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ABSTRACT: Gold—graphene interaction at the interface is
evaluated through different polyaromatic hydrocarbons (PAH),
accounted by C¢Hs C, Hy,, CsHyg, and CogHyg, focusing into
different energetic terms related to the overall interaction. Our
results characterize the neutral gold—PAH interaction nature with
45% of dispersion character, 35% of electrostatic, and 20% of
covalent character, suggesting that moderate van der Waals
character is mostly involved in the interaction, which increases
according to the size of the respective PAH. The resulting surface
charge distribution in the graphene model is a relevant parameter to
take into account, since the ability of the surface charge to be

reorganized over the polycyclic structure in both contact and

surrounding regions is important in order to evaluate interactions and different interacting conformations. Our results suggest
that for a Au;, contact surface of radius 4.13 A, the covalent, electrostatic and dispersion character of the interaction are
effectively accounted in a graphene surface of about 6.18 A, as given by circumcoronene, depicting a critical size where the overall

interaction character can be accounted.

B INTRODUCTION

Two-dimensional materials have attracted great attention from
both experimental and theoretical scientists in recent years due
to their large surface area and novel electronic, thermal,
mechanical, and chemical properties.' > Especially graphene
nanosheets (GNS) combine unique structures and excellent
mechanical and electrical properties with atomic thickness,
which makes them one of the most suitable candidates for
future nanoelectronics* and hold great promise for widespread
applications in energy storage, supercapacitors,3’5 sensors,” and
nanocomposites.” |

Taking advantage of chemical vapor deposition (CVD)
methods, few layers of graphene can be grown resulting in high
optical transparency, flexible and low sheet resistance devices,
which are ready to transfer to other substrates.'”"* Offering
large-scale graphene electrodes composed predominantly of
mono- and bilayers,'” supporting a potential replacement for
silicon electronics. Moreover, inclusion of graphene in hybrid
devices has shown the enhancement of some relevant
properties.'* It has been shown that magnetite—graphene
composites are more stable to ambient conditions than
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magnetite, with enhanced binding capacity to As(III) and
As(IV), being useful for practical arsenic separation from
polluted water."”

DNA sequencing is another promising application involving
graphene layers, which has been evaluated theoretically by
using state-of-art transport simulation showing a feasible
current measurement through 77— interaction as DNA passes
along from an appropriate device.'® This points out the main
role of noncovalent interactions toward the realization of
versatile and reusable devices. Graphene is also an ideal material
for novel spectroscopy methods based on both bias and gate
voltages, leading to characterization tools capable of describing
molecular fingerprints with atomic resolution.'”

The interaction with different molecules, clusters, or even
single atoms induces deep changes in graphene properties
which have been investigated in detail.>~® In this regard, further
development of graphene-based devices requires the presence
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of graphene—metal contacts’~"" leading to novel changes in its
properties such as charge transfer” contact resistance and
electron transport.'”'" Noticeable progress has been made in
the biosensor field, where reduced graphene oxide (rGO)/gold
nanocomposites substantially improve the glucose sensor
capabilities of chitosan/graphene oxide (GOx) over a glassy
carbon electrode (GCE).'® Also, other metal/graphene
composites have shown amperometric response to relevant
biomolecules'® paving the way to promising biosensing
applications which have been reviewed recently.”””'

Interestingly, gold/graphene, among other noble metal-based
composites,” exhibits remarkable properties for application as a
new generation of electrochemical active devices and biosensors
for enzyme detection.”” The possibility of graphene n-type
doping has also been explored by functionalized gold particles
with promising applications in graphene-based electronic
devices,”* denoting the great potential of gold/graphene
composites. Another interesting advantage of the inclusion of
gold aggregates into graphene is the enhanced binding energy
observed for defects leading to the growth of larger sizes, being
a clever strategy for characterization via scanning tunneling
microscopy (STM) among other techniques.” In this regard,
we are also interested in Au(111) surfaces as they provide very
important substrates for anchoring molecules with catalytic
activity for ET reactions such as O, reduction.”® >’ We are
currently interested in producing hybrid electrodes with gold
and graphene®® for electrocatalytic studies.

Moreover, interaction between neutral monolayer models,
offers an interesting scenario to gain a better understanding of
the noncovalent phenomenon occurring at the gold—graphene
interface. Two-dimensional arrangements of gold atoms are of
importance because they offer reliable models to gain a better
understanding of the interactions between substrates and
coinage-metal surfaces in heterogeneous catalysis and metal
surface reactions.”’ " For our study, an appropriate molecular
model for Au(111) surface toward the understanding of weak
surface—surface interactions should deliver a few important
features: (i) closed-shell electronic structure, (ii) symmetrically
compatible with a graphene surface, and (iii) neutral charge
state. The latter point is needed in order to avoid an artificial
enhancement of the interaction ionic character due to charged
species. A required structural conformation should involve at
least a C; symmetry operation, matching with the C; rotation
axis of a honeycomb lattice for a regular graphene sheet.

In this sense two potential candidates are given by Au,, and
Au,;, which both can display Dy, conformation. From the
conformational analysis of Kim and co-workers, Dj,-Au,, is
located 49.6 kcal/mol (2.1S €V) above the minima D,,
conformation, displaying an open-shell triplet ground state.”
Au,, exhibits a minima D5, conformation, which is located 6.7
kcal/mol above the next isomer according to Kuz'menko’s
group.” The 12 valence electrons of the neutral cluster lead to
a closed-shell electronic structure, which can be understood in
terms of the planar superatomic model according to a
1s’1p*1d*2s* electronic configuration.”” In addition, the Dy,
conformation is also obtained for the monoanionic species
from the data of negatively charged gold clusters.”” Thus, Ds-
Auy, is a prototypical model which is able to reproduce the
Au(111) surface of bulk gold with small distortions,” being a
prototypical model to study interactions at the graphene/metal
interface.

As part of our current research, herein we report a relativistic
computational study of the several monolayer—monolayer
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interaction models of gold—graphene nanocomposites, in order
to address the stability, electronic structure modifications, and
light absorption capabilities of the single-layer interface. Our
model considers the Au,, cluster adsorbed on several models of
graphene sheets, given by polycyclic aromatic hydrocarbon
(PAH) molecules of increasing size, "' " going from benzene
(Cg¢Hg), coronene (C,,Hi,), and circumcoronene (Cg,H,q) to
circumcircumcoronene (CysH,5) in order to study the size
effects of the hydrocarbon surface into the strength and nature
of such interactions.

B COMPUTATIONAL DETAILS

Relativistic density functional theory calculations* were carried
out by using the ADF code,”” incorporating scalar corrections
via the ZORA Hamiltonian.*** We employed the triple-{
Slater basis set, plus two polarization functions (STO-TZ2P)
for valence electrons, within the generalized gradient
approximation (GGA) according to the Perdew—Burke—
Ernzerhof (PBE) nonlocal exchange-correlation functional **"
We used this set because of its improved performance on long-
range interactions and relatively low computational cost for
larger molecules.’”>® The frozen core approximation was
applied to the [1s>-4f'*] core for Au, and [1s*] for C, leaving
the remaining electrons to be treated variationally. Geometry
optimizations were performed without any symmetry restraint,
via the analytical energy gradient method implemented by
Verluis and Ziegler.’* In order to include dispersion
corrections, the semiempirical DFT-D3 method of Grimme
was employed,” depicted as PBE-D3. For comparison,
Hartree—Fock (HF), second-order Moller—Plesset Perturba-
tion (MP2), and spin-component-scaled Moller—Plesset theory
(SCS-MP2) calculations were carried out. The latter calcu-
lations were done using Gaussian 09.>° For Au atoms, we used
the scalar relativistic Stuttgart pseudopotentials (PP): 19
valence-electron (VE) for Au.>’ The calculations have been
performed using the set VDZP with two f-type (2f) polarization
functions (a; = 0.20, 1.19).°" It has already been shown that is
necessary to use functions with diffusion and polarization to
correctly describe the weak dispersion interactions.”® > Also,
the C atom was treated through PPs, using double-{ basis sets
with the addition of one d-type polarization function.”® For the
H atom, a double-{ basis set plus one p-type polarization
function was used.”*

B RESULTS AND DISCUSSION

The gold—graphene interface was evaluated via the planar Au,,
cluster and different polycyclic aromatic hydrocarbon (PAH)
molecules. Two main conformations of the layer interaction
can be drawn considering the spatial disposition of the gold
cluster absorbed into the PAH surfaces, namely, top (Au—C),
where gold atoms located mainly over carbon sites, and bridge
(Au-CC) between C—C bonds. Schematic representations of
the studied systems are depicted in Figure 1, where gold—
surface distances range from 3.370 to 3.479 A at the
equilibrium structures, displaying small differences between
each conformation (Tables 1 and 2). Slight structural variations
upon formation of the Au;,—PAH pair are accounted by the
deformation or preparation energy (AEPrep), which amounts to
an average of 1.15 kcal/mol for Au,, and of 0.30 kcal/mol for
the different PAH. This term is in line with the weak nature of
the interaction. In the case given by circumcoronene (CgH;s)
and circumcircumcoronene (Co4H,,), the inclusion of Au,,
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Figure 1. Schematic representation of the studied systems.

leads to small distortions in the hydrocarbon surface resulting
in a bowl-shaped deviation of 0.144 and 0.318 A of concavity,
respectively, depicting the flexibility of larger PAH for
minimizing steric repulsion. In addition, small structural
modifications are observed for Au,, where the main feature
is given by a related bowl-shaped distortion, which is more
pronounced in the Au—C conformation, and decreases toward
PAH with larger surfaces.

The resulting Au;,—PAH interaction leads to an energetically
favorable situation, as given by the interaction energy (AE,,)
(Tables 1 and 2). Such values increase from —15.69 to —56.74
kcal/mol, as the number of fused aromatic rings involved
increase according to the respective PAH. Interestingly, the
stabilizing energy trend converges around to —S50 kcal/mol for
the larger counterparts. By comparing both Au—C and Au—CC
conformations, the latter situation is slightly more favorable
depicting the preference of Auy, cluster to allocate a gold atom
over the C—C bonds (bridge position).

It is well-known that calculations of the interaction energy in
noncovalently bound systems by using MP2 approximation
overestimate attractive interactions;és_ 7 however, it gives a
good indication of their existence. A more precise post-
Hartree—Fock treatment is given by CCSD(T), increasing
considerably the computational cost. Moreover, the spin-
component-scaled (SCS) MP2 method has been shown to
produce results comparable to CCSD(T) at a relatively low
computational demand. Thus, SCS-MP2 is considered an
accurate and efficient tool for incorporating electronic
correlation to the study of large systems. On the other hand,
at the Hartree—Fock level lower interaction energies are
obtained. This shows that when using methods that do not
include dispersion effects, the attraction between Au,, and PAH
decreases, denoting the importance of their inclusion.

In the literature, the smallest theoretical model for Au—x
interaction is given by the Au-ethylene system.’® It was found
that the interaction between Au and ethylene (on bond double
bond) are due to a correlation electronic effect, strengthened by

relativistic contributions. The interaction energy shows a strong
oscillation toward higher levels of electronic correlation, i.e.,
going from MP2 to MP3, MP4, CCSD, and CCSD(T) models.
Such values vary from 5.82 kcal/mol at MP2 level to 3.13 kcal/
mol at CCSD(T), denoting the overstabilization obtained from
MP2 calculations in comparison to higher levels of electronic
correlation within Hartree—Fock. For our systems, the
respective values obtained at MP2 and SCS-MP2 are in line
with the results obtained at the PBE-D3 level; thus, hereafter
we focus our analysis on the results provided by TZ2P/PBE-D3
calculations.

In order to have a better understanding of the nature of the
interaction energy (E,,), we performed the energy decom-
position analysis (EDA) within the Morokuma—Ziegler
scheme,®®® leading to different chemically meaningful
contributing terms according to

AEint = AEorb + AE + AEclisp + AEPaluli

elstat
Here, the stabilizing AE,, term refers to the electrostatic
character of the interaction, which is obtained by considering
each defined fragment (namely, A and B) in its unperturbed
(frozen) electron density as isolated species (¥,W5). Next, the
repulsive AEp,; term accounts for the four-electron two-orbital
interactions between occupied orbitals, which is calculated from
the energy change in the process of antisymmetrization and
renormalization of the overlapped fragment densities (¥, =
NA{¥,¥;}). Finally, the stabilizing AE,,, term obtained when
the densities of the constituent fragments relax into the final
molecular orbitals (¥,) accounts for the covalent character of
the interaction. In addition, the pairwise correction of Grimme
(DFT-D3) allows us to evaluate the dispersion interaction
(AEdiSP) related to London forces. To overcome basis set
superposition error (BSSE), the counterpoise method®* was
employed, which amounts to <2 kcal/mol.

The relative contribution of the stabilizing terms given by
AE,4, AEgy,, and AEg, accounts for the overall character of
the interaction. In all the series, the AEg,, term is the main
term, contributing in a larger amount accounting for about of
45% of the stabilizing energy, in agreement with the van der
Waals character of the Au;,—PAH interaction. The electrostatic
nature of the interaction, given by AE,, accounts for the
35%, where the remaining contribution is of covalent character
(20%).

The repulsive Pauli term increases according to the size of
the respective PAH, depicting similar values for the larger
systems, namely, Cs,H,g and CysH,,, suggesting that the overall
repulsive terms for a gold surface of the size of Au;, can
effectively be accounted by the former PAH.

For the different structures, AE, increases from —13.71 to
—40.17 kcal/mol, which converge at circumcoranene, as
denoted by the similar value between such systems and the
circumcircumcoranene counterpart. Also, this stabilizing term is

Table 1. Au,,—PAH Distance (A) and Energy Decomposition Analysis of the Studied Complexes in Au—C Conformation

PAH CeHs CyHy
Au,,—PAH 3.369 3.397
AE, 22.88 40.81
AE et —14.42 37.4% —2641
AE, —8.79 22.8% -16.73
AEyq, —15.36 39.8% -32.7
AE;,, —15.69 —35.03

CsiHig Costay
3.446 3.454
55.24 57.96
34.8% —37.24 35.4% —38.31 33.8%
22.1% -19 18.1% —20.63 18.2%
43.1% —48.9 46.5% —54.57 48.1%
—49.9 —55.55
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Table 2. Au;,—PAH Distance (A) and Energy Decomposition Analysis

CeHs CyHy,
Au,,—PAH 3.370 3.363
AEPauli 20.54 56.02
AE et —13.71 37.7% —3477
AE —-8.01 22.0% -20.82
AEgqp —14.64 40.3% -35.87
AE, —15.82 —35.44

int

of the Studied Complexes in Au—CC Conformation

CsiHig CosHay
3.456 3.479
60.38 60.73
38.0% —40.17 36.1% —40.04 34.1%
22.8% —20.68 18.6% —21.64 18.4%
39.2% —50.36 45.3% —55.79 47.5%
—50.83 —56.74

Figure 2. Charge density difference maps.
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the most dependent in relation to the given conformation,
namely, Au—C or Au—CC, where such differences decrease
according to the PAH size.

By using difference charge-density distribution maps, the
spatial distribution of charge density fluctuations can be
accounted, involving mostly a s-orbital character. Here, the
contour-plot bisecting the Au,, cluster (Figure 2) exhibits a
main charge depletion region in such structure, and the
respective charge accumulation compromising mainly the 7-
orbitals of the respective PAH. Thus, the covalent character in
the interface interaction can be ascribed to the small gold—
PAH charge donation which occurs solely in the interacting
face of the polyaromatic structure. Through the series, the
AE_, term increases from —8.01 to —21.64 kcal/mol being the
less affected term according to the PAH size, as can be seen
from the smaller variation found between circumcoranene and
circumcircumcoranene. This fact suggests that at such size it is
possible to account for mostly the overall covalent character,
similarly to the behavior of the interaction electrostatic
character.

By comparing both Au—C and Au—CC conformations, the
variation of the AE_ 4 term is larger in the coronene case,
decreasing toward larger counterparts. Interestingly, for the
smaller case, namely, Au,,—C4Hj, such a difference is less than
1 kcal/mol, suggesting that the influence of the conformation
over this stabilizing term is relevant in medium-sized PAH. The
spatial charge distribution over the PAH surface was evaluated
by using the potential energy surfaces (Figure 3). Comparing
the respective potential energy surface for the isolated PAH,
some size-dependent features are found. In the smaller aromatic
system (C¢Hy), a small variation between the surface charge
distributions in both conformations (Au—C and Au—CC) is
observed, which agrees with the slight variation of the
stabilizing AE,; and AE.q, terms. In contrast, the next
structure (C,,H;,) exhibits a large difference in such charge
distribution between both conformations, which is in line with
the largest difference between such stabilizing terms amounting
to about —4.0 and —8.0 kcal/mol, respectively. In C5,H g, both
conformations lead to similar charge distribution, depicting
some differences due to the confinement given by the size of
such PAH, which produce smaller differences in such stabilizing
terms, in comparison to coranonene, amounting to —1.0 and
—3.0 kcal/mol, respectively. For CysH,, a larger structure
allows more flexibility to reorganize the surface charge upon
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Figure 3. Potential energy surface at the PAH surface, depicting the
variation upon inclusion of the Au;, cluster.

inclusion of Auy,, which is denoted by the differences of about
—1.0 and —2.0 kcal/mol, in AE; and AE,y, terms. The
resulting surface charge distribution in both conformations is
similar from coronene to circumcircumcoronene, where the
differences are given by the rings located outside of the
interacting region. In this regard, the smaller variation
possibilities for benzene lead to smaller energetic terms.
Hence, the ability of the surface charge to be reorganized
over the polycyclic structure in both contact and surrounding
regions is a relevant feature to be taken into account in order to
evaluate interactions and different interacting conformations.

Finally, the relevant AEg, term increases from —14.64 to
—55.79 kcal/mol along the series. From benzene to coronene, a
stabilization of about —20.0 kcal/mol is observed due to the
increase in the contact surface of PAH. Interestingly, from the
latter to circumcoronene, a subsequent stabilization of about
—15.0 kecal/mol is depicted, reaching an extra stabilization of
about —5.0 kcal/mol for the next polyaromatic structure. This
result suggests that from the size of circumcoronene it is
possible to account for mostly of the overall van der Waals
forces related to the inclusion of the Au,, cluster.

In order to evaluate the spatial distribution of the weak forces
accounted by the AEy,, term, we employed the noncovalent
interaction index (NCI)%_72 for the studied series (Figure S).
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Figure 4. Noncovalent index analysis.
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The NCI index offers a suitable description of noncovalent
interactions based on the reduced density gradient (s(p)) at
low-density regions (p(r) < 0.06 au.). The s(p) quantity is
employed to denote a nonhomogenenous or electron
distribution and is given by

_ 1 Vp
= 2(3ﬂ2)1/3 p4/3

s(p) exhibits small values in regions where noncovalent
interactions are located, where its stabilizing or destabilizing
nature can be addressed by the second eigenvalue of the
electron density Hessian (4,). This accounts for the
accumulation (attractive) or depletion (repulsive) of density
in the plane perpendicular to the interaction. Thus, the product
between p(r) and the sign of 4, has been proposed as a useful
descriptor denoting: stabilizing (4, < 0), weak (4, ~ 0) or
repulsive interactions (1, > 0)™*, where p* sign (1,) ranges
from negative to positive values unraveling the nature of the
noncovalent interaction.

Figure 4 illustrates the regions where noncovalent
interactions are relevant, where the p* sign(4,) is close to
zero. This allows one to account for van der Waals forces
between PAH and Auj,. In addition, some weak hydrogen—
Au,, interaction can be observed for coronene and benzene
counterparts. In the Au—C conformation, stabilizing regions are
observed locally in the Au—C contact. Moreover, for Au—CC
conformations a related stabilizing region is observed through
the Au—CC contact, depicting a slightly more stabilizing
situation. Interestingly, the NCI plots can be related to the
almost constant increase of AEyq, up to CgHig as discussed
above, because such structure exhibits a surface size appropriate
for recovering most of the contact regions related to van der
Waals forces. From Cs,H, g to CogH,,, a similar NCI region can
be observed, which is in line with the small variation of AEg,
of about —5.0 kcal/mol.

The results discussed above suggest that for a Au;, contact
surface, of radius 4.13 A, the covalent, electrostatic, and
dispersion character, and Pauli repulsion term of the interaction
are effectively accounted in a graphene surface of about 6.18 A,
as given by circumcoronene. This observation allows us to
suggest a simple rule for gold—graphene interaction, where the
radius of the interacting graphene face should be of 50% larger
than the gold-interacting face. Such a region accounts for the
main variation in current measurements for incoming
substrates, which is of relevance for sensor capabilities based
on electronic transmission.”’ Hence, further studies will focus
on the changes in the interlayer noncovalent interaction in
electron attachment/detachment situations.

Due to the increasing size of the PAH surface, the frontier
electronic structure exhibits a z-orbital character. The
schematic electronic structure for the systems including

7362

different PAH is depicted in Figure 5. All the systems exhibit
a low energy # — Au,, allowed electronic transition, where the

—eV o

-9 - —_ — T— —

+ L o

Al 4 - H 4 HHE
_H_

-H oyt e

[Aup(CeHg] [Aup(CoyH )] [Augy(CsyHig)] [Auyy(Cogyy)]
Figure 5. Schematic representation of the electronic structure of the
studied systems. Code: Yellow, denotes Au,, electronic levels; Black,
denotes z-PAH levels.

dipole-moment change is contained in the xy-plane. Our results
show that such transition decreases in energy from 1.84 eV for
CeHg to 0.90 eV for Cy¢H,,; due to the increase in size of the
respective PAH, the dipole moment change decreases, leading
to lesser allowed transition. Thus, it is not expected to be
observable in larger systems. The next relevant 7 — Au,,
transition is located at 2.96 eV for benzene, resulting from a z-
axis polarization, which, similarly to that depicted previously,
decreases in energy and becomes less allowed. Thus, this low-
energy transition can be used to evaluate the size of the
interacting graphene surface. For all the systems, intra-Auj,
transitions are observed at about 1.7, 2.5, and 2.8 eV, whereas
relevant intra-PAH transitions are observed starting from
circumcoronene at 2.9 and 1.7 eV for circumcircumcoronene.

4. CONCLUSIONS

The evaluation of the gold—graphene interaction given by
different hydrogenated graphene models, accounted by C4H,
C,Hy,, CyHyg and CygHig allows detailed study of the
different energetic terms related to the overall interaction. By
comparing the different stabilizing terms relevant to the neutral
gold—PAH pair formation, the interaction exhibits about 45%
dispersion character, 35% electrostatic, and 20% covalent
character, suggesting that moderate van der Waals character
is mostly involved in the interaction, which increases according
to the size of the respective PAH. The resulting surface charge
distribution in the graphene model is a relevant parameter to
take into account. The ability of the surface charge to be
reorganized over the polycyclic structure in both contact and
surrounding regions is important in order to evaluate
interactions and different interacting conformations.

Our results suggest that for a Au,, contact surface, of radius
4.13 A, the covalent, electrostatic, and dispersion character of
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the interaction are effectively accounted in a graphene surface
of about 6.18 A, as given by circumcoronene. This observation
allows drawing a simple rule for gold—graphene interaction,
where the radius of the graphene surface should be 50% larger
than the respective metallic interacting face. Further work
toward a deeper understanding of gold/graphene defect
interactions is in progress.
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