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In the present work, the prominent effects of edge functionalization, size variation and base material on the
structural, electronic and optical properties of diamond shaped graphene and silicene quantum dots are
investigated. Three functional groups, namely (-CH3z, —OH and —COOH) are investigated using the first
principles calculations based on the density functional, time-dependent density functional and many-
body perturbation theories. Both the HOMO-LUMO energy gap, the optical absorption and the
photoluminescence are clearly modulated upon functionalization compared to the H-passivated

counterparts. Besides the functional group, the geometric distortion induced in some QDs also
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Introduction

For several decades, a variety of powerful and long-term fluo-
rescent dyes have acquired tremendous interest, owing to their
ability to label and track biological molecules within living
cells." Small molecules and proteins, such as green fluorescent
proteins (GFP), have been proven to be prominent organic flu-
orophores under incident light in the blue to ultraviolet range.>
However, GFPs present a restrictive drawback in long-term
bioimaging because of their low stability against photo-
bleaching due to interactions with surrounding molecules.?

Semiconductor quantum dots (SCQDs) constitute an ideal
alternative to conventional organic dyes thanks to their excel-
lent photostability and high fluorescence quantum efficiency.**
Furthermore, these fluorescent probes can be easily prepared
and controlled through chemical methods.® However, the
cytotoxicity of SCQDs, due to the toxic heavy-metal elements
they contain, in addition to their poor solubility, preclude their
use in biomedical applications.”® To overcome this biosafety
issue, special interest has been devoted to carbon-based fluo-
rescent nanoparticles.

The discovery of carbon quantum dots, diamond nano-
crystals, fluorescent carbon nanotubes and fullerene nano-
particles, is of great interest especially for biomedical research
because of their high brightness, significant photobleaching
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resistance, and low cytotoxicity among other attributes.® Using
hydrothermal cutting of pre-oxidized graphene sheets, gra-
phene quantum dots (CQDs) were fabricated for the first time in
2010." They are graphene fragments of nanometric size where
charge carriers are confined in three dimensions of space. CQDs
combining graphene performance and quantum dot behaviour,
offer unusual optoelectronic properties resulting from quantum
confinement and edge effects."

CQDs are environmentally friendly and suitable for
biomedical applications like in vivo and in vitro bioimaging,
biosensing, drug and gene delivery, DNA cleavage, and cancer
therapy.'* They are also used in electronic devices such as
photodetectors, capacitors, phototransistors and in renewable
energy resources.'* ' To adapt and modify CQD properties such
as the photoluminescence behaviour, for desired and specific
applications, different successful processes have been reported.
For example total or partial substitution, adsorption, decoration
or chemical functionalization of the edges, size variation and
application of the electrical field are all effective methods to
control the stability of quantum dots and tune their electronic
and optical properties.'”>°

Variation of size, shape and zigzag/armchair edge configu-
ration in hexagonal CQDs influences gap energy, excitonic
binding energy and singlet-triplet energy splitting which results
in the potential photoluminescence required for optoelectronic
and photovoltaic devices.** Si-atoms substituting C-atoms in
diamond shaped quantum dots (DSQDs) strongly altered the
chemical stability, optoelectronic behavior and excitonic char-
acter of pyrene, leading to a wide variety of properties for
promising nanoelectronic and nanomedical applications.*
Furthermore, rectangular CQDs were found to be sensitive to
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the amount and position of substituents as well as to the
application of an external electric field dealing with prominent
optical absorption ranging from near infra-red (NIR) to UV,
making these types of QDs emergent candidates for solar cell
applications.”®

Theoretical studies have also revealed the significant effect
of the type of edge-functionalization and the amount of func-
tional groups in tailoring the optoelectronic properties and
photoluminescence behavior of CQDs.>* Upon partial edge-
functionalization, the absorption and fluorescence spectra of
CQDs are slightly shifted towards lower energies, while a large
red-shift occurs for the fully functionalized edges.>® Notably,
competition between frontier orbital hybridization and charge
transfer clearly affects the energy gap and the exciton-binding
energy of coronene structures.” In NH, edge-functionalized
CQDs, p-orbital hybridization between the C and N atoms at
the peripheral sites induces the formation of new energy levels
in the form of an interband within the energy gap, yielding
tunable PLs for novel optoelectronic devices.”” Additionally, the
edge and surface functionalization of the CQDs with oxygen-
containing groups leads to a remarkable change in the elec-
tronic gap and absorption spectra.”®

Experimentally, size-controllable amine-functionalized
CQDs show low cytotoxicity and high biocompatibility, in
addition to prominent multicolored fluorescence and anti-
mycoplasma properties.* Likewise, the optical properties have
also been tuned by the contour functionalization in green
fluorescent CQDs synthesized using a single-step large scale
synthesis through acidic treatment of the graphite powder.*®
Furthermore, fluorine functionalized CQDs provide a protective
shell leading to significant photo- and pH stability, high fluo-
rescence, low cytotoxicity and favorable biocompatibility.*
Therefore, fluorinated GQDs are suitable for long-term and real-
time cellular imaging. Interestingly, edge functional groups
enhance the solubility of GQDs in water and label cells more
efficiently.*

The present paper suggests exploring a class of suitable,
multicolored fluorescent DSGQDs and DSSiQDs for biomedical
purposes. To do so, first-principle computational methods,
namely density function theory (DFT) and many-body pertur-
bation theory (MBPT), were carried out in order to reveal the
effect of the molecular edge-functionalization and size on the
structural and optoelectronic behavior of the systems. It is
shown that the highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) energy gap of all
functionalized structures undergoes a change with respect to
the H-passivated QDs. Among the studied functional groups,
-COOH proves to be favourable for the adjustment of the
optoelectronic features of the QDs due to the considerable role
of the C=0 double bond. Additionally, some substituents
induced distortion in the corresponding QDs, leading to
absorption and photoluminescence ranging from UV to NIR.
The inclusion of many body effects via GW approximation has
resulted in a crucial correction of the DFT results, especially for
the case of the OH functionalized CQDs owing to the large
capacity of this molecular group to remove charge carriers from
the C and Si skeleton. Consequently, this reduces the screening
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and thus improves the electron-electron interaction. Moreover,
singlet-triplet energy splitting values are found to be significant
seeing the large overlap of electron and hole wave functions,
which opens up broad opportunities for their use in optoelec-
tronic and nanomedical applications. Finally, the organic
nature and biological properties of these QDs can facilitate their
transport across organs and tissues and enhance their uptake
by living cells.

The document is organized as follows: details on the ab initio
calculations are given in the first section. The second section
presents the energetic stability, as well as a description of the
electronic and optical properties, of edge-functionalized
DSQDs. Finally, we summarize and conclude our main findings.

1. Computational methods

First-principles calculations based on DFT have been carried
out using the Quantum Espresso simulation package®
employing the generalized gradient approximation GGA-DFT of
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional.** Norm-conserving pseudopotentials and a plane-wave
basis set with a kinetic energy cutoff of 60 Ry were used. Due
to the 0-dimensional nature of QDs, all calculations were per-
formed only at Gamma point of the Briouillin zone.

The significant quantum confinement effect and the small
size of our systems result in decreased screening which
enhances the Coulomb interaction between charge carriers,
namely electrons and holes. Consequently, excitonic effects
become significant so that ground state calculations are no
longer reliable to investigate the optoelectronic properties. For
that reason, many-body interactions are taken into account in
our study. Using the GW approximation, the quasiparticle (QP)
corrections to GGA eigenvalues were estimated by solving the
following equation:*

EJF = ERS + (Wul2(ER) — Vi)

where EQS and v, are the Kohn-Sham (KS) energy and wave-
function, respectively, =(Ext) is the self-energy operator and
V&S is the exchange-correlation potential.
The excitonic properties were explored by solving the Bethe-
Salpeter equation (BSE):*®
(EX — EX) A + Z<V6k|5e*h|ylclk,>‘4§'dk' =0°4;

vk vck
kv

where 45 and Q° are the exciton amplitudes and the excitation
energies, respectively, and E._j, is the electron-hole interaction
kernel. Similar to the case of DFT calculations, only the gamma
point was involved in the QP calculations. A total number of 600
bands was used to build the Green function and dielectric
matrix for all structures.

We also determine the effective mass M.y and the Bohr
radius of the exciton given by:

Eb Er

—my R= ay
Ry Mg

My =&’ g (1)
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where Ry is the Rydberg energy, ¢, is the dielectric constant,
m, is the electron rest mass and ay is the Bohr radius of
hydrogen atom. Furthermore, the photoluminescence as well
as the overlap integral between frontier molecular orbitals
(FMO) are studied using the time-dependent (TDDFT)
procedure within the B3LYP hybrid exchange-correlation
density functional approximation.?” The H-L overlap extent
was calculated using the overlap integral function of
Multifin.*®

2. Results and discussion

This section presents the numerical results obtained from ab
initio calculations on the effect of size variation and edge-
functionalization on the optoelectronic properties of pristine
graphene and pure silicene quantum dots. The goal is to tune
the various features of these nanostructures in order to increase
their suitability for biomedical applications.
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Structural properties

Two different sizes of diamond shaped graphene and silicene
quantum dots are studied. These nanostructures contain
a mixture of zigzag edges and armchair corners. The molecular
structures of QDs edge-functionalized with the functional
groups H, methyl (CH3), hydroxyl (OH) and carboxyl (COOH) are
plotted in Fig. 1. With their small size and organic nature, these
three molecular substituents provide the QDs with biological
and biosafety compatibility. Notice also that in each structure,
only the hydrogen passivated to the four seam atoms, namely
the atoms connecting the zigzag edges to the armchair corners,
are replaced in order to obtain a significant adjustment of the
investigated property.”>*

Hydrogen passivated C-QDs and Si-QDs, that were success-
fully fabricated and studied theoretically, are included for
comparison.’**** The insight into the molecular geometry of
the edge-hydrogenated configurations shows that the hybrid-
ization is strongly dependent on the atom type. More precisely,
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Fig. 1 Molecular structures of edge-functionalized CQDs and SiQDs with H, CHs, OH and COOH. Yellow, cyan, purple and red spheres

represent carbon, silicon, hydrogen and oxygen atoms, respectively.
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the C-C bond angles range between 118° and 123° for edge-
hydrogenated CQDs revealing that carbon atoms are sp’-
hybridized. Consequently, CQDs maintain the perfect geometry
of pyrene. Likewise, SiQDs decorated with CH; and COOH
substituents maintain the same buckled geometry of a silicene
sheet, with Si-Si bond angles ranging between 115° and 120°,
which reflects the sp>~sp® hybridization of Si atoms. However,
the situation is different for hydroxylated SiQDs that exhibit
a slight distortion at decorated zigzag edges, illustrated by
a considerable decrement in the summit bond angle of 105.46°
and 103.47° for hydroxylated Si;¢H;, and SizoH;, with respect to
117.4° and 117.05° found in small and large sized pristine
SiQDs.*™* It is worth noting that, like pyrene, dibenzo-
coronene, CzoHi,, has a point group D,j, that is changed to
the C,;, symmetry in its Si analog SizoHi4.

Larger sizes C- and Si-QDs are not considered in this work
since they present the least interesting properties compared to
the two aforementioned sizes. In addition, for bioimaging
applications, small size structures are more desirable for use as
fluorescent tags on living cells and tissues because large size
QDs affect organ functions.'>*%*

To examine the energy stability of QDs, we determined the
harmonic frequencies as depicted in Fig. 2 for the two cases of
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methylated and carboxylated C30H,4-CH; and C30H,;4-OH, and
as shown in Table 1 for all structures. The absence of imaginary
frequencies confirms that the edge-functionalized QDs are all
energetically stable. The lowest value of 8.94 cm™" is observed
for SizoH;,~COOH. The highest frequency of 3787.84 cm ™t
corresponds to Si;cH,0-OH. The stability of these nano-
structures is attributed to the large charge transfer and the ionic
bonds between the C/Si skeleton and functional groups.

Electronic properties

The energy gap, that is the difference between the LUMO and
the HOMO, is given in Table 1. The ground state calculations
performed within the GGA-DFT approach reveal that the H-L
(HOMO-LUMO) gap values are sensitive to the edge-
functionalization.

The functional groups on the diamond-shaped CQD edges,
lower the H-L gap in good agreement with their analogs, (i)
hexagonal CQDs decorated with -CH;, -NH,, -OH, -F, -CHO,
-COOH, -COCH; and —~COOH (ref. 26) and, (ii) C;,3H;5 QDs
functionalized with oxygen containing groups.?® Accordingly,
upon functionalization, the H-L gap drops by 9.1-23.14% for
CQDs since -CH; functionalized structures possess the highest
H-L gap while the lowest gap is that of -COOH. For SiQDs,
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Fig. 2 Vibrational spectra of methylated and carboxylated CzoH;4 QDs.
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Table 1 Calculated parameters for edge-functionalized QDs: dihedral angles D and D', electrophilicity w and the charge transfer to molecular
groups. £§°* and £5Y are respectively the HOMO-LUMO energy gap obtained by GGA and GW approximations

Structures «(1,2,3) 6(4,5,6) w Charge E¢ Frequency range EgoA EgY
H Ci6Hio 120.42 120.42 4.91 — — 101.07-3204.49 2.61 6.63
CaoHus 120.76 120.76 9.17 — — 47.47-3203.81 1.32 4.28
Sij6H10 117.4 117.4 14.60 — — 27.21-2230.11 1.05 3.55
SisoHys 117.05 117.05 23.85 — — 12.12-2228.90 0.506 2.38
CH; Ci6H1o 123.05 123.05 4.56 —0.051 —5.406 64.85-3218.2 2.32 6.05
CsoH14 123.09 123.09 8.68 —0.054 —0.781 36.75-3201.61 1.20 4.02
Sij¢H1o 119.72 119.72 11.29 —0.106 —4.475 23.59-3137.25 1.05 3.49
SizoH14 119.96 22.78 —0.102 —3.218 10.65-3138.06 0.507 2.39
OH Ci6Hio 120.66 120.66 3.38 —0.237 —12.038 69.61-3762.14 2.31 6.08
Cs0H14 120.79 120.79 7.15 —0.232 —2.849 37.23-3759.88 1.19 4.05
SijeH1o 105.46 105.46 14.08 —0.231 —14.974 21.88-3787.84 0.84 3.26
SizoH14 103.47 103.47 18.57 —0.231 —13.726 10.7-3786.27 0.55 2.46
COOH Ci6H10 122.94 122.94 10.99 —0.078 —8.593 13.18-3700.35 2.01 5.46
Cs0H14 123.04 123.04 17.18 —0.093 —0.420 24.43-3698.48 1.06 3.78
SijeH1o 116.14 116.14 17.55 —0.149 —6.942 17.32-3617.59 0.92 3.32
SizoH14 116.28 116.28 28.25 —-0.15 —5.670 8.94-3617.67 0.46 2.32
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carboxylation resulted in decreasing the H-L gap due to the
existence of the C=0 double bonds in the -COOH molecules.
Besides, in hydroxylated and methylated SiQDs, a small down
shift of the H-L gap value is observed only for Si;sH;,-OH.

Furthermore, the H-L gap behaviour, that is linked to the
type of the functional group, depends strongly on the base
material and the size of QDs. Graphene QDs are the most
affected systems due to the high electronegativity of carbon
atoms compared to silicon. Additionally and regardless of the
base material, the smaller the structure the stronger the impact
of the studied functional groups. This finding is mainly related
to the strong quantum confinement existing in small configu-
rations. It follows that the edge-functionalization is a prom-
inent factor to tailor the H-L gap of the studied systems,
especially for hydrogen passivated C-QDs that exhibit a large
H-L gap which limits their use in several optical applications.
For Si-QD, the control of the H-L energy gap through edge-
functionalization opens up the prospect of a novel range of
emergent nanomedical applications that require small energy
gap values.

To get more insight into this behaviour, we analyse the
electron charge density of molecular frontier orbitals plotted in
Fig. 3 and 4. In small and large sized CQDs, there is no charge
transfer between carbon atoms located along the large diagonal
of each structure while a charge transfer occurs especially
between hydrogen and carbon atoms in zigzag edges. It follows
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that both HOMO and LUMO isosurfaces spread in zigzag edges
and armchair corners including molecular functional groups
and excluding the backbone atoms of QD skeletons. The large
hybridization of HOMO and LUMO levels results in the reduc-
tion of the H-L gap in accordance with C;,; QDs functionalized
using oxygen containing groups.*® Additionally, it is clear that
the HOMO and LUMO levels of both -CH; and -OH edge-
functionalized structures shift toward higher energies with
respect to pyrene, while they shift toward lower energies in
COOH-CQDs. This finding can be assigned to the presence of
the double bond in the COOH functional group.>®

Likewise, smaller SiQDs exhibit a significant hybridization of
HOMO and LUMO energies explaining the reduction in energy
gap values. Interestingly, in Si;cH;o—-OH, the contribution of
—-OH to the LUMO is almost absent compared to carbon and the
two hydrogen atoms of the large diagonal. It follows a small
shift increase in LUMO energy level with respect to Si;¢H;,. For
HOMO, a remarkable increase of its energy level arises from the
prominent contribution of H-passivated edges and -OH mole-
cules. Therefore, this structure exhibits the largest drop in the
electronic gap followed by Si;¢H;0-CH; and Si;eH;o-COOH.
This difference can be attributed to the slight distortion caused
by functionalization*® since the presence of the -OH group deals
with a little distortion in Si;cH;,-OH armchair corners with
respect to Si;Hjo as reported previously. Larger sized SizoHis
have also shown a large hybridization of frontier molecular

oy ‘oo :
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3

Fig. 3 HOMO and LUMO electron charge density distribution describing edge-functionalized CQDs.
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Fig. 4 HOMO and LUMO electron charge density distribution describing edge-functionalized SiQDs.
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orbitals as depicted in Fig. 4. The spacial distribution of HOMO
and LUMO is fully localized in the edges including functional
groups which led to the enhancement of H-L gap in -CH; and
-OH SiQDs. Additionally, the contribution originating from
C=0 is pronounced which confirms a decrease in the corre-
sponding gap value.

It is worth noting that the obtained results using DFT-GGA
formalism sound very useful and offer a favorable description
of the investigated QDs electronic behaviour. However, opto-
electronic and nanomedical applications require going beyond
the ground state properties by carrying out further calculations
employing GW approximations. The inclusion of many-body
effects results in significant enhancement of the DFT-GGA gap
values as shown in Table 1. Applying QP corrections, the gaps
range from 2.718 eV to 4.022 eV for graphene structures and
between 1.868 and 2.503 eV for silicene ones. The DFT-GGA
energy gaps of pristine as well as edge-functionalized CQDs
were enhanced by 36.73-39.36% for small structures and 28.04-
30.84% for larger ones. Much smaller percentages are found for

Table 2 The variation order of DFT-GGA and GW energy gap values
depending on the functional group type

GW GGA
Ci6Hio  Eg(OH) > E,(CH3) > E(COOH) E,(CH,) > E,(OH) > E(COOH)
CsoHis  EG(OH) > Ef(CHs) > E(COOH) E,(CH,) > EJ(OH) > E,(COOH)
SijeHyo Ee(CH;) > Ef(COOH) > E,(OH) E(CH3)>E(COOH)>E( H)
SizoHis Eg(OH) > Eg(CHs) > Eg(COOH) E,(OH) > E(CHs) > E((COOH)
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SiQDs since the GGA-H-L energy gap values were increased by
25.84-30.0% for small configurations and by 19.61-22.37% for
larger systems. These prominent corrections ensure the signif-
icant enhancement of energy gap brought by e-e correlation.

Furthermore, unlike SiQDs that keep the same order, the
variation order of DFT-GGA gaps is changed for CQDs upon
employing the GW approach as shown in Table 2. This can be
explained by the fact that some functional groups, like the -OH
one, act like electron acceptors and withdraw electrons from
carbon atoms. This impacts the charge transfer and reduces the
QDs surface electrons. It results in decreasing the screening and
enhancing electron—-electron interactions. Consequently, the
QP corrections as well as the GW energy gap increases.

To examine the stability and chemical reactivity of QDs, we
compute electrophilicity index w given in terms of Eyymo and
Enomo as follows:*

2

= M Erumo — Enomo and
2 2 ’
Erumo + Enomo
p = — LMo ZZHOMO, (2)

where 7 =

As listed in Table 1, the edge-functionalization decreases the
electrophilicity index in all diamond shaped QDs, except for the
graphene ones decorated with COOH molecules. This infers that
—-COOH enhances the reactivity of the corresponding QDs while
OH and CH; make the systems more stable and less reactive.

Finally, different parameters like size, base material,
distortion of the structures, substituents and also charge
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Fig. 5 Absorption spectra corresponding to CQDs and SiQDs at BSE-GW and RPA-GW theory levels.
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transfer collaborate together to modulate the structural and
electronic behaviour of the QDs resulting in a broad class of
CQDs and SiQDs, where each structure is distinguished by
intrinsic features and different characteristics.

Optical properties

To explore the effects of many-body interactions and excitonic
effects on the optical properties of edge-functionalized QDs,
Fig. 5 displays the absorption spectra in the absence and the
presence of e-h interactions, within GW + RPA and GW + BSE
levels, respectively. It results in the inclusion of excitonic effects
which induces crucial modification on the peak position and
the intensity of the first bright exciton. All curves undergo a red-
shift toward lower energies.

As listed in Table 3 and displayed in Fig. 6, TDDFT calcula-
tions show similar absorption behaviour as the BSE results. More
precisely, the optical gap values of both methods sound close and
the absorption spectra also exhibits the same features.

In parallel, the photoluminescence spectra depicted in Fig. 6
show a slight shift compared to the absorption curves. This is

View Article Online

RSC Advances

confirmed through the Stokes shift reported in Table 3 that
measures the difference in energy between the absorption and
emission peak maxima corresponding to the same electronic
transition. Obviously, graphene configurations exhibit signifi-
cant photoluminescence compared to silicene structures. The
wavelengths vary from the near ultra-violet (NUV) to NIR regions
of the solar spectrum, reflecting the diversity in their light
colors and optical properties. The results obtained for pyrene
are in good agreement with experimental measurements.*"*

It is worth noting that the anisotropic behaviour of the
optical properties of QDs observed in ref. 39 and 49 disappear
under the edges functionalization with OH, CH; and COOH.
Therefore, the optical results, listed in Table 4, including
absorption curves, exciton binding energy, Bohr radius and
effective mass, do not depend on the light polarization direc-
tion. Thus, we only report the results corresponding to the X-
direction.

On the other hand, the functionalizations remarkably tune
the optical gap and consequently effect the exciton binding
energy (Ey) leading to the production of changeable absorption
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Fig. 6 Absorption and photoluminescence spectra of pristine and edge-functionalized QDs obtained via TDDFT method.
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Table 3 The first bright exciton index /2 and the TDDFT calculated parameters: Egpi and Eggl represent the absorption and emission energies in
(eV), 2%°° and 2°™ are the corresponding absorption and emission wavelengths in (nm). The Stokes shift is in eV

Structures )i E¢ E?,gﬁ 23bs Egpt 25 Stokes shift
H CieHio 1 3.746 331.00 3.412 363.4 0.334
C3oH1s 3 2.334 531.20 2.179 568.9 0.155
SizeH1o 3 1.606 771.80 1.532 809.2 0.074
SizoH1s 9 1.003 1235.8 0.970 1278.0 0.033
CH, CieHio 2 —5.406 3.382 366.60 3.088 401.5 0.294
C3oH1s 3 3.781 2.190 566.10 2.038 608.2 0.152
SiigH1o 3 —4.475 1.594 777.90 1.511 820.4 0.083
SizoH1s 3 —3.218 0.953 1300.9 0.719 1724.0 0.234
OH Ci6H10 3 —12.038 3.310 374.60 3.059 405.3 0.251
CzoH1s 3 —2.849 2.223 557.70 2.081 595.8 0.142
SiyeH1o 4 ~14.974 1.277 970.60 0.844 1469.5 0.433
SizoHs 2 —13.726 0.892 1389.5 0.716 1730.8 0.176
COOH Ci6H1o 9 —8.593 3.059 405.30 2.845 435.8 0.214
C3zoH1s 5 0.420 1.996 621.30 1.657 748.1 0.339
Sii¢H1o 3 —6.942 1.510 820.90 1.449 855.4 0.061
SizoH14 3 —5.670 0.961 1290.5 0.745 1663.4 0.216

colors ranging from the NUV to the NIR. A first examination
reveals that CQDs exhibit considerable Eff compared to SiQDs
and that small size structures possess the largest Ef values. In
the case of CQDs, a considerable drop in Ef value is obtained
through COOH functionalization. This finding is attributed to
the large exciton indices that are 9 and 5 for C;¢H,,—~COOH and
C30H14-COOH, respectively, compared with the 1 and 3 indices
found for their H-passivated analogs listed in Table 3. In the case
of small SiQDs, the Ef value undergoes a slight decrease upon
OH and COOH functionalization. This is due to the increase of

exciton index from 3 for Si;¢H;( to 4 for Si;¢H;o-OH. On the
other hand, functionalization of large SiQDs results in shifting-
up Ez, especially for SizoH;4,~OH since the exciton index varies
from 9 for SizoH;4 to 3. It follows that the optical gap values lead
to the absorption of NUV light by the three small edge-
functionalized C;6H;o configurations while larger functional-
ized C3oHi4 can absorb green light. Similarly, the optical gap
values of SiQDs are shifted-down upon edge-functionalization
revealing NIR behaviour with different wavelength values.
Therefore, we obtain QD structures with a wide range of

Table4 Calculated parameters for edge-functionalized QDs: E is the first bright exciton binding energy and Eﬁ;m corresponds to the optical gap.
All the energies are in eV. The absorption wavelength A, is given in nm, the radius of the exciton RX in A, the effective mass MZ_,, in mo, the

X

singlet—triplet energy splitting A)S(_T and the frontier orbitals overlap /iy,.. The parameters E)b(, ESpt Mé_h, R¥and Aaps are calculated via GW + BSE for

the incident light polarized along the X-direction

Structures EY M, R¥ Effpt Aabs A¥ - I, e Transitions
H Ci6H1o 3.21 0.268 2.104 3.42 362.53 1.27 0.90 1.067 H—-L (0.67), H-1 — L+1 (70.21)
C3oH1a 1.81 0.203 3.218 2.47 501.96 1.62 0.908 1.237 H—-L (0.69), H-1 — L+1 (—0.15), H-2
— L+2 (—0.11)
Siy6Hyo 1.99  0.229  2.892  1.56 79477  0.66  0.871 1253 H — L(0.66), H—1 — L+1 (—0.22)
SizoH14 1.15 0.219 3.894 1.22 1016.26 0.63 0.887 1.610 H-—-L (0.69), H-1 — L+1 (70.17), H-2
— L+2 (—0.12)
CHj; Ci6H1o 2.33 0.198 2.875 3.72 333.29 1.76 0.894 1.076 H—-L (0.69), H-1 — L+1 (70.17)
C3oH1a 1.65 0.121 4.370 2.37 523.14 1.62 0.909 1.000 H—-L (0.70), H-1 — L+1 (—0.13), H-3
— L+2 (—0.10)
Si;eH1g 2.07 0.219 2.687 1.41 879.32 0.85 0.867 1.296 H-1—-L (0.35), H — L+1 (0.60)
SizoH14 1.59 0.500 2.191 0.80 1549.80 0.76 0.892 2.069 H—->L (0.18), H — L+1 (0.67)
OH Ci6Hio 2.31 0.196 2.903 3.77 328.87 1.78 0.886 1.075 H-1—-L (0.21), H — L+1 (0.67)
C3oH1g 1.71 0.202 3.322 2.34 529.84 1.60 0.901 1.269 H—L (0.70), H-1—L+1 (70.13), H-2 —
L+2 (—0.10)
Si;6Hqg 1.91 0.233 2.928 1.35 918.40 0.78 0.748 1.289 H-—-L (70.71)
SizoH14 1.80 0.254 2.886 0.66 1878.54 0.45 0.876 1.387 H — L+2 (0.70)
COOH  CyeHyq 1.65  0.142  4.032  3.81 325.42  2.03  0.866  1.083 H — L(0.69), H—1 — L+1 (—0.13)
C3oH1a 1.57 0.203 3.456 2.21 561.01 1.56 0.882 1.328 H-1—-L (0.70)
Si;6Hqg 1.95 0.254 2.772 1.37 904.99 0.88 0.865 1.333 H—-L (0.68), H-1 — L+1 (70.19)
SizoH14 1.52 0.249 2.109 0.81 1530.67 0.80 0.802 2.249 H—-L (0.70), H-1—-L+1 (—0.16), H-2 —
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Fig. 7 Spatial distribution of the exciton along the X-direction. The hole is represented by the black dot.

photoluminescence emission colors from visible to NIR, which
are recommended for a variety of biomedical applications. In
particular, the short-wavelength excitation and emission of QDs,
makes it very difficult to detect the luminescent signal in deep
human organs and living cells for early disease diagnosis.*®
Consequently, the NIR SiQDs seem to be good candidates for
injection in vivo to label internal organs like the heart and the
liver, while CQDs can be used as in vitro bioimaging agents or in
vivo superficial cells and tissues like the skin.

Further insight into the excitonic character of the studied
QDs is given by the analysis of the electron probability distri-
bution plotted in Fig. 7 and data reported in Table 4. Clearly,
methylated and hydroxylated C,6H;, as well as C3,H;4 maintain
the same behaviour as their counterparts pyrene and dibenzo-
coronene. Indeed, the electron distribution associated with
the first bright exciton is localized along the whole structures
with a slight distribution observed on oxygen atoms in
hydroxylated Cz;oH4. In the carboxylated configurations, the
exciton distribution is mainly localized on -COOH molecules
for C16H;0 and along the carbon-skeleton with a small amount
localized on COOH functionals for C;4H,. In the case of SiQDs,
the electron distribution is localized along the whole structure
excluding CH; molecule for SizoH;4 that shows the smaller Bohr
radius R, given in A, compared to its pristine counterpart.

Due to the spin-orbit coupling, the mixture of the triplet
states with the singlets strongly effects the photoluminescent
character of QDs. To highlight the photophysical process that
might occur in our edge-functionalized nanostructures, singlet-
triplet energy splitting As + was determined and is listed in
Table 4. The Ag_r values sound significant due to the large
overlap between electron and hole wave functions Iyy;. They
range from 0.76 to 1.76 for methylated configurations and from
0.02 to 1.78 eV in hydroxylated structures. Furthermore, the
carboxylated QDs show the highest splitting values ranging
from 0.80 to 2.03 eV. More precisely, thermally activated delayed
fluorescence (TADF) characterizes C;oH;,~OH which exhibits
very small splitting (Ag_r < 0.37 eV).>* Conventional fluorescence
occurs in all edge-functionalized SiQDs where splitting values

This journal is © The Royal Society of Chemistry 2020

range between 0.5 and 1 eV. For large splitting values, the
triplet-triplet annihilation (TTA) process takes place in meth-
ylated and hydroxylated C,¢H;o with Ey4/Es; > 0.5 eV. Whereas
singlet fission takes place in methylated C;oH;, as well as
carboxylated C;H; and C3oH;4 where Eqq/Es; < 0.5 €V. Where
Er; and Eg; are the energies of the first triplet and singlet excited
states, respectively.®® Similar to structures characterized by
TADF, such as metal-organic complexes, donor-acceptor
molecules or TTA photophysical processes, the studied CQDs
can be used as organic light emitting diodes® or as in vivo
biosensors and bioimaging devices.*® Whereas, systems with SF
processes are broadly employed to fabricate solar cells.””

Finally, the functionalization represents a helpful means to
control and modulate the exchange splitting of excitons
paving the way for the construction of novel QDs with desired
optoelectronic and photoluminescence properties for nano-
medical use.

3. Conclusion

In the present work, we have studied the optoelectronic prop-
erties of egde-functionalized CQDs and SiQDs using -CH3, -OH
and -COOH molecular substituents. It is found that the func-
tional group type, the size variation and the base material
present crucial key factors for tailoring the QDs properties. In
particular, the competition between the edge functionalization
and the geometry distortion result in some QDs showing
considerable influence on their H-L gap, their charge transfer,
their optical behavior and their excitonic binding energy with
respect to their H-passivated counterparts. Moreover, the large
overlap observed in the investigated QDs originates from the
significant exciton exchange splitting values. Consequently, it
reduces the potential non-radiative transition between singlet
and triplet excited states and increases the chances of photo-
physical processes. Finally, the photoluminescence obtained via
TDDFT calculations, that ranges from NUV to visible for CQDs
and that occupies a broad range in the NIR for SiQDs, reveals
the potential use of edge-functionalized QDs as emergent

RSC Adv, 2020, 10, 801-811 | 809
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candidates for nanomedical applications such as in vitro and in
vivo bioimaging.
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