0.006 0.92 0.112 —0.978
2R-4 0.074 0.82 0.114 —1.107
3R-1 0.433 0.86 0.027 —1.322
3R-2 0 0.89 —0.037 —1.585
3R-3 0.012 0.89 0.031 —1.548
3R-4 0.155 0.85 0.043 —1.556
4R-1 0.267 0.88 0.020 —1.865
4R-2 0.009 0.91 0.011 —2.094
4R-3 0.362 0.87 —0.026 —1.535
5R-1 0.024 0.88 0.055 —2.132
5R-2 0 0.87 0.089 —2.491
6R-1 0.098 0.86 0.063 —2.006

electronic transitions were calculated. Fig. 3 shows main tran-
sition molecular orbital pairs for the fluorescence emission
process of the coronene-like structures. According to the
distribution of molecular orbitals, one can see that the sp”
carbon domain is the main source of fluorescence emission,
and the sp® carbon atoms adjacent to sp® domain also
contribute to the electronic transition process, whereas the sp®
carbon atoms away from the sp> domains have a lesser imme-
diate impact on the fluorescence.

The sp* carbon domains are constructed from PAHs, and
hence the fluorescence emission of carbon core is closely
related to C=C double bonds. The conjugation length is
defined as the number of C=C bonds on the shortest path
between two terminal carbon atoms.*”® For conjugated mole-
cules, sp® carbon domain belongs to a m-conjugated system,

© 2023 The Author(s). Published by the Royal Society of Chemistry

and its conjugation length is helpful to understand the optical
properties.®* The relationship between conjugation length and
fluorescence emission is significant for understanding the
fluorescence characteristics and synthetizing CDs with tunable
luminescence. For simple PAHs, the conjugation length can be
directly given by evaluating C=C double bonds via valence
bond theory. However, CDs have complex structures containing
PAHs and sp® carbon atoms, and a reasonable conjugation
length needs to be estimated by molecular orbitals calculations.

Fig. 3 shows that in HOMO, C=C double bonds are in
bonding states and C-C single bonds are in anti-bonding states,
whereas in LUMO, the bonding and anti-bonding states are
reverse. If a six-membered ring demonstrates the molecular
orbital characteristics of benzene, its conjugation length is 2.
Based on the calculated occupied orbitals of models given in
Fig. 3, the values of conjugation lengths are determined by
evaluating the number of C=C double bonds on the shortest
path between two terminal carbon atoms and the configuration
interaction contribution is considered in the present
calculations.

In order to make clear the influences of sp® carbon atoms on
fluorescence wavelength, the fluorescence spectra of corre-
sponding PAHs without sp*-hybridized carbon atoms were
calculated and the geometric structures of corresponding PAHs
are shown in Fig. S2 in the ESI.} According to the transition
molecular orbital pairs of all coronene-like and PAHs struc-
tures, the conjugation lengths were evaluated and Fig. 4 gives
the relationship between the conjugation length N and fluo-
rescence wavelength. In Fig. 4, one can see that the conjugation
length of any coronene-like structure is equal to that of corre-
sponding PAHs, suggesting that when the sp” carbon domain is
fixed, the sp* carbon network has no substantial influence on
the conjugation length. For two groups of structures, the change
trend of the emission wavelength is consistent with that of the
conjugation length, suggesting that fluorescence emission is

RSC Adv, 2023,13, 27714-27721 | 27717
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Fig. 3 Main transition molecular orbital pairs from the fluorescence emission process of all coronene-like structures. The positive and negative
phases of molecular orbitals are portrayed by the colours cyan and yellow, respectively.

highly correlated with the conjugation length N. The longer
conjugation length, the longer fluorescence wavelength, and
The results demonstrate that besides PAHs

vice versa.

27718 | RSC Adv, 2023, 13, 27714-27721

containing sp>-hybridized carbon, the conjugation length also
is suitable to characterize the fluorescence wavelength of
carbon core structures with sp>- and sp>-hybridized carbon.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 The relationship between conjugation length and fluorescence
wavelength of the coronene-like structures and the corresponding
PAHs without sp* carbon atoms.

Additionally, shown as in Fig. 4, the emission wavelengths of
all coronene-like structures are always longer than those of
corresponding PAHs. The differences between two groups of
fluorescence wavelengths are in the range of 11-36 nm. The
result indicates that when the sp® carbon domain keeps
unchanged, the surrounding sp® carbon atoms can cause a little
fluorescence redshift of carbon cores. Combined with the
analysis of molecular orbital pairs in Fig. 3, it is found that the
influence of sp® carbon atoms mainly originates from the
hyperconjugative effect. This conclusion also can explain the
small wavelength difference between the structures with the
same content of sp> carbon such as 1R-1 and 1R-2 shown as
Fig. 2.

The conjugation length of m-conjugated system does not
increase infinitely. When the conjugation length is short, the
fluorescence wavelength and the conjugation length show
a linear relationship.*® With the increase of sp> carbon domain
and conjugation length, the fluorescence wavelength gradually
reaches a limit value, that is, the fluorescence emission no
longer undergoes red shift.*»** The longest conjugation length
was defined as effective conjugation length.**** Based on the
relationship between the fluorescence emission energy and the
reciprocal of conjugation length 1/N, Kuhn fit and linear fit can
be applied to obtain the effective conjugation length of conju-
gated polymers.*® Details about the Kuhn fit are in the ESLt In
order to further characterize the effective conjugation length of
CDs, Fig. 5 gives that fluorescent emission energy versus 1/N of
coronene-like structures and the corresponding PAHs. Accord-
ing to the analysis of electron-hole distribution in Table 2, and
it is concluded that the electronic transition of coronene-like
structures belongs to local excitation, suggesting that Kuhn fit
is suitable to describe these systems. One can see that when the
value of 1/N is greater than about 0.1, the fluorescence emission
energies of all the structures display a linear relationship with 1/
N, which further explains the linear relationship between the
size of sp® carbon domain and fluorescence wavelength
observed in previous research works about CDs.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescent emission energy versus 1/N of coronene-like
structures and corresponding PAHs. Curves: Kuhn fit. Dash lines: linear
fit.

Additionally, the present simulation in Fig. 5 shows that
when 1/N gradually approaches 0, the fluorescence emission
energy reaches a minimum value. The result tells us that with
the increase of sp> carbon domain, the fluorescence wavelength
will reach a limit. For the coronene-like structures, the
minimum fluorescence emission energy 1.33 eV can be ob-
tained by Kuhn fit and linear fit, the effective conjugation length
is 39, and the corresponding size of carbon core is 10.4 nm. For
PAHSs structures, the fitting minimum fluorescence emission
energy is 1.45 eV, correspondingly, the effective conjugation
length is 31 and the effective size of PAHs is 8.3 nm. The results
are in good agreement with the fitting minimum emission
energy 1.53 eV, the effective conjugation length 36, and the
effective size 9.6 nm obtained from experimental data of
PAHSs,* as shown in Fig. S3 in the ESL.{ The results suggest that
effective conjugation length can be helpful to predict the
minimum fluorescence emission energy and effective size of
carbon cores. Moreover, compared with PAHs and coronene-
like structures, it is found that when sp” carbon domains are
surrounded by sp® carbon, the fluorescence redshift can be
induced, hence the emission energy of coronene-like structures
is always less than that of PAHs structure. In a word, the
conjugated length has a dominant effect on the fluorescence
wavelength shift of carbon core, which helps to further analyze
the relationship between the sp> carbon domain and fluores-
cence spectrum.

4. Conclusions

In order to further understand the fluorescence characteristics
of CDs, the coronene-like structures with various sp>hybridized
benzene rings and sp® carbon network were constructed, and
the electronic properties and fluorescence spectra were calcu-
lated by DFT and TD-DFT methods. The results revealed that
when the content of sp> domains in carbon cores is the same,
the influence of sp® carbon atoms is mainly reflected in the
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hyperconjugative effect and the separation of sp> domain by sp®
carbon atoms, which causes a small fluorescence shift of carbon
cores. The sp> domains with zigzag edges have longer fluores-
cence wavelength compared with the ones with arm-chair edge
due to lower aromatic stabilization.

Analyzing the correlation between the conjugation length
and fluorescence emission, it was found that the longer the
conjugation length, the longer the fluorescence wavelength.
Related to the size of sp> carbon domains, the conjugation
length is more convenient to predict the fluorescence emission
shift trend of CDs. Moreover, based on the relationship between
the fluorescence emission energy and 1/N, Kuhn fit and linear
fit can be applied to predict the effective conjugation length and
effective fluorescence size of CDs. This work provides a deeper
understand about the influence of sp® carbon atoms and the
conjugation length of sp> domain on the fluorescence proper-
ties of CDs.
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