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In recent years, magnetic or electric field induced modulations on the electronic environment of single

molecular systems are common practice. In this particular study, we have instigated the possibility of

controlling the electronic and spin-dependent properties of hydrogen-terminated graphene fragments,

so-called graphene nanoflakes (GNF), using weak non-covalent interactions as the external stimuli. The
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topological frustration in the graphene fragment appreciated the compelling electronic behavior of the
system. This leads to some unorthodox spin-distribution in the system and it is possible to synchronize
this electronic perturbation switching through a non-covalent interaction. These findings institute a new

avenue for sculpting such donor—acceptor composites as self-regulated spintronic devices in next

rsc.li/pccp generation electronics.

1. Introduction

Low dimensional atomically precise carbon-based magnetism®
consisting of a 2D graphene backbone is anticipated to be the
most suitable building-block for the fabrication of next-
generation electronic and spintronics devices.”> The higher
Curie temperature and relatively large spin correlation length
compared to those of conventional magnets are primarily
responsible for the exquisite features in the carbon-based magnetic
nanostructures.® In a recent technological breakthrough, the
laboratory synthesized true two-dimensional (2D) graphene
crystals, which generated massive excitement among the scien-
tific community across the globe.*” Subsequent sophisticated
investigations of this system revealed different, extraordinary
electronic properties such as the room-temperature quantum
hall effect,® half-metallicity,’ massless quasi-particles,® high
mobility and coherence,” etc. Although developing a precise
understanding of these properties accounts for some fundamental
perspectives, these have considerable implications on high-end
technological developments as well. On the lower side, the inherent
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zero bandgap and semi-metal characteristics are the severe
impediments that restrain the feasibility of carbon-based elec-
tronics. Certain promising topological modifications to the 2D
graphene crystal lattice to engineer a small band gap are
nanostructuring graphene into carbon nanotubes (CNTs) and
graphene nanoribbons (GNRs) or nanoflakes (GNFs).>'® Many
high-quality experimental research efforts have been devoted to
understanding the optoelectronic properties of these different
topological analogs from graphene, namely GNRs''™* and
armchair GNFs of triangular,"® hexagonal'®'’ and other
shapes.'®'® The scientific community is highly optimistic
about the GNR based device fabrication for DNA sequencing
along with sophisticated spintronic applications.”*>*

GNRs are composed of finite-size one-dimensional (1D)
straight edges, whereas GNFs are quasi-zero-dimensional
graphene quantum dots and are, in principle, part of a large
hexagonal carbon network in reduced dimensions. It is impor-
tant to understand that the building-blocks or the functional
components of nanoscale devices should, at the nanometer
scale, provide sustainable performance according to Moore’s
law. It is encouraging to note that, the recent experiments
ensure the possibilities of obtaining the graphene features at
the scale of tens of nanometers.> Perhaps the quantum con-
finement attributed to the reduced dimensionality along with
the modification of the topological edge-states actuate unique
electronic and magnetic properties in the GNFs. The elegant
electronic characteristics and contemplation of the application
prospects of GNFs have been extensively explored in some
recent experimental studies.”>>® It is worth mentioning here
that the impact of relative variations in size and edge-states on
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the overall electronic structure of relatively large (lateral dimen-
sion up to 20 nm) GNFs has been experimentally demonstrated.>”
Localized edge states along with the metallic features are observed
in ZZGNFs. The point or extended defect and chemical modifi-
cation induced magnetism on the non-magnetic graphene
crystal is well documented in literature.”*' On the other hand,
the non-trivial n-electron-driven magnetism is the consequence
of localized edge-states in a zero-dimensional (0D) graphene
nanoflake (GNF).*>*® Successful nanofabrication of graphene
materials is attributed to contemporary ground-breaking scien-
tific developments,®**> but the controlled growth of a specific
edge-type is still challenging. Sophisticated nanofabrication
techniques combined with scanning tunneling microscopy
produced precise zigzag edges, namely nanoribbons with substan-
tially high long-range magnetic ordering at room temperature.*®
Interestingly, a transition from semiconductor to metallic state
followed by substantial changes to the magnetization of the edge-
states, comparable to that of the ribbon width, has also been
realized.*® The systematic analysis of the conformational changes
in the halogen—pi interaction, as depicted by Kim et al., opens-up a
new perspective towards size-dependent electronic tuning in the
hexagonal carbon network.?”

It is worth mentioning here that the implicit non-covalent
functionalization through the physisorption of electron with-
drawing/donating molecules is the implication of a relatively
non-destructive and straightforward way to obtain dope
graphene.*®*° To be precise, the induced doping effect on the
graphene surface is the consequence of a charge transfer
interaction between the composite pair. Most importantly,
the graphene surface institutes minimal deformation due to
the predominate van der Waals (vdW) interaction and also
maximizes the possibility of the cooperative doping effect.
Different experimental and theoretical investigations have been
performed to realize the efficient doping of the 2D graphene
surface in terms of non-covalent interactions. From the experi-
mental prospects, Voggu et al. successfully carried out p- and
n-doping on the graphene surface using specific donor mole-
cules, tetrathiafulvalene (TTF) and some acceptor counterparts
like tetracyanoethylene (TCNE).>* In another significant
contribution, Chen and co-workers designed some doping
protocols using the strong acceptor molecule, tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ), to induce p-doping on
the surface.®® The high-end DFT calculation contributes new
insights to this exciting topic. Different groups reported extensive
computational simulation results on the non-covalent functionali-
zation of graphene, based on typical electron donors and acceptors
such as TTF,"® TCNE," and F4-TCNQ.** Cho et al. performed
extensive theoretical investigations to develop a better understand-
ing on the adsorption dynamics of nucleobases on the graphitic
surface.”® However, none of these reported works realized an
opportunity to implement the principle of non-covalent function-
alization to account for the size and shape dependent electronic
modulations on the zero-dimensional (0D) graphene nanoflakes
(GNFs). The non-destructive and reversible nature of functionaliza-
tion is anticipated to be a pivotal signature to implement the
concept in some practical nanoelectronic applications.
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In recent years a great deal of research effort has been
devoted towards the non-covalent functionalization of graphene.
However, to the best of the authors’ knowledge, the present study is
a systematically organized and compact approach to address a few
unexplored aspects of non-covalent interaction arbitrated electro-
nic modulations in graphene nanoflakes. Here, first-principles DFT
calculations are used to highlight the acclaimed changes in
electronic and magnetic properties of the GNF-HATCN nano-
composites. It is important to note that the electronic environ-
ment in quantum dots is mainly sensitive to the shape and size
of the system. Therefore, we embodied GNFs constituting
different sizes as well as shapes. Subsequently, a strong pi-acceptor
molecule, hexaazatriphenylene-hexacarbonitrile (HATCN) (see
Fig. S1 in the ESIY), considerably enhanced the effect of the
non-covalent interaction on the GNFs. The six CN groups in the
molecule substantially enriched the electron accepting ability
of the system. From here onwards we shall use ‘HATCN’ as the
short-hand notation for this molecule.

The paper is organized in the following way: Section 2
contains a brief discussion regarding the implemented compu-
tational methodologies along with some relevant information
about the model systems. A broad interpretation of the
computed data is included in Section 3 and it is sub-divided
into two sections. Some of the essential electronic charac-
teristics of the five modeled GNF systems are discussed in
Section 3(a). The different electronic and magnetic properties
of the donor-acceptor (GNF-HAT) composite systems and their
probable futuristic device application prospects are analyzed in
Section 3(b). Finally, Section 4 consists of specific concluding
remarks on these particular nanocomposites and the possibilities
of using non-covalent interactions to regulate the electronic and
magnetic properties of nanostructures.

2. Computational details

DFT calculations were performed using the open source Quantum
Espresso 5.4.0 code.** We used Troullier and Martins*> norm-
conserving pseudopotentials and exchange-correlation (xc) effects
are incorporated at the Becke-Lee-Yang-Parr (BLYP)*® level of the
generalized gradient approximation (GGA). The van der Waals
correction to the calculations has been incorporated through
semi-empirical Grimme’s DFT-D2 methodology"” as implemented
in Quantum Espresso. The standard kinetic energy cutoff for
wavefunctions is set at 40 Ry and the corresponding cutoff for
charge density and potential is set at 160 Ry. As we have discussed
previously, the electronic environment of GNFs has a strong
dependence on the size and shape of the system. In the present
study, we considered five different types of model GNF structures
containing zigzag edges. The reciprocal space integrations were
performed at the ‘I point. Within the extended periodic frame-
work of the calculations, the flakes were considered to be placed
in simple cubic supercells such that the periodic images were
separated by at least 10 A and 5-8 A vacuum space in the vertical
and horizontal directions, respectively, to maintain some negligible
interactions between the repetitive units. Subsequently, we have
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Fig. 1 Relaxed hydrogenated graphene nanoflake (GNF) structures modeled for our present study. We have included different shapes and sizes to
account for the topological changes induced electronic modulations in the system. The "Hybrid" and ‘Square’ systems contain certain defects in the

lattice as depicted by green circles.

performed several convergence tests w.r.t. the different supercell
lengths to determine the ground state of the system. Indeed, a 10 A
vacuum space along the Z-direction seems to be the most preferred
situation to obtain the energy minima for the system. Nanoflakes
were optimized until the forces on each atom were less than
5 x 102 eV A~ The forces on the modeled nanoflakes were
minimized up to <10 Ry a.u.”" for all atoms to obtain fully
relaxed atomic geometries. In the model systems, the dangling
bonds at the edge atoms are saturated with atomic hydrogens. To
understand the impact of shape and size of the GNFs on their
electronic environment, we included five different zigzag edge GNF
structures (Fig. 1). Furthermore, the topological defects on the GNF
are significant to interpret the electronic modulations in the
system. To account for this particular feature, we have included
two special cases (last two GNF structures in Fig. 1) with existing
structural defects. In the composite system, the HATCN molecule is
bound to the GNF predominantly through a weak van der Waals
type interaction. The acceptor HATCN seems to be strongly physi-
sorbed on the GNF surface. For computational convenience, we
have assumed that the GNF is a part of the extended graphene
network saturated with atomic hydrogens. We can argue that the
n—n stacking interaction is more favorable for the HATCN-GNF
nanocomposite (due to the flat surface structure of both the
systems) rather a covalent complex formation. However, we cannot
rule out the possibility of covalent complex formation too. In such a
situation, the acceptor HATCN will drift to one of the edges of the
GNF as electronic charges mostly tend to accumulate on the edges.

3. Results and discussions

(a) Impact of topological changes to the electronic and
magnetic environment of single layered graphene nanoflakes
(GNFs)

In this section, we will attempt to probe the observed modula-
tions to the electronic environment of GNFs as a result of their
topological changes. We have considered five GNF structures
with different shapes and sizes along with some defects.
The relaxed structures of the model GNFs are given in Fig. 1.
It is well established that the intrinsic electronic properties of
the GNFs are related to the size and shape of the system. The
impact of structural orientation on the electronic charge dis-
tribution of five GNFs (from contour plots in the [110] plane) is

18720 | Phys. Chem. Chem. Phys., 2018, 20, 18718-18728

portrayed in the ESIt (Fig. S2). Some characteristic changes
to the symmetric distortion of the electronic charges on the
hexagonal and hybrid GNF surfaces are perhaps prevalent in
the figure.

It is also essential to shed some light on the edge effect of
GNR/GNFs before extending the strategic discussion on the
noncovalent interaction mediated electronic modulations. The
characteristic charge accumulations on the edges are realized
for the GNR based nanostructures. The external transverse
electric field induced perturbations to the electronic and
magnetic properties of pristine and edge-decorated zGNRs are
well documented.*® Systematic and controlled chemical
modifications to the edges of zGNR lead to an effective decrease
in the observed half-metallicity or nonmagnetic behaviors in
zGNRs. Some recent scientific developments accounted for the
temperature dependence of graphene edge termination at the
atomic scale.*® This particular experimental study showcased
the effect of temperature variations in the edge-state electronic
environment of GNRs. At some relatively low temperatures
(below 4000 °C) the zigzag terminations are prevalent for the
graphene edges. On the other hand, the edges are dominated
by armchair and reconstructed zigzag edges above 6000 °C.

It is worth mentioning here that the shape and size of the
nanoflakes have substantial impact on the intrinsic magnetic
properties of the system. The magnetic behavior of the five
different systems is reported in Fig. 2. Here, the ground state
magnetization densities in terms of up (down) spin densities
are represented as red (blue) isosurface plots. Subsequently, the
graphical representations of the total and absolute magnetic
moment values for the five systems are also included in Fig. 2.
As can be seen in the hexagonal nanoflake, spherical symmetry
of the system is preserved and predicted the absence of any
magnetic moment for the structure. So, in principle, the
hexagonal nanoflake should be non-magnetic in nature. The
triangular nanoflake exhibits typical edge-state magnetism.
Relatively higher total and absolute magnetic moment values
are observed for this structure. The anti-ferromagnetic ordering
of the spin arrangement is dominant along the edges.

However, the spin alignment in the triangular GNF is not
uniform throughout the edges. It is evident from Fig. 2 that on
the contrary to an excess of up-spin densities along the edges,
the right-hand corner of the edge experienced sudden growth of
excess spin densities with down-spin states. The spin densities

This journal is © the Owner Societies 2018
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Fig. 2 The magnetic structures of the nanoflake (a) spin density distribution isosurface plots for the five GNFs and (b) corresponding computed total
(the integral of the magnetization in the cell) and absolute (the integral of the absolute value of the magnetization in the cell) magnetic moment values.
The red and purple color regions in the isosurface plots represent the oppositely aligned excess spin densities.

are localized at the two opposite edges of the rectangular
nanoflake. The possibility of anti-ferromagnetic spin coupling
between the two opposite edges is distinct in the system.
Subsequently, coupling results in zero total magnetic moment
in the system, but there are some specific values for the
absolute magnetic moment of the system. The hybrid nano-
flake attributes specific magnetic moment in the system. The
structure is the combination of triangular and rectangular
motifs. The magnetic moment in the system is the consequence
of the localized spin densities towards the edges of the rectan-
gular fragment. The square fragment also has a significantly low
total magnetic moment due to the anti-ferromagnetic interaction
between the spin densities located at the two edges. The typical

u?fr}

VYV

edge-state magnetization is prevalent in all the nanoflake
systems.

2D electronic charge density distribution maps for the
systems are included in the ESI} (Fig. S2). A uniform electronic
charge distribution along the surface of the three nanoflake
systems is evident from the figure. However, some anomalous
signature has been accounted for in the hexagonal and hybrid
systems. Here, the electronic charge localization is observed in
some particular regions. The location of the frontier molecular
orbitals (FMOs) is an interesting aspect of the GNFs. The
computed HOMO-LUMOs are depicted in Fig. 3. Depending on
the shape of the GNFs some significant variation in the symmetry
of the FMOs has been accounted for, as shown in the figure.

Fig. 3 The highest occupied level (HOMO) and corresponding lowest unoccupied level (LUMO) colored in red (bottom panel) and green (top panel),

respectively, for the GNF systems.
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In the hexagonal system, the HOMO and LUMO are symmetric
in nature. The lobes are symmetrically spread along the surface.
The HOMO in the triangular GNF is localized more towards the
edges while the LUMO is squeezed to the center of the system.
In the rectangular system, the FMOs are concentrated at the
two opposite edges. The hybrid system has some different
symmetric orientations for the FMOs, as the HOMO is mainly
located on the rectangular part whereas the triangular portion
of the structure hosts the LUMO. Similarly, for the square GNF,
the HOMO contributions have appeared along the edges, and
the LUMO is distributed across the whole structure.

(b) Non-covalent interaction induced modulations to the
electronic environment

In this section we shall systematically evaluate the possibilities of
non-bonding interactions as effective external stimuli to tune the
electronic properties of graphene nanoflakes (GNFs). As we know,
the GNF surface has some inherent electron donor characteristics,
so a strong electron acceptor is imperative to induce electronic
modulation to the system. The overall system will behave as a
composite donor-acceptor nanostructure. Subsequently, the
explicit charge transfer between the two components effectively
regulates the electronic environment of the GNF. Indeed, the
non-covalent functionalization with organic molecules accounts
for reversible electronic perturbations on the graphene. Perhaps
the weak van der Waals type interactions between the m-orbitals of
the planar organic molecule and graphene are the origin of
observed electronic changes in the system. Recently, this simple
functionalization technique has been exploited to modify the
electronic properties of a graphene surface with different
organic molecules such as tetrafluorotetracyanoquinodi-
methane (F4-TCNQ),>° 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTCDA),>" etc. In search of a suitable surface modifier,
hexaazatriphenylene hexacarbonitrile (HATCN) turns out to be
an ideal candidate. Some recent computational studies on
HATCN/graphene accounted for the significant work function
(9) modification along with the persistence of large charge
carrier mobilities in the resulting doped graphene surface.>
Also, this molecule has a considerable electron affinity (EA) that
pushes the lowest unoccupied molecular orbital (LUMO) level
close to the Fermi level of an electrode.>® The electronic proper-
ties of HATCN are well documented in the literature.>*>
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The zero-dimensional GNFs appeared to have a flat surface
similar to that of graphene with the characteristic edge-states.
To assess the electronic fingerprint of non-covalent functionali-
zation on the GNFs, the HATCN molecule is placed horizontally
on top of the GNFs in our model systems. We have systematically
screened a number of different initial structural conformations of
HATCN adsorbed on the GNF surface. It is worth mentioning
here that the observed relative energy difference is found to be
negligible for the different conformations. Out of the tested
orientations, our current study will be concentrated on the most
stable configurations. The relaxed geometries of the systems are
reported in Fig. 4. In the subsequent sections, we will elaborate
the comprehensive understandings on the relative changes to the
electronic environment of different GNFs by the non-covalent
functionalization with HATCN.

(I) Structural stability of the systems. The primary compo-
nent of the stabilization in the composite systems is the
non-covalent interactions, mainly induced from van der Waals
type forces. HATCN exhibits strong electrostatic interaction
of the CN groups in addition to the sizeable n-n interaction
with the conjugated core. The resulting interaction energies of
the systems are predicted to be sufficient enough to impart
thermodynamic stability to the combined nanostructure. The
pictorial representation of the interaction energy plot is given
in Fig. 5.

As observed from the interaction energy plots, the size and
shape of the GNFs proclaimed distinct variations in the overall
stability of the nanostructures. The nanoflake systems with
hexagonal (DCC) and hybrid structures are predicted to have
relatively lower stability with HATCN. Again, the non-covalent
interaction between HATCN and the rectangular GNF nano-
composite institutes the highest stability among the considered
systems. Similarly, the structures with square and triangular
shaped GNFs and HATCN showed substantial improvements
in their thermodynamic stabilities compared to those of
the hexagonal and hybrid systems. It can be realized that
depending on the size and shape of the GNFs there are some
significant changes to the overall stability of the combined
systems. Predominantly, dispersion interactions between the
HATCN and GNF holds the two fragments and an associated
charge transfer provides the additional increment to the overall
stability.
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Fig. 4 The relaxed structures of the GNF-HATCN composite system. The top is the vertical view of the system, and below is the horizontal view.
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Fig. 5 The interaction energy plots for the five GNF-HATCN composite
systems. The energy value is calculated as Interaction Energy = Egnr—HaTeN —
(EanF + Enaten):

(I1) Electronic structure. A better understanding of the
electronic environment of these particular HATCN-GNF nano-
composites is necessary to realize the application prospects of
the model structures. Here we shall present some useful
insights into the predicted electronic behavior of the system.
It is well understood that the unusual electronic properties of
systems at the nanometer scale primarily originate from the
electron confinement effect. It is observed that structural
(shape and size) changes to the nanostructure can smoothly
modulate the overall electronic properties of the system.
The effective structural changes broadcast the possibilities of
tuning the electronic environment with some external stimuli.
It is worth mentioning here that the HATCN molecule acts as
the customized molecular switch to regulate electronic tuning.
The density of states (DOS) spectrum for the systems is reported
in Fig. S3 (in the ESIt). Distinct variations in the electronic

Projected Density of States (PDOS)

Projected Density of States (PDOS)
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structure of the double-layered composite systems are evident
from the computed DOS spectrum figure. Here we stressed the
electronic modulations induced from the through-space inter-
action between the GNF and HATCN. The spin-resolved DOS
exhibits highly intense peaks just below and above the Fermi
level. Indeed, these sharp peaks are accounted for primarily by
the edge-state pi-electron contributions.

The resulting changes in the electronic states predominantly
arise from the variation in size and shape of the GNFs. The
symmetric distribution of the electronic energy states for the up
and down spin electrons is prevalent in the hexagonal-HATCN
system. A fully compensated ferrimagnetic ordering in the
system is also accounted for in these symmetric DOS patterns.
The intense peaks at the Fermi level indicate the possibility of
intermolecular charge transfer in the system. Interestingly,
some half-metallic conducting nature of the electrons is evident
for the triangular-HATCN system. Here, electrons in the
up-spin channel show metallic properties while the down-spin
electrons seem to have an insulating nature. The rectangular
flake remained half-metallic but alters electronic energy states
at the Fermi level. As can be seen from the figure that the down-
spin electron channels located below the Fermi level are
associated with metallic behavior. The nanocomposite con-
sisting of the hybrid GNF exhibits metallic characteristics.
The ferromagnetic spin arrangement in the system can also
be realized from the DOS spectrum. The electronic structure in
the square-HATCN system is qualitatively similar to that of the
triangular GNF composite. The up-spin channels are populated
at the Fermi level and there is a substantial energy gap between
the highest occupied and lowest unoccupied states in the
down-spin channels. This represents the ideal half-metallic
nature of the system. The majority of the systems considered
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Fig. 6 The projected density of states (PDOS) plots for the five different GNF-HATCN nanosystems. Here, the Fermi level is set at zero.
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in the present study remain half-metallic upon interaction with
HATCN. Perhaps these hypothetical systems anticipated mani-
festing comprehensive spin-polarized transport under certain
gate voltage. Furthermore, the findings pertained certain
control over the electronic conduction in a particular channel
by tuning the polarity of the gate voltage in the composite
structures. It is apparent that the structural features of the
GNFs along with external stimuli, such as HATCN, are effective
tools to regulate spin-polarized transport in such systems.
The relative contributions of different atoms present in the
system toward the overall electronic structure provide a com-
prehensive understanding of the electronic transport properties
of the nanocomposite. Subsequently, Fig. 6 depicts the spin-
polarized partial density of states (PDOS) plot for the different
systems. Here, red and black lines represent the density of spin
up and down p-electrons of carbon atoms, whereas the filled
regions (inside the plots) are the contributions from the
p-electrons of the nitrogen atoms (spin up and down) present
in HATCN. The substantial contributions from the nitrogen
p-electrons at the Fermi level are evident from the figure. It can
also be argued that the inherent half-metallic nature of the
systems is mainly influenced by the presence of the nitrogen
atoms. It is observed that the electronic states of the nitrogen
atoms are the solo contributors to the down-spin channels at the
Fermi level to impart half-metallicity to the system. This institutes
some persuasive indication that the non-covalent interaction
induced tuning of electronic properties in GNF probably has
some vital importance in the context of spin-based electronics.
The propagations of an electronic wavefunction at the
valence band maxima (VBM) and conduction band minima
(CBM) are reported in Fig. 7. The VBM is concentrated on the

LUMO

Hexagonal+HATCN Triangular+ HATCN

Rectangular+HATCN

View Article Online

Paper

GNFs, and the CBM is primarily located on the acceptor part of
the composite system. This indicates higher probabilities for
the through-space charge transfer between the two fragments.
In the hexagonal system, the VBM is symmetrically distributed
throughout the GNF sheet, and the CBM is positioned at the
HATCN. On the other hand, the VBM is mostly concentrated on
one of the edges of the GNF in the triangular system, and some
asymmetric isosurface densities for the CBM are accounted for
in the figure. The rectangular system exhibited well-separated
edge-state VBMs, positioned at the GNF followed by the
presence of symmetric CBM state identities at the HATCN.
In the hybrid GNF-HATCN composite, the VBM is positioned at
the triangular part of the system, while the CBM is primarily
concentrated at the HATCN. We have observed some distinct
changes in the distribution of FMOs for the square-shaped GNF
system. Here, both the VBM and CBM wavefunctions are
located on the GNF sheet with different symmetries. It is worth
mentioning here that we have observed some substantial
changes in the HOMO-LUMO gap values for the systems. The
graphical representation of the HOMO-LUMO gap values is
reported in Fig. 8. It is quite convincing that the shape of the
GNF system has significant impact on the overall HOMO-LUMO
gap of the system. As we have seen (Fig. 8), the hybrid-HATCN
and triangle-HATCN composite systems have the lowest and
highest gap values, respectively.

The important aspect of the present study is the fabrication
of non-covalent interaction mediated stable donor-acceptor
nanocomposites and understanding the possible tuning of
the electronic properties of the systems. The electronic struc-
ture, as well as the chemical nature, of a system is primarily
dependent on the properties of frontier molecular orbitals.

Hybrid+HATCN

Square+HATCN

Fig. 7 The highest occupied level (Valance Band Maxima, VBM) and corresponding lowest unoccupied level (Conduction Band Minima, CBM) colored in

red (bottom panel) and green (top panel), respectively, for the systems.
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Fig. 8 Graphical representations of the computed HOMO-LUMO gap values for the five systems in ascending order.

As we have discussed, the qualitative interpretations of the
computed FMO pictures along with the relative HOMO-LUMO
gap values provide certain strategic realizations to our concept.
Perhaps there are two parameters that control the electronic
changes in the system. To accomplish this task, we kept the
acceptor (HATCN) fixed and varied the donor (GNFs) to regulate
the desirable changes to the electronic properties of the
combined system. It is worth mentioning here that the
non-covalent interaction of the GNFs with a strong acceptor
develops some conceptual understandings on the promising
aspect of non-destructive and reversible functionalization of
carbon quantum dots.

We have discussed the magnetic properties of single layer
GNFs in the previous sections. Subsequently, some distinct
changes to the original spin-arrangement have been observed
for the GNFs upon the incorporation of HATCN. The computed
3D isosurface spin density maps are depicted in Fig. 9. Inevitably,
the non-covalent interactions trigger observable modulations to
the spin-dependent electronic properties of the GNFs. A pictorial
representation of the total magnetic moment values for the
composite systems is included in the ESIt (Fig. S4). The sym-
metric spin arrangement in the hexagonal system does not have a
noticeable impact due to the introduction of HATCN, and the spin
distribution almost remains the same as that of the isolated GNF.

However, HATCN imparted substantial changes to the spin-
arrangement in the triangular GNF system. We have observed
the effect of spin reorganization in the spin density distribution
upon placing HATCN above the triangular GNF surface. The
growth of opposite spin densities at one of the edges of the
isolated triangular GNF system has been suppressed, and
the typical edge-state anti-ferromagnetic spin arrangement is
consistent along the edges of the nanostructure. Similar observa-
tions are also accounted for in the rectangular GNF. Anti-
ferromagnetically coupled edge-state magnetism is prevalent in
the isolated rectangular GNF system, but the incorporation of
HATCN on top of the GNF activates the development of strong
ferromagnetically coupled states between the opposite edges. The
non-covalent interaction between the systems regulates the
observed spin transition. The hybrid GNF also shows changes
to the spin orientation in the presence of HATCN. The excess spin
density growth on the HATCN surface is prevalent in the compo-
site structure. The typical anti-ferromagnetic spin arrangement is
prominent at the triangular portion of the system followed by a
substantial decrease in spin densities on the rectangular region.
The spin rearrangement effect is also observed in the square
GNF and HATCN system. As we have seen the particular
anti-ferromagnetic spin orientations in the two opposite edges is
predominant in the isolated GNF. Subsequently, the non-covalent

Hexagonal+HATCN

Triangular+HATCN

Rectangular+HATCN

Hybrid+HATCN Square+HATCN

Fig. 9 The isosurface spin density distribution plots for the five different GNF-HATCN nanocomposites. The red and purple colored regions in the plot

represent the oppositely aligned excess spin densities.
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as well as charge transfer interactions between the two fragments
lead to the formation of ferromagnetically coupled edge-state spin
orientations. The graphical pattern of the total magnetization is
similar to that of the HOMO-LUMO gaps reported in the study.
As we have emphasized, the non-covalent interaction mediated
modulations to the spin states is also a reversible process. Sub-
sequent removal of the external stimuli restored the original
magnetic behavior of the GNF system. The induced changes are
not permanent, and the effective modulations can be turned on/off
by inclusion of the donor fragment. Indeed, the shape and size of
the GNF is a vital tuning parameter to synchronize the changes.
(1) Interfacial charge transfer. In order to develop core
understandings on the interfacial electronic properties, we
have computed the planar average charge density difference,
Ap(2), for different composite structures, which is given as

(1)

Here, p(z)combined, p(z)GNF, and p(z)HATCN are the planar
average charge densities of the combined, GNF, and HATCN
layers, respectively, i.e. charge density integrated along the x—y
plane (surface area) of the supercell and given only along the
z-direction, where

Ap(2) = p(z)combined — (p(z)GNF + p(z)HATCN)

p(z) = Jp(x,y,Z)dxdy 2)

Physically, Ap(z) is a quantitative measure of the charge re-
organization in the combined system due to the molecular

Differential Charge Density (DCD) Plot

Differential Charge Density (DCD) Piot

View Article Online

Paper

adsorption. The graphical representations of the com-
puted Ap(z) values are corroborated in Fig. 10. The individual
positions of the systems are depicted along the x-axis and
the corresponding charge reorganizations are plotted along
the y-axis. The negative (positive) values in Ap(z) signify the
adsorption-induced electron density depletion (accumulation)
patterns in the process. The pictorial representations of the
3D isosurface density difference maps are also included in
the ESIt (Fig. S5). These isosurface maps provide some more
profound insights into the electronic charge transfer and
reorganization equilibrium associated with the formation of
the nanocomposite. The importance of charge reorganization
before and after the charge transfer between the different
components of the overall structure is also evident from the
isosurface maps. In Fig. 10 the black dotted line distinguishes
the interfacial position between GNF and HATCN in the
supercell. A significantly high amount of electronic reorgani-
zation on the GNF surface (represented by the two sharp peaks
on the left) is the characteristic feature in all the systems. The
charge reorganization has been followed by the sizeable
interfacial charge transfer between the GNF and HATCN
(the two adjacent up and down peaks near the dotted line).
The only exception is the hybrid GNF and HATCN system,
where the interfacial charge transfer has been restricted due
to the higher degrees of charge reorganization, as evident
from the plot. Finally, the accumulated charges on HATCN
undergo certain degrees of reorganization to settle down

Differential Charge Density (DCD) Plot
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Fig. 10 The planar average differential charge density (DCD), Ap(z), plots for the HATCN-GNF nanocomposite systems, w.r.t the distance along the
z-axis z[A’]. The black dotted line highlights the interfacial position. Here, the positive and negative values provide some quantitative approximations to

the electron depletion and accumulation, respectively.
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(last two peaks at the right end). This is a qualitative analysis
to understand the charge transfer prospect in the system.
The representative DCD isosurface density maps, provided
in the ESIf, are also in reasonable agreement to the plots.
The electron depletion and accumulation zones are repre-
sented by the red and blue colors, respectively. The charge
transfer pattern is almost similar in all the systems. However,
depending on the shape of the GNF the charge reorganization
is bit unclear and provides scope for some comprehensive
investigation to develop a better understanding.

4. Conclusions

We have investigated the emergence of non-covalent interaction
mediated modulations on the electronic properties of graphene
nanoflakes. The experimental realization for controlled prepara-
tion of GNFs with a wide range of size variation (ranging from
several nanometers to a few hundred nanometers) already exists.>®
Our DFT calculations suggest that controlled perturbations can be
introduced to the electronic structure of GNFs through non-
covalent interactions with strong m-acceptor systems. Essentially,
the observed electronic changes are temporary and are effectively
turned-off by removing the external stimuli. Our present study also
shed some light on the unconventional functionalization of zero-
dimensional GNF using a non-destructive pathway. The electronic
behavior of these donor-acceptor composites is analyzed by
different computed parameters. Eventually the shape and size
dependent critical changes to the electronic properties of the
systems are also systematically evaluated. It is important to note
that the particular shape of the GNF is crucial to pertaining the
desirable tuning of the electronic properties of the composite
system. As we have discussed, the dispersion and charge transfer
interactions complement each other to impart overall stability to
the system. The interfacial charge transfer regulates the observed
electronic changes in the composite structure. Considerable
modulations to the spin-dependent properties of the system as
a result of non-covalent interactions are also accounted for in the
present study. The non-covalently attached acceptor can effec-
tively reorganize the typical spin-arrangements in the GNFs.
Consequently, there are some distinct changes to the magnetic
behavior of the system. Moreover, the anti-ferromagnetic to
ferromagnetic switching in the edge-state magnetism of GNF is
an important perspective of our current study. These findings
institute realistic possibilities of the self-regulated device fabri-
cations for such composite nanostructures. Indeed, nanometer-
sized GNFs possess the potential advantage to become building-
blocks in nanoscale electronics. Additionally, a comprehensive
understanding of the electronic behavior of GNFs along with the
tools to induce controlled modulations opens-up new avenues
for future nanoscale device fabrication.
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