Published on 14 August 2025. Downloaded on 6/14/2026 2:44:37 AM.

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27,19772

Received 7th June 2025,
Accepted 9th August 2025

DOI: 10.1039/d5cp02152a

rsc.li/pccp

Introduction

A DFT study on the curving of 4N-divacancy
defected graphene quantum dots induced by an
external electric field and the effects of metal-
ion doping

Thanawit Kuamit,
Sirilak Kongkaew

Wilasinee Santiwarodom, Pavee Apilardmongkol,
and Vudhichai Parasuk (2 *

We conducted a study to examine the impact of an external electric field on the curvature of metal and
divalent metal ion doped 4N divacancy-defected graphene quantum dots (4N-GQDs), utilizing Density
Functional Theory (DFT). We considered six common metal species, namely Ca, Ca®*, Cr, Cr?*, Fe, and
Fe®*. Our findings reveal that the curvature of metal and divalent metal ion-doped-4N-GQDs increases
as the external electric field strength rises in both positive and negative directions. However, the
direction of curvature is contingent upon the orientation of the electric field, which is perpendicular to
the 4N-GQD plane. The curvature directions of metal and divalent metal ion-doped-4N-GQDs under
positive and negative electric fields are opposite. It is interesting to note that the HOMO-LUMO gap of
metal and divalent metal ion doped 4N-GQDs can be altered by applying an external electric field
exceeding +0.020 a.u. Within this context, the gap for 4N-GQDs doped with these ions typically spans
from 1.64 to 2.98 eV, which is lower than that of GQDs and undoped 4N-GQDs. As a result, we
advocate a technique to deliberately induce curvature for metal and divalent metal ion-doped 4N-
GQDs, thereby altering their electronic properties through the application of an external electric field.
These materials show substantial promise as anchoring materials for electronic devices.

thermomechanical methods to generate periodic ripples, Georgiou
et al”® controlled graphene bubbles via electric fields, Zhang

Graphene is a one-atom-thick, two-dimensional carbon allotrope
with sp>-hybridized atoms, derived from graphite." Its outstanding
electrical conductivity, thermal stability, high surface area, and
light weight make it suitable for applications in drug delivery,>*
semiconductors,”” energy storage,”'® biosensors,"* solar
cells,"*™* and gas adsorption.”>™® A key research focus is modify-
ing graphene into a semiconductor, especially through deforma-
tion or curvature to tune its electronic properties."*>* Recent
studies have shown that curvature significantly impacts the elec-
tronic properties of graphene quantum dots (GQDs), offering
promising insights for nanoelectronics.** Chang et al>® found
that exceeding a threshold arc angle 6 in curved armchair gra-
phene nanoribbons markedly alters their electronic structure.
Pattarapongdilok et al.® reported that increased folding of GQDs
reduces the HOMO-LUMO gap, highlighting their potential for
electronic and optical devices. Several techniques have been
developed to induce curvature in graphene: Bao et al”” used
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et al® investigated nanoribbon bending through molecular
chemisorption, and other studies®® showed that liquid droplets
can significantly deform graphene surfaces.

Recent studies have focused on vacancy defects in graphene,
analyzing their effects on mechanical, electrical, and thermal
properties. Researchers have investigated various defects, includ-
ing Stone-Wales defects,> > single vacancy defects,®® multiple
vacancy defects,® and substitutional impurities.>>>” Nitrogen
doping has emerged as an effective method for tailoring graphe-
ne’s properties, expanding its applications in gas adsorption,*®
batteries,*® hydrogen storage materials,"”"" and particularly in
nanoelectronics.*? 4N-divacancy defected graphene quantum dots
(4N-GQDs), when doped with transition metals, offer a promising
approach for band gap engineering, a critical aspect for their
integration into nanoelectronic devices.**** Incorporating metal
atoms into the cavities of 4N-GQDs introduces localized electronic
states and modifies the overall electronic structure, enabling
tunable semiconducting properties essential for transistor-based
applications. For instance, a study by Jiménez-Ramirez et al.*’
employed first-principles calculations to investigate transition
metal adsorption on porphyrin-like motifs in pyrrolic nitrogen-
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doped carbon nanostructures. The research demonstrated that
such configurations could effectively tailor the electronic proper-
ties of graphene, making them suitable for nanoelectronic appli-
cations. Among various synthesis techniques, chemical vapor
deposition has proven most effective for nitrogen doping, produ-
cing distinct defect structures such as graphitic (where nitrogen
replaces a carbon atom), pyridinic (where three nitrogen atoms
surround a vacancy), and porphyrin-like (where four nitrogen
atoms form a divacancy) configurations.*®*’

Graphene quantum dots (GQDs), consisting of single- or
few-layer graphene with lateral dimensions smaller than
100 nm, have gained attention for their potential applications
in numerous fields.**** GQD fabrication follows two main
approaches: top-down and bottom-up. The top-down approach
involves extracting GQDs from larger graphene sheets using tech-
niques such as electrochemical exfoliation, ultrasonication, acidic
oxidation, electron beam lithography, and chemical exfoliation. In
contrast, the bottom-up approach synthesizes GQDs from polycyc-
lic aromatic compounds or aromatic-structured molecules using
processes like pyrolysis, carbonization, fullerene cage-opening,
microwave synthesis, hydrothermal and solvothermal methods,
and templating techniques.”*>*

Extensive research has also explored the influence of electric
fields on GQDs. Shen®® used B3LYP/6-31G* calculations to
demonstrate that an external electric field can induce deforma-
tion, modify polarization-charge distribution, and influence the
dipole moment of graphene. Wang®® employed a simplified
model to predict the field-induced alignment of cantilevered
graphene nanoribbons (GNRs), showing that their equilibrium
structures depend on electric field strength, with a linear
relationship between the alignment angle and the square of
field strength. Haipeng et al.’” examined how external electric
fields affect the electronic structure and hyperpolarizability of
hexagonal GQDs, showing that strong electric fields along the z-
axis cause GQDs to bend, significantly reducing their frontier
orbital energy gap. In our prior study,”® we analyzed the
curvature of three different GQD sizes (Cp4His, Cs4H;g, and
CosHy4) under vertical external electric fields using density
functional theory (DFT). Our findings indicated that the curva-
ture of GQDs depends on the field strength and that their
HOMO-LUMO gap decreases as the field strength increases.
These results confirm that an external electric field can induce
curvature in GQDs, providing a means to modulate their
electronic properties. Based on the literature, external electric
fields can modulate the HOMO-LUMO gap of graphene and
induce structural deformations, such as curvature, which can be
harnessed for nanoelectronic applications. Since experimental
measurements of these nanoscale effects remain challenging,
computational studies have become a primary tool for investigat-
ing electric field effects on nanomaterials. Our previous research®®
examined the impact of electric fields on symmetric GQDs. In
addition, Bhattacharyya et al.>® also conducted a study on the
effect of an external electric field on coronene, suggesting that the
structure undergoes non-spontaneous structural distortion, such
as curving or puckering, when exposed to a sufficiently strong
external electric field. This deformation is primarily driven by
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intramolecular charge redistribution rather than vibronic interac-
tions like the pseudo Jahn-Teller effect. However, the behaviour of
unsymmetrical 4N-divacancy-defected GQDs (4N-GQDs), which
have a porphyrin-like structure and can incorporate metal/metal
ions, remains unexplored.

In this study, we employed DFT calculations to investigate
the molecular structures and electronic characteristics of 4N-
GQDs and metal/metal-ion-doped 4N-GQDs (M-4N-GQDs, where
M = Ca, Ca**, Cr, Cr*", Fe, and Fe**) under vertical electric fields.
Due to the challenges of experimental studies on graphene-like
structures, DFT calculations provide a suitable approach. We
propose an innovative method to control the curvature of 4N-
GQDs/M-4N-GQDs using external electric fields, potentially
enabling new applications in nanoelectronic devices.

Computational methods

All calculations were conducted using density functional
theory (DFT) within the Gaussian16 software,*® employing the
6-31G(d) basis set. The exchange-correlation interactions were
described using the meta-generalized gradient approximation
(meta-GGA) with the M06-2X functional. The M06-2X functional
is well-suited for studying graphene due to its balanced
handling of exchange-correlation interactions and its reliable
accuracy in modeling electron delocalization.’™** The self-
consistent field (SCF) calculations were performed with a con-
vergence threshold of 10~° atomic units.

To model graphene quantum dots (GQDs), CosH,, also
known as circumcircumcoronene was selected due to its hex-
agonal symmetry, structural stability, and status as the largest
fully hydrogenated species in its class.®*®* The 4N-divacancy-
defected GQD (4N-GQD) structure was generated by removing
two carbon atoms and subsequently substituting four sur-
rounding carbon atoms with nitrogen. To further investigate
the effects of metal doping, six metal-embedded 4N-GQDs
(M-4N-GQDs) were created by incorporating Ca, Ca**, Cr,
Cr**, Fe, and Fe*" into the nitrogen-doped vacancy.

The influence of an external electric field (EF) on the
molecular and electronic properties of both 4N-GQDs and M-
4N-GQDs was analyzed by applying a perpendicular field with
strengths ranging from —0.030 to +0.030 atomic units. Sche-
matic representations of GQDs, 4N-GQDs, and M-4N-GQDs,
along with the applied field direction, are illustrated in Fig. 1.

Results and discussion
Impact of an external electric field on metal binding

The complexation energy (Ecompiex) iS evaluated to assert the
metal binding to 4N-GQDs and their values are displayed in
Fig. 2 and Table S1 of the SI.

Ecomplex = Envangops — Eanegops — Em (1)

In the absence of an external electric field, the binding was
found between 5.4 and 20.4 eV. The binding of Fe is the weakest,
and those of Cr*" and Ca®*" are the strongest. In general, the
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Fig.1 The geometry of (a) GQDs, (b) 4N-GQDs, and (c) M—4N-GQDs, along with the direction of the applied field.
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Fig. 2 The complexation energy (Ecomplex) Of metal and metal(n)-4N-
GQDs with different electric fields.

binding of 4N-GQDs with bare metals is weaker than with metal
ions, realizing that 4N-GQDs are neutral compounds. Under the
influence of an electric field, the binding of bare metal (Ca, Fe, and
Cr) does not significantly vary, while a more pronounced change
was observed for the binding of metal ions (Ca*>*, Fe**, and Cr*").
However, the field direction does not affect the binding of metal/
metal ions to 4N-GQDs. For Ca®* and Cr*, the binding was
found to increase with the field, while it decreased for Fe*'.
Thus, the metal binding can be enhanced/unenhanced by an
electric field.

Impact of an external electric field on the molecular geometry

After applying an external electric field (EF), all structures (4N-
GQDs and M-4N-GQDs) were found to be curved. This curving
of the structure is spotted from the rise of z-coordinates (from
before applying fields, which are generally zeroes). Thus, the
variation in the z-coordinate (AZ) was determined to assess
the structure’s curving. Two distinct directions of curvature
were observed, i.e., along the C atom and C-C bond directions,
as illustrated in Fig. 3. The curving of the structure is similar
to what was observed in our previous finding of graphene
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quantum dots (GQDs).>® The optimized geometries of
metal and divalent metal ion-doped 4N-GQDs are displayed
in Fig. 4 and 5, respectively. For 4N-GQDs, the optimized
geometry under various vertical electric fields is shown in Fig.
S1, SI.

As the strength of the field increases, the curvature of the
metal- and metal ion-doped 4N-GQDs also increases. This
curvature aligns with the orientation of the electric field along
the Z-axis, which is perpendicular to the plane of the GQDs.
Under a positive field direction, both bare metals and divalent
metal ion doped 4N-GQDs display a convex curvature, while
they exhibit a concave curvature in a negative field direction.
For most M-4N-GQDs, the metal/metal ion is placed in the
center of the 4N cavity of 4N-GQDs, even under an external
electric field, except for Ca/Ca®**. For Ca/Ca**, we observed
the displacement of the metal from the center of the complex.
The displacement of Ca and Ca®* is due to their larger size
as compared to other metals. Consequently, the field
strength influences the degree of curvature of M-4N-GQDs.
From Fig. 6 and 7, the observation indicates that metal-
and metal ion-doped 4N-GQDs bend more explicitly along

P
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X

Along C-C bond direction

Fig. 3 Two curving directions of metal and metal(1)-4N-GQDs: along C
atom and C-C bond directions.
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Fig. 4 Geometry optimization of the M—-4N-GQDs model for (A) Ca, (B) Cr, and (C) Fe under varying electric fields: (a) 0.0 a.u., (b) 0.010 a.u.,
(c) 0.0150 a.u., (d) 0.020 a.u., (e) 0.025 a.u., and (f) 0.030 a.u.
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Fig. 5 Geometry optimization of the M*—4N-GQD model for (A) Ca®*, (B) Cr?*, and (C) Fe?* under varying electric fields: (a) 0.0 a.u., (b) 0.010 a.u., (c)
0.0150 a.u., (d) 0.020 a.u., (e) 0.025 a.u., and (f) 0.030 a.u.

19776 | Phys. Chem. Chem. Phys., 2025, 27,19772-19783 This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp02152a

Published on 14 August 2025. Downloaded on 6/14/2026 2:44:37 AM.

AZ direction coordinate (A)

b

o
-’

AZ direction coordinate (A)

o
-
-

=—Ca -0.030 a.u.
o Ca-0.025 a.u.
4-Ca-0.020 a.u.
—v—Ca-0.015 a.u.
+-Ca-0.010 a.u.
"""" Ca 0.000 a.u.
»Ca 0.010 a.u.
¢ Ca 0.015 a.u.
*—Ca 0.020 a.u.
* Ca 0.025 a.u.
@—Ca 0.030 a.u.

8

Distance from 4N center along C-C bond direction @A)

—a—Cr -0.030 a.u.
—e—Cr -0.025 a.u.
4—Cr -0.020 a.u.
—v—Cr -0.015 a.u.
4—Cr -0.010 a.u.

"""" Cr 0.000 a.u.
»Cr 0.010 a.u.
¢—Cr 0.015 a.u.

—*—Cr 0.020 a.u.
*Cr 0.025 a.u.

—o—Cr 0.030 a.u.

-#—Fe -0.030 a.u.
o Fe -0.025 a.u.
—4—Fe -0.020 a.u.
—v—Fe -0.015 a.u.
—4—Fe-0.010 a.u.
--—-Fe 0.000 a.u.

View Article Online

»Fe 0.010 a.u.
—o—Fe 0.015 a.u.
*—Fe 0.020 a.u.
*—Fe 0.025 a.u.
o Fe 0.030 a.u.

AZ direction coordinate (A)
=3
1

-10 -8 -6 -4 -2 0 2 4 6 8

Distance from 4N center along C-C bond direction A)

PCCP
a-ii)
4 4
#—-Ca -0.030 a.u.
s o Ca-0.025 a.u.
<. 4-Ca-0.020 a.u.
% —v—Ca-0.015 a.u.
£ +-Ca-0.010 a.u.
'g 0- ~—-Ca 0.000 a.u.
S »Ca 0.010 a.u.
g —e—Ca 0.015 a.u.
£ 27 *—Ca 0.020 a.u.
o *Ca 0.025 a.u.
B o—Ca 0.030 a.u.
N 4
<
-6 T T T T T T T T T T
10 8 6 -4 2 0 2 4 6 8
Distance from 4N center along C atom direction @A)
b-ii)
4
—a—Cr -0.030 a.u.
P —e—Cr -0.025 a.u.
< —4—Cr-0.020 a.u.
% v—Cr -0.015 a.u.
£ —4—Cr-0.010 a.u.
FEEE —— = = —_ = = Cr 0.000 a.u.
= —»—Cr 0.010 a.u.
5 : ¢—Cr 0.015 a.u.
B T *—Cr 0.020 a.u.
2 *—Cr 0.025 a.u.
s o-Cr 0.030 a.u.
N -4
<
6 T T T T T T T T T T
10 -8 6 4 2 0 2 4 6 8
Distance from 4N center along C atom direction A)
c-ii)
44
=—Fe -0.030 a.u.
= —e—Fe -0.025 a.u.
<, ] —A—Fe -0.020 a.u.
£ v—Fe -0.015 a.u.
£ —4—Fe-0.010 a.u.
Tl Ee——f——— — Fe 0.000 a.u.
S »Fe 0.010 a.u.
H . ¢ Fe 0.015 a.u.
B ] *—Fe 0.020 a.u.
2 *—Fe 0.025 a.u.
= o Fe 0.030 a.u.
N 41
<
-6 T T T T T T T T T T

-10 -8 -6 -4 -2 0 2 4 6 8

Distance from 4N center along C atom direction @A)

Fig. 6 Plots of variations in Z coordinates (AZ) and the distance from the 4N center (in A) for: (a) Ca—4N-GQDs, (b) Cr—4N-GQDs, and (c) Fe—4N-GQDs, where (i)
represents the direction along the C—C bond, and (ii) represents the direction along the C atom, under an external electric field ranging from —0.030 to +0.030 a.u.

the C-C bond direction than along the C atom direction.
The curving of 4N-GQDs tends to occur along the C-C bond
direction, as illustrated in Fig. S2. Similar to our previous
publication,”® we found that, for a particular field strength,
the plot of AZ and the distance from the 4N center can be
quantified by a quadratic equation, y = ax® + bx + ¢, with R” of the fit
exceeding 0.97.

Exceptions are those for Ca and Ca*" doped 4N-GQDs where R*
fitting is less than 0.97 but still greater than 0.90. The exclusion of

This journal is © the Owner Societies 2025

the results of Ca/Ca>" doped 4N-GQDs might come from the fact
that for these complexes, Ca/Ca** does not occupy the center of the
4N cavity. The quadratic equations, together with their R* for GQDs,
4N-GQDs, and M-4N-GQDs, are presented in Tables S2-S4, SI. We
could match the coefficient ‘a’ with the largest bending angle 0,
which is defined as the angle of the slope of the line connecting the
4N center with GQDs’ edge, as portrayed in Fig. 8. For unsymme-
trical GQDs, there are 2 angles, the angle to the left (0,) and right (6,)
of the 4N center. The relation between 0 and the coefficient ‘@’ can
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Fig. 7 Plots of variations in Z coordinates (AZ) and distance from the 4N center (in A) for: (a) Ca>*—4N-GQDs, (b) Cr?*—4N-GQDs, and (c) Fe?"—4N-
GQDs, where (i) represents the direction along the C—-C bond, and (i) represents the direction along the C atom, under an external electric field ranging
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be ratified by the following equations.
a1 (Y1 €
0, = tan (XI — d)
0> — tan~! Ja—e
2 an (Xz +d
b2

b
Whered:Zande:c—E.
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The dependency of 6; and 0, with field strength for GQDs,
4N-GQDs, and M-4N-GQDs is shown in Tables S5-S8 in the SI.
For the strongest field (EF = £0.030 a.u.), the largest bending
angle ranges between 270 and 360, in which GQDs have the
smallest bending angle. This suggests GQDs to be stiffer, and
the defect causes the structures to be more flexible. Unlike
other structures, GQDs have the same value for 0, and 0, at the
same EF owing to their symmetric geometry. The bending angle
of 4N-GQDs is slightly smaller than that of M-4N-GQDs, and 0,
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https://doi.org/10.1039/d5cp02152a

Published on 14 August 2025. Downloaded on 6/14/2026 2:44:37 AM.

Paper

Vi,

., o

“fai | by
X 5 X

Fig. 8 The coefficient a with the largest bending angle 0, which is defined
as the angle of the slope of the line connecting the 4N center with the
GQDs' edge.

is smaller than 60,, while for other structures 6; > 0,. Thus,
embedding metal makes the structure more flexible. Among M-
4AN-GQDs, the largest bending angle does not differ much,
implying that the bending of graphene quantum dots is not
associated with the types of metals. Interestingly, the relation-
ship between 0, and 0, with the coefficient ‘@’ is linear, as
shown in Fig. S3-S8, SI. Thus, |a| (absolute value of ‘a’) can be
used to describe the degree of curvature for these graphene
quantum dots.

As the electric field strength increases for both directions,
the degrees of curvature |a| for GQDs, 4N-GQDs, and metal/
metal ion-doped 4N-GQDs demonstrate a consistent rise. Fig. 9
provides the relation of the electric field strength and the
degrees of curvature |a| for GQDs, 4N-GQDs, and metal/metal
ion-doped 4N-GQDs. From the plot, the degree of curvature for
M-4N-GQDs shows symmetric dependence on the electric field
with similar values for |a|, except for Ca-4N-GQDs. At EF = 0,
the |a| value of Ca-4N-GQDs is non-zero, which means that the
structure is not planar (its 0, = 7.010) even at zero field. For this
complex, the structure starts to curve further after EF above
£0.020 a.u. (The |a| remains the same for EF = 0.000, £0.010,
and £0.020 a.u.) From Fig. 9, 4N-GQDs display higher |a|, while
their |a| values are lower for GQDs. This feature is similar to
our discussion on 6, which suggests that |a| and 0 are
dependent.

Pattarapongdilok and Parasuk®® reported very large defor-
mation energy for GQDs. We are interested in knowing what

0.09 —=— GQDs
12— 4N-GQDs

0.08 -

0.07 o
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0.05

0.04 4

0.03 4

Degree of curvature|a|

0.02 4

0.01

0.00 : : r
003 002 001 000 001 002 003

EF (a.u.)

Fig. 9 The degrees of curvature for GQDs, 4N-GQDs, metal- and metal
ion-doped 4N-GQDs at various electric fields.
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facilitates the curving of graphene quantum dots. The dipole
moment of the GQD-related structure increases significantly as
the structure changes from flat to curved. Under an external
electric field, molecules with a permanent dipole moment can
be stabilized, as shown in Tables S9 and S10. By neglecting
higher-order terms, the energy of molecules under the influ-
ence of an external electric field (E(F)) can be expressed by

E(F) = By — iF @)

where u is the permanent dipole moment and F is the field.
Indeed, for GQDs, 4N-GQDs, and M-4N-GQDs their dipole
moments are large and become larger at a stronger field. Values
of —uF of M-4N-GQDs, M = Ca, Cr, Fe, Ca*', Cr*", and Fe*",
under external electric fields ranging from —0.030 to +0.030
atomic units are given in Tables 1 and 2. To rationalize the
above hypothesis, deformation energies (Eqef) and dipole inter-
action (-uF) for six M-4N-GQDs were estimated and are
reported in Tables 1 and 2. E4.r is determined according to

Eger = EO,EF - Eo,noEF (3)

E, gr is the energy of M-4N-GQD at EF when turning off the
field (or E, from eqn (2)), and Eg norr is the energy of M-4N-
GQD at EF = 0.

From Tables 1 and 2, the field dependent of the deformation
energies of M-4N-GQDs was observed and can be visualized in
Fig. 10. The deformation energy of M-4N-GQDs at the same
field strength but different directions (+) has the same value.
Fig. 10 has a similar profile to Fig. 9, the plot between the
degree of curvature and field strength. Thus, the deformation
of energy can be related to the degree of curvature and the
curving of M-4N-GQDs. The plot of Eqer with the field strength
of Fe-4AN-GQDs lies above the others. This suggests that Fe
doping causes the bending of M-4N-GQDs to be least favorable.
Most M-4N-GQDs have positive and large deformation energies,
which suggests that the curving of M-4N-GQDs is unfavorable
(the structure is very stiff). However, Ca**-4N-GQDs under an EF
between —0.020 and +0.020 a.u. has negative deformation
energies. We also observed the association between the degree
of curvature and permanent dipole moment. The linear regres-
sion between |a| and u at various field strengths has R*> > 0.95

Table 1 Deformation energy (Eqef) and dipole interaction (—uf) in eV of
Ca/Cr/Fe—4N-GDQs under field strength from —0.030 to +0.030 a.u

Ca Cr Fe

EF (au.)  Egef —UF Eqer —UF Eqer —UF

0.03 13.05 —18.77 13.56 —20.06 42.53 —19.08
0.025 5.09 —8.48 4.60 —10.38 22.49 —10.18
0.02 2.96 —4.92 1.13 —4.90 9.36 —4.41
0.015 2.06 —2.92 0.83 —2.17 4.25 —2.07
0.01 1.50 —1.50 0.49 —0.94 1.81 —0.88
0 0.00 0.00 0.00 0.00 0.00 0.00
—0.01 1.50 —1.50 0.49 —0.94 1.81 —0.88
—0.015 2.06 —2.92 0.83 —2.17 4.25 —2.07
—0.02 2.96 —4.92 1.13 —4.90 9.36 —4.41
—0.025 5.09 —8.48 4.60 —10.38 22.49 —10.18
—0.03 13.05 —18.77 13.56 —20.06 42.53 —19.08
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Table 2 Deformation energy (E4er) and dipole interaction (—uf) in eV of
Ca®*/Cr?*/Fe**-4N-GDQs under field strength from —0.030 to
+0.030 a.u

Ca* cr*t Fe**

EF (a.u.)  Eger —uF Eqet —uF Eget —UuF

0.03 9.74 —19.97 14.98 —22.95 13.98 —21.56
0.025 2.21 —9.36 5.80 —12.63 7.80 —12.19
0.02 —0.71 —5.12 3.34 —5.73 3.15 —5.45
0.015 —1.78 —2.97 1.15 —2.34 1.11 —2.26
0.01 —2.36 —1.51 0.45 —0.96 0.44 —0.93
0 0.00 0.00 0.00 0.00 0.00 0.00
—0.01 —2.36 —1.51 0.45 —0.96 0.44 —0.93
—0.015 —1.78 —2.97 1.15 —2.34 1.11 —2.26
—0.02 —0.71 —5.12 3.34 —5.73 3.15 —5.45
—0.025 2.21 —9.36 5.80 —12.63 7.80 —12.19
—0.03 9.74 —19.97 14.98 —22.95 13.98 —21.56

50

45

40

35

30

E . (eV)
8
1

Fig. 10 The deformation energy (Egef) metal- and metal ion-doped 4N-
GQDs at various electric fields.

for all M—-4N-GQDs. Thus, the strong curving causes the structure
to exhibit a large dipole moment. Although Ey. is quite high, we
found —uF to be larger than Eg.s for most structures. This
facilitates the curving of M-4N-GQDs and supports our hypoth-
esis. Thus, the curving of M-4N-GQDs under the external electric
field is driven by the large dipole moment of the structure.
We monitored the effect of the electric field on nuclear repulsion
energy as well as electronic energy, Fig. S9 and S11, SI. The
nuclear repulsion energy increases with the increase of EEF,
while the electronic energy declines. Thus, the structure is
stabilized by the electron interaction and destabilized by the
interaction between nuclei. The observation supports the
hypothesis given by Bhattacharyya et al.>®

According to eqn (2) and (3), E(F) — E(0) = Eger — 1F. This is
true for all M-4N-GQDs, except Fe-4N-GQDs. This implies that
eqn (2) cannot be applied to Fe-4N-GQD. The higher multipole
moment terms are important for this system, in which they
cannot be neglected. Thus, the deformation energy estimated
for Fe-4N-GQDs is too high. With corrections to higher multi-
pole moment terms, the deformation energy would become
lower and might be on par with other systems. At a certain EF,
Ca**-4N-GQDs have a negative Eqer. The curving of Ca**-4N-
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GQDs can happen even without applying an electric field
(up to 0, = 14.570 and 0, = 8.840). We tested for E(F) — E(0) =
Eqer — 1F, and the relation holds. This hints that the determi-
nation of Eg4. is reliable for this case. Therefore, by doping with
Ca**, 4AN-GQDs could be curved.

Effect of an external field on the electronic structure

The HOMO-LUMO gap (E;) of GQDs, 4N-GQDs, metal- and
metal ion-doped 4N-GDQs under varying external electric fields
is depicted in Fig. 11. The HOMO and LUMO energy gaps (E,) of
GQDs, 4N-GQDs, metal-doped 4N-GQDs, and metal-ion-doped
4AN-GQDs show field-dependent behavior. The trend of the
HOMO-LUMO gap follows the order: GQDs (3.4 eV) > 4N-
GQDs (3.0 eV) > metal-4N-GQDs (2.8 eV) > Ca-4N-GQDs
(2.5 eV) > Ca**-4N-GQDs (2.3 eV) > metal ion-4N-GQDs
(2.0). The HOMO-LUMO gap alters with doping species (bare
metal or metal ion) rather than the types of elements.

Additionally, the field dependency of HOMO and LUMO
energies of these materials is displayed in Fig. S11, SI, com-
pared to those of pristine GQDs, while their LUMOs are lower.
The HOMOs of metal doped 4N-GQDs are higher than those of
undoped 4N-GQDs and pristine graphene, while their LUMOs
show a similar field pattern to 4N-GQDs. The doping with metal
ions shifts their HOMO and LUMO levels lower by 5 eV.
Both HOMO and LUMO energies increase with the increment
of an external electric field. Interestingly, Ca and Ca** doped
4N-GQDs reveal the trend discontinuity at a certain field
strength, like in the case of charge transfer. The pristine GQDs
have the largest band gap energy of 3.8 eV at EEF = 0.00 a.u. The
band gap energy reduces drastically to around 3 eV for
4N-GQDs and metal-doped 4N-GQDs. With metal-ion doping,
the band gap further reduces to around 2 eV. Thus, the electric
field has a significant influence on the electron distribution
and frontier orbital energies, which aligns with the conclusion
made by Bhattacharyya et al.>

For most graphene quantum dots, E, is unvaried between
EF = —0.015 and +0.015 a.u. If the field strength further
increases beyond those values, we found a sudden drop in

—a— GQDs

34 —e— 4N-GQDs

3.2
2+
3.0
2.8 —<—cCr’
2.6
2.4
22

2.0

HOMO-LUMO gap (eV)

EF (a.u.)

Fig. 11 HOMO-LUMO gap energies of GQDs, 4N-GQDs, metal and
metal(n) ions within 4N-GDQs at different electric fields.
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Fig. 12 The degree of curvature (|a]) and the evaluation of HOMO-LUMO
gap energies for metal and metal(i) ion 4N-GQDs.

values of E,, down to 1.6 eV for Fe**-4N-GQDs. For Ca- and
Cr*’-4N-GQDs, E, increases again after EF = 0.025 a.u.

Fig. 12 shows the plot between the coefficient ‘a’ and E,. The
trend for E, with curvature in Fig. 12 seems to be in line with
the plot in Fig. 11. The HOMO-LUMO gap for all structures is
found to be unchanging during a range of a, then after certain
values, the sudden drop of E, is noticed. From this, we can
deduce that the curving of graphene quantum dots causes
values of E, to change. But this can be observed only at large
degrees of bending.

We observed the Mulliken charge and charge transfer from
the metal and metal ions to the 4N-GQDs, as shown in Table S9
and Fig. S12, SI, respectively. However, the direction of electron
transfer depends on the doping. For metal-atom (Ca, Cr, and Fe)
doping, we found electrons being transferred from the metal
atom to the 4N-GQD ligand. For metal-ion (Ca**, Cr**, and Fe*")
doping, the opposite direction (from the ligand to the metal ion)
was observed. The degree of transfer is related to the types of
metal and the strength of the field. This figure shows charge
transfer, where a negative charge indicates electron transfer
from the ligand. In the case of the metal atoms Cr and Fe, the
behavior is the same: transfer from the metal increases as the
electric field becomes stronger. However, for Ca, the transfer
decreases as the field increases, but increases again at £ 0.03.
For the metal ions, the behavior differs in all three cases. For
Cr*, the transfer from the ligand to the metal decreases, while
for Fe**, it increases. Ca** exhibits behavior similar to that of Ca.
This explains why Ca and Ca®"-doped 4N-GQDs shift from the
outer curvature to the inner curvature at an electric field strength
of 0.03 a.u., depending on the charge transfer.

Conclusion

The binding of metal (Ca, Cr, Fe)/metal ion (Ca>", Cr**, Fe*") to
4N-GQDs varies with the types of metals and metal ions. Metal
ions bind to 4N-GQDs more strongly than bare metals. The
binding of Fe to 4N-GQDs is the weakest (5.4 e€V), and those of
Ca®" and Cr*" are the strongest (20.4 V). For bare metal-doped
4AN-GQDs, the metal binding is unaltered with the field
strength, while the binding of metal ions to 4N-GQDs can be
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strengthened or weakened when applying an electric field, depend-
ing on the types of metal ions. The applied electric field also affects
the molecular structure of 4N-GQDs and six M-4N-GQDs. These
structures are curved when applied and according to the electric
field strength, see Fig. 4 and 5. From geometries, the curving is
observed from the variation of Z coordinates (AZ). The curving of
the structure is more recognized along the C-C bond direction.
The plot of AZ with a field strength of 4N-GQDs and M-4N-GQDs
shows the quadratic nature. Quadratic equations with relation y =
ax® + bx + ¢ were obtained for 4N-GQD and six M—4N-GQDs. From
the relation, we estimated the largest bending angle () represent-
ing the curving of the structure. There is a linear relation between 0
and the absolute value of the coefficient a or |a|. Thus, |a| denotes
the degree of curvature of the structure. The dependency of field
strength on |a| is realized. The field strength dependent on |a|
does not significantly vary with the types of metals/metal ions. The
curving of graphene quantum dots when applying an external
electric field is facilitated by the large dipole moment of the
structure. The deformation energy of six M-4N-GQDs was deter-
mined. The deformation energy of M-4N-GQDs varies with field
strength (EF) and the type of metal. A value as large as 42 eV was
spotted (Fe-4N-GQD at EF = +0.030 a.u.). The field strength
dependence of deformation energy suggested that the instability
of M-4N-GQDs was caused by the curvature of the structure. For
most M-4N-GQDs, the dipole interaction (—uF), which stabilizes
the molecule under an external electric field (¥), has a value larger
than the deformation energy at the same F. This supports the
dipole stabilization for curved graphene quantum dots. From our
analysis of deformation energy, we also found that Ca**-4N-GQDs
could be curved without applying an external electric field.
Furthermore, the HOMO-LUMO gap of metal- and metal ion-
doped 4N-GQDs can be altered by an electric field ranging between
1.64 and 2.98 eV, which is lower than those of GQDs and 4N-GQDs.
The sudden drop of the HOMO-LUMO gap when the EF was
beyond [0.020| a.u. was discovered. We suggest that both the
curvature and electronic properties of metal- and metal ion-doped
4N-GQDs could be manipulated by applying an external electric
field. This method could hold potential for widespread applica-
tions in semiconductor technology.
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