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ABSTRACT: The optoelectronic properties of functionalized graphene quantum dots
(GQDs) have been explored by simulating electronic structure of three different shapes of
GQDs containing exclusively zigzag or armchair edges in both pristine and functionalized forms.
Absorption spectra and transition densities for the low-lying excited states are evaluated by
using time-dependent density functional theory and compared for different functionalization
species. The functionalization position dictates the optical properties of square GQDs, where
isomers with CH, in the intermediate positions (excluding corner and center positions) have
higher electronic transition energies and exciton delocalization than other isomers. Rhombic
GQDs with all armchair edges exhibit high steric flexibility, and their complete passivation
results in the largest structural deformation from planarity and strongest red-shifts. A steady red-
shift in the absorption energy is observed following the order F, CH;, Cl, and Br substitutions.
This suggests that the steric effects due to large van der Waals radii overcome electronegative
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effects.

S ince the first report on the synthesis and purification of
carbon dots was published in 2004, an exciting chapter of
scientific research has commenced focused on these carbon-
based nonmetallic nanomaterials with tunable optical proper-
ties. These nanomaterials exhibit bright photoluminescence,
low toxicity, biocompatibility, high photostability, solubility in
a wide variety of solvents, biodegradability, low cost, and
scalable synthesis.” Active research is ongoing on both the
theoretical and experimental fronts searching for next-
generation nanomaterials with enhanced functionality for
numerous applications such as light-emitting devices,>™°
optoelectronic devices, " photocatalysts,'" biomedical imag-
ing and sensing,lz_14 functional materials,">'® anticounterfeit-
ing,'” cancer therapy,'® and theranostics."”

Graphene quantum dots (GQDs) are carbon-based nano-
particles (sizes <100 nm) with a nexus of sp>-hybridized
carbon atoms.”” Usually, a top-down approach is used to
synthesize GQDs.”' > Different shapes of pure GQDs such as
hexagonal®* and triangular””® have been synthesized and
characterized. GQDs exhibit strong photoluminescence”’ ™’
attributed to strong quantum confinement and edge
effects.””*® Tuning of their optical properties can be
accomplished through chemical functionalization.”’ ™** The
effect of functionalization is dependent on the group’s
electron-donating and electron-withdrawing capacities. Many
studies have been performed to characterize these proper-
ties.”**° Small finite size GQDs exhibit sizable band gaps
which decrease with increasing size of the dot, as indicated by a
red-shift in the emission band.”” To tune the optical properties
of pure GQDs, heteroatom doping, surface functionalization,
and/or various defects have been introduced. Depending on
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the nature of the defect, the electronic structure of the
graphene can be modified. For instance, the existence of a free
edge on the zigzag edge results in a stable triplet ground
state.””

In this work, we have investigated the electronic and optical
properties of GQDs using density functional theory (DFT),
focusing on the effects of capping position (producing
numerous “isomers”) as well as backbone shapes and full-
edge functionalization. We summarize our findings for (a) the
Ciyo square GQD and its isomers, (b) the Cys GQD with
hexagonal and rhombic shapes composed of either all-zigzag or
all-armchair edge types, and (c) the complete edge passivation
of the Cy4 flake with electron-donating (CH;) or electron-
withdrawing (F, Cl, Br) groups. The effect of different
substituents in the electronic and optical properties is found
to heavily depend on the edge type of the corresponding GQD.
For different isomers of C;,; GQDs, the position of the four
CH, functional groups dictates the electronic (delocalization of
electron) and optical (absorption energy) properties of the
corresponding GQD. Also, for Cys GQDs, the impact of
functionalization of edges where only one type of edge is
present (all-armchair or all-zigzag edges) is attributed to the
warping/bending of the GQDs with complete edge passivation.
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Figure 1. Atomistic models for isomers of functionalized C,, square GQDs.

The newly observed dependence of optical properties on the
edge-type of functionalization is an important consideration of
synthetic approaches of GQD-based materials targeting finely
tuned homogeneous emission for light-emitted devices,
photodetectors, quantum emitters, and other optoelectronic
applications.”™*°

Ground-state geometry optimization and vertical transitions
in the Franck—Condon regime were computed by using DFT
and time-dependent DFT (TD-DFT) using the hybrid, range-
corrected CAM-B3LYP functional with a 6-31G basis set as
implemented by the Gaussian 16 software package.”" This level
of theory is justified by our previous calculations on similar
systems, namely, those of single-walled carbon nanotubes
(SWCNTs).**™® The excited states were characterized by
their absorption spectra produced by broadening calculated
transition by a finite-width Gaussian (6pyy = 10 meV). In
addition, natural transition orbitals (NTOs)*® and transition
densities were calculated, as implemented in the Gaussian 16
and Multiwfn*” packages, respectively.

We have studied the electronic and optical properties of
square GQDs composed of 120 carbon atoms. For the model
Cy0 square graphene, four CH, groups were placed at the four
corners of the GQC and denoted as Isomer A. Other isomers
of Cy, graphene were generated by varying the positions of
the four CH, groups. Square GQDs have two distinct types of
edges denoted as zigzag and armchair. For the other isomers,
the four CH, groups are placed on a symmetric position either
on the zigzag or armchair edges. We considered a total of seven
isomers: Isomers B, C, and D, where four CH, groups were
placed along the zigzag edges, and isomers E, F, and G, where
four CH, groups were placed along the armchair edges. Figure
1 represents all considered isomers for the C,,, square GQD.

One additional feature for isomer D and Isomer G is that
because of the proximity of the CH, groups, these species form
nonconjugated five- and four-membered rings. As will be
discussed later, these smaller rings impact the electronic and
properties of these species. However, these structures are
expected to have high destabilization energy due to sterics and
will therefore not be very prominent species.

The optical properties can be probed in many ways.
Photoluminescence is the simplest and most readily available
experimental tool. To analyze optical transitions, we have
performed TD-DFT (time-dependent DFT) calculations to
computed the energies and oscillator strengths of the singlet
electronic excitations. Figure S1 depicts the calculated
absorption spectra of each of the isomers. The lowest optically
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allowed (bright) state is an important characteristic for
applications requiring single-photon emission and sensing.
For isomer A, the first bright transition is the seventh singlet
excited state, S;, at 0.74 eV. Then for isomers B and C, the
absorption energies of the first bright transition increases to
1.62 eV (S,) and 1.76 €V (S,), respectively. In comparison,
isomers E and F have absorption energies at 0.87 eV (S;) and
1.71 eV (S,), respectively. Very similar spectra are found for
isomers D and G with the first bright transition at 0.68 eV (S,)
and 0.75 eV (S;), respectively. This is intuitively clear from
their shared nonconjugated four- and five-membered rings,
which will have a localizing effect on the low-lying excitons.
Clearly, the optical properties are extremely sensitive to the
placement of the four CH, groups, suggesting a simple
approach to tuning these GQDs’ properties. Scheme 1 depicts

Scheme 1. Comparison of the Energies of the Lowest
Energy Transition (LET) and the First Bright Transition
(FBT) for Each Isomer
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the comparison of the lowest energy transition (LET, S, state)
for the isomers along with the comparison of the first bright
transition (FBT) energies. The absorption energy of the
isomers depends on the position of the capping units (CH,).
For example, CH, placed at the corner/center leads to lower
absorption energies than the isomer C and F with capping
units placed in between.

To characterize the origin of the observed spectral shifts,
natural transition orbitals (NTOs)*® and transition densities
(TDs) of the relevant ground-to-excited transitions are studied.
Figure S2 depicts the highest occupied transition orbitals
(HOTO, characterizing a hole state) and the lowest
unoccupied transition orbitals (LUTO, characterizing an
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election state) for the first excited state (S;) and for the first
bright transition along with the TDs of the corresponding
bright transitions.

The TDs of the first bright transitions are heavily dependent
on the position of the capping units (CH,). The associated
higher absorption energies of isomers B, C, and D are
corroborated with the delocalization of the TDs throughout
the GQD backbone (compare Figures S1 and S2). Isomers D
and G, as mentioned earlier, share similar absorption spectra
(Figure S1), which is readily explained by comparing their real-
space surfaces, which show very similar excitonic localization in
both NTOs and TDs (Figure 2 and Figure S2).

Transition Densities (Oscillator Strength)
Isomer A S7(0.5)

Isomer B S; (1.1)

Isomer E Sg (1.0)

Isomer C S; (1.5) Isomer F S; (0. 4)

Isomer D S; (0.6)

e

Figure 2. Transition densities for the first bright transitions of each of
the isomers. The oscillator strengths are given in parentheses.

Summarizing, the electronic and optical properties of square
graphene are dramatically impacted by the nature of the edge
and the position of the substituents. In the next subsection we
investigate graphene with only zigzag or armchair edges. For
this, we examine the Cy4 graphene with hexagonal and rhombic
shapes as well as with full-edge passivation with CHj;, F, Br,
and CL

Three different shapes of Cos GQDs are possible, namely,
hexagonal (Cy¢H), rhombic with all-zigzag edges (CoeR,), and
rhombic with all-armchair edges (CygR,). Figure 3 illustrates
the atomistic models for these GQD shapes. To study the
change of optical properties due to the change of the shapes of
the GQDs, the absorption spectra of these species were
calculated along with the spectra for the substitution of the
passivating H atoms with electron donating CH; groups. For
the CygH species, the transition energy of the optically dark S,
state is 2.12 eV. States S; and S, are degenerate and are
responsible for the first bright transition at 2.82 eV. For the
same species with every H substituted with CHj;, the
degeneracy is slightly lifted due to the deformation of the
carbon backbone (as the pristine sheet is planar) and results in
a red-shift of the absorption spectra by AE = E}, E3 s =186
meV.
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Figure 3. Comparison of absorption spectra for CysH, CygeR,, and
CyR, (left column). Change of absorption spectra of these species for
CH, substitution induced by a break in planarity (right column).

Although the stoichiometry and size of the CysH remain
similar to the Cy¢R,, substantial differences in the spectra are
observed. CyR, has the first excited state S; at 2.65 eV, which
is optically dark. The brightest optical transition is S, located at
3.26 eV. The structural deformation and the red-shift of the
spectra for the CHj-substituted species (AE = Ej — ES™
180 meV) of nearly the same size as seen in CogH is present,
suggesting that the red-shifts from deformation are similar for
both geometries. In contrast with CosH and Cy4R,, the species
CyR, has a low-lying S, state at 0.32 eV. The brightest optical
transition is Sg at 1.56 eV. The CHj substitution deformed the
pristine structure, but the deformation is not as large as for
CyR,, which is attributed to the rigidity of the zigzag edges of
CoR, (see Figure 3).

To assess the change of electronic and optical properties
stemming from either steric effects (CH, passivation) or
electron-withdrawing effects, edge functionalization of all Cy
GQD species with halogens (F, Cl, and Br) was performed.
The CyR, is found to be the most deformed from planarity
due to larger flexibility of the armchair edge compared to CysH
and Cy4R, species As the size of the substituent increases
(from F to Br), the deformation becomes more prominent,
leading to a mostly steric-based modification of the structure
(see Figure 4). It is also notable that the deformation in CyR,
results in a drastically deformed “saddle” shape due to the close
proximity of the passivating H groups on the edges, while the
other two species show less dramatic warping.

For the CygH species, F, Cl, and Br functionalization at every
edge site systematically red-shifts the S, state with transition
energies 2.04, 1.98, and 1.96 eV, respectively, with a net change
of 87 meV. Additionally, the gradual red-shift is present for the
first bright transition (degenerate S; and S,) with transition
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Figure 4. Comparison of the absorption spectra for completely passivated CogH, Co¢R,, and Cy¢R, species with F, Cl, and Br presented in the first,

second, and third columns, respectively.

energies of 2.71, 2.32, and 2.52 eV for substituents F, CI, and
Br, respectively, with a marked increase in net change of 193
meV, suggesting that the bright state is largely determined by
the geometric deformation. Following the trend of the pristine
species, functionalized CygR, has a higher absorption energy,
and S; for F, Cl, and Br is at 2.57, 2.49, and 2.44 eV,
respectively. The first bright optical transition corresponds to
S, and for F, Cl, and Br the associated energies are 3.38, 3.11,
and 2.98 eV, respectively. Again, CoR, with F, Cl, and Br
functionalization follows the patterns of Co4R, pristine species
with a low absorption energy for S; (0.31, 0.16, and 0.12 eV,
respectively), while the brightest transitions of these species
correspond to S with the energy 1.51, 1.31, and 1.29 eV,
respectively. The NTOs and TDs of the first bright transitions
are reported in Figures S3—S5 for the pristine and completely
passivated species. The lower absorptions energies of the Co4R,
species can be understood by inspecting the electronic
structure of S,. These are fairly localized, whereas for CosH
and CysR, species the S, electronic state is delocalized
throughout the GQDs.

Additionally, a comparison of the first bright transition for
the edge functionalized species is summarized in Scheme 2
where electron-withdrawing halogens and electron-donating
CHj; are directly compared. For the pristine species, CosH has
a higher absorption energy than CyR, and CyR,, but with
complete passivation with any functionalizing species CosR,
possesses higher absorption energy. The substituent groups
produced a systematic red-shift in the order of F, CHj;, Cl, and
Br. Considering the van der Waals radii of F, C, Cl, and Br
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Scheme 2. Schematic of the Transition Energies of the
Lowest-Energy and Bright Transitions for the Pristine and
Fully Edge-Functionalized Cys GQDs with CHj, F, Cl, and
Br (Columns) for Each Geometry of Coq GQDs (Colors)
(Dotted Lines Are Guides for the Eye)

3.54

Abs. Energy (eV)

0.0-

CH,

(1.47, 1.70, 1.75, and 1.85 A, respectively), the ordering
suggests a dominance of steric effects over polarization.

In summary, using density functional theory, we have
studied the electronic and optical properties of C,,, square
graphene flakes. These isomers reveal that the position of the
CH, units greatly influences the optical properties. In addition,
functionalization of the zigzag edge and the armchair edge
shows unique electronic properties. The position of the CH,
units dictates the nature of the electron delocalization: the
corner position and the positions at the center of either edge
result in exciton edge-localization, whereas for other cases, the
exciton is delocalized throughout the graphene backbone. A
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higher degree of delocalization directly results in higher-energy
transitions.

We also compare the optical properties of different shapes of
GQDs of similar stoichiometry. Co4 hexagonal and Cy4
rhombic shapes are studied, including two variants of the
rhombic shape: all-zigzag edge (CosR,) and all-armchair edge
(CoR,). CogR, species have the highest-energy absorption for
the bright transition at 3.26 eV. From the pristine structure,
substitution of all H with CHj results in a distortion of the
planarity of the graphene flakes accompanied by a slight red-
shift on the absorption spectra. The deformation of the pristine
flakes is even greater for the substitution of all H with halogens
(F, Cl, and Br). The species with all armchair edges (CyR,)
are the most deformed ones due to the additional flexibility of
the edges. Also, upon comparison of the absorption spectra for
the halogens, when going from F to Br, the bright transitions
are red-shifted by 196 meV. Finally, a comparison of the effect
of electron-donating and electron-withdrawing groups on the
Cys graphene reveals that the type of the edge and steric effects
dominate the optical properties.

Altogether, our computational study demonstrates an
extreme sensitivity of the electronic structure of GQD to the
shape and to the edge functionalization. This suggests that
nanomaterials with nonidentical GQD species will display
highly inhomogeneous electronic properties. This is in distinct
contrast, for example, to semiconductor nanocrystals, where an
ensemble of similar dots possesses rather similar electronic
features.” Synthetic routes to producing molecularly identical
GQDs are critical*® and can make use of the vast tunability of
electronic properties of GQDs subject to only minor structural
modifications. Detailed computational results such as pre-
sented in this contribution identify trends and determine
structure—electronic property relationships across the vast
space of possible GQD systems. This can help to guide the
ongoing experimental studies of optoelectronic properties of
GQDs.* %!
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