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Abstract: The potential of semiconducting, corrugated graphene, grown on silicon carbide, as an
active element in chemosensors is studied in the present work. For this purpose, the adsorption
of benzene, diazepam and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on the material’s surface
was modeled. According to the graphene sheet bending and adsorbate—adsorbent distances, the
heterostructure favors the ligands in the order of diazepam < benzene < TCDD. The apparent
ambiguity in the results for diazepam is easy to explain. The abundance of lone pairs and 7-electrons
compensates for the low-symmetry, non-planar, far from optimal (adsorption-wise) geometry. The
maximum band gap change in the heterostructure, caused by adsorption, is 0.02 eV. Intermolecular
binding does not alter the HOMO-LUMO difference in benzene and TCDD by more than 0.01 eV.
The completely planar molecules are not expected to undergo significant geometrical changes; hence,
the alteration in their frontier orbitals is also minimal. The adsorption of diazepam, however, causes
significant changes in the projected density of states of both structures in the complex. In conclusion,
corrugated graphene is applicable as an active material in selective chemosensors for non-planar
aromatic molecules.

Keywords: ab initio simulations; graphene; SiC; chemodetection

1. Introduction

As is well known, there are several methods for the reproducible synthesis of graphene
for applications in electronics: chemical vapor deposition (CVD) techniques and so-called
epitaxial growth on SiC. The former method is usually associated with the deposition of
graphene on a catalytically active metal foil (usually Cu or Ni) in processes involving the
thermally stimulated decomposition of a hydrocarbon precursor (usually methane) [1-4].
The resulting graphene films have high quality but are not convenient for direct use in
electronics because they must be transferred onto other substrates.

The latter method, usually defined as the termination of either the (111)Si or (111)C
faces of SiC substrates/films, was actually described before CVD techniques [5]. In this
method, SiC substrates with their (111)g; or (111)¢ faces are annealed at very high tempera-
tures (usually up to 1400 °C) and under a high vacuum, which, after the sublimation of the
Si atoms from the surface and the rearrangement of the atoms, results in the completely
controlled and reproducible formation of single- or bi-layer graphene on SiC. Later, it was
established that the first graphene layer, the so-called buffer layer (BL), is periodically corru-
gated [6]. This corrugation is almost unequivocally associated with the covalent bonding of
some C atoms from the graphene sheet with Si atoms from the surface of the SiC, i.e., with
a change in the hybridization of C atoms in certain atomic positions of BL from sp? to sp°.
Later, it was established that, during graphene synthesis on the silicon side of multilayer
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polytypes 4H-SiC or 6H-SiC, the cases most often used in practice, the resulting periodic
structure is with an elementary cell of 6,/3 x 6,/3R30, denoted simply as 6R3. However, it
should also be noted that a modulation of the type 6 x 6 and /3 x 1/3R30, denoted as R3,
was observed in some cases [7].

Subsequent theoretical studies (see [8,9]) showed that, due to the change in the hy-
bridization of the carbon atoms of BL graphene, a band gap is induced in it, and its width
is related to the corrugation period. In parallel, our theoretical studies have shown that
the adsorption of different molecules on an ideal graphene sheet induces different changes
in the conductivity of the graphene states, i.e., the graphene sheet can be used to detect
different organic molecules [10].

As discovered in our previous publication, due to covalent Si-C bonding in the
heterostructure, the graphene sheet is corrugated and possesses a band gap [8]. In the
present work, we theoretically evaluate the chemosensory properties of the adsorbent
material BL graphene (G) on silicon carbide (5iC) by studying the complexation of three
adsorbates (A): benzene (PhH), diazepam (D) and 2,3,7,8,-tetrachlorodibenzo-P-dioxin
(TCDD). Diazepam is a well-known drug substance, while PhH and TCDD are high-risk
carcinogenic chemicals [11,12].

2. Materials and Methods

All calculations are performed with the CP2K/Quickstep package [13,14]. The SCF
optimizations are completed at the DFT level of theory, using the GGA functional Perdew—
Burke-Ernzerhof (PBE) [15]. The double-zeta quality basis set DZVP-MOLOPT-SR-GTH,
optimized for the properties of gas and condensed phase systems, is applied to all atoms [16].
The electronic wavefunction is expanded in the Gaussian Plane Wave (GPW) method [17,18].
Only valence electrons are modeled explicitly. The core electronic shells are represented as
Goedecker-Teter-Hutter (GTH) pseudopotentials, optimized for PBE [19,20]. The charge
density cutoff of the finest grid level is 400 Ry. Dispersion interactions are accounted for
in all calculations. The latest D3 revision of the DFT + D method is used with the enabled
three-body term [21].

When appropriate, periodic boundary conditions (PBC) are used. All systems are
optimized in terms of the atomic coordinates and cell dimensions (if applicable) using the
Broyden-Fletcher—Goldfarb—Shanno (BFGS) algorithm [22-25]. All property calculations
are carried out over optimized structures.

3. Results
3.1. Basic Analysis of Adsorption

The corrugation of the graphene layer prohibits hexagonal symmetry. All adsor-
bate/G/SiC systems have space group P1. In our previous research, we discovered that
a staggered orientation between the aromatic rings of the ligands and graphene rings is
optimal for the adsorbance of r-electrons [10]. This principle is applied in the pre-optimized
geometries of the PhH and TCDD complexes. However, staggered orientation is not ap-
plicable in the case of diazepam due to its low symmetry. The PhH and TCDD systems
remain in the staggered intermolecular configuration at the end of the optimization.

The optimized geometry of D/G/SiC is shown in Figure 1.

As evident in our previous research, the employed methods yield the typical structure
of pristine graphene after cell optimization [26]. Adsorption causes stabilization due
to partially negating unbalanced surface forces in the involved species. One effect of
this process is the geometrical alteration of the structures. The adsorption of discrete
organic molecules applies a non-homogenous electromagnetic field over the surface of the
adsorbent. As a result, the surface bends around the ligand’s location. This bending has
been measured with three-point angles Ang; and Ang, (Figure 2). Significant changes
within diazepam’s structure are measured with torsions Tors; and Tors, (Figure 2).



Chemosensors 2024, 12, 239

30f10

Figure 1. Optimized geometries of single cells of (a) PhH/G/SiC, (b) D/G/SiC and (c) TCDD/G/SiC.
Although it may appear that there are tangled bonds, in the periodic supercells, all atoms ex-
hibit the maximum valence. The gray balls denote the carbon atoms, and the gray sticks the
bonds between them, while the red, blue and green balls denote the oxygen, nitrogen and chlo-
rine atoms, respectively.

a Ang2 b

Figure 2. Significant 3- and 4-point angles in the geometry of (a) graphene and (b) diazepam. Note the
atoms, designated with blue dots in (b)—their nuclei define the reference plane for the density plots.

PhH has a single, 6-electron 7-system and, accordingly, its adsorption has the lowest
energetic effect (Eq,,) among the studied processes. However, due to the size of benzene,
more molecules of its kind can be adsorbed per unit surface area compared to D or TCDD.

The geometry of D is far from planar and, in fact, the molecule belongs to point group
C1. The shortest (Distje,qt) and the average distances (Distmean) between this ligand and the
corrugated G are the largest among those studied (Table 1). Still, diazepam contains 5 lone
pairs (LP) and 18 m-electrons in 2 (12- and 6-electron) conjugated, aromatic systems. Most
of its n- and 7-density is oriented favorably for stacking with the 77-MOs of the corrugated
graphene. Hence, Eq,,(D/G/SiC) is more than twice Egop(PhH/G/SiC). Surprisingly, the
bending of the corrugated graphene sheet (Ang; and Ang; in Table 1) is slightly lower
in the presence of D than in clean G/SiC. This result corresponds well with the high
Distjeast and Distmean values. A possible explanation is as follows: not only does D have
to assume a geometry closer to planar, but G also has to adjust, for the maximum benefit,
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the intermolecular attraction. Two torsion angles are selected to measure the flattening
of the ligand (Figure 2). Adsorption alters both Tors; and Tors, towards a more in-plane
geometry in the 3H-1,4-benzodiazepine moiety. The dihedrals change by 4.17 and 13.19 deg.,
respectively.

Table 1. Geometrical and energetic data for the adsorbate/G/SiC systems (System): inter-ring
orientation (Orient), graphene bending angle Ang; (Ang;), graphene bending angle Ang, (Angp),
shortest adsorbent-graphene distance (Distye,gt), average adsorbent—graphene distance (Distmean)
and energetic effect of adsorption (Egap).

System Orient Ang; Ang, Distjeast  Distmean  Eggap [kJ/mol]
G/SiC 177.87 176.57 - - -
PhH/G/SiC AB 177.79 176.39 3.39 3.46 42
D/G/SiC - 178.08 176.88 3.49 391 88
TCDD/G/SiC AB 177.79 176.37 3.28 3.43 114

With a half-life of 5.8-11.3 years in humans [27], the toxicity of TCDD manifests
through mechanisms that are entirely based on intermolecular attraction. Additionally,
the pi-electronic system of this carcinogen is much larger than that of PhH. Moreover, as
opposed to D, dioxin has an entirely planar geometry, arranged in hexagons, which enables
optimal 7t-7t stacking with graphene. Unsurprisingly, TCDD exhibits the highest theoretical
absorption potential among the studied candidates and by all factors (Table 1).

PBE + D3 is known for the accurate prediction of the binding energies of systems with
weak interactions [28] (mean absolute deviation: 2.09 k] /mol).

3.2. Chemosensor Properties

When both the adsorbent and adsorbate have a band gap, the proximity of the frontier
orbitals may result in a two-way response between the participating systems, indicated by
clear alterations in the HOMO-LUMO region of the band structure (BS) (Figure 3) and the
projected density of states (PDOS) (Figure 4). While the absolute energy levels of the G/SiC
frontier MOs remain approximately the same after each adsorption, the corresponding
values for the ligands change significantly (Table 2). The BS of pure A- the clean G/SiC
substrate and the adsorbent/G/SiC complex are illustrated, in this order, for PhH, TCDD
and D in Figures 3, 5 and 6, respectively. The corresponding PDOS results, in the same
ligand order, are given in Figures 4, 7 and 8. All energy levels in the aforementioned figures
and in Table 2 are relative to the HOMO of the G/SiC system, so this reference orbital is
located at 0.00 eV. The BS figures of the pure adsorbates can be regarded as simple MO
energy diagrams and are only included to enable the visual comparison of the electronic
structures before and after adsorption. Figures 3, 5 and 6 display the absolute shifts in
energy for both the adsorbate’s and the adsorbent’s frontier MOs due to complex formation.
One can also find the relative positions of the ligand’s HOMO and LUMO orbitals among
the G/SiC MOs after adsorption. As expected, once the ligands bind to the crystalline
system, k-point anisotropy becomes evident in their frontier MOs. White adsorption alters
the band gaps of PhH and TCDD by only 0.01 eV (Figures 3 and 5), while the HOMO-
LUMO difference for D decreases by 0.21 eV, from 3.03 to 2.82 eV (Figure 6). Such a change
is entirely sufficient for chemosensor activity. As expected, the larger geometrical and band
gap changes in the case of diazepam are accompanied by larger anisotropy in the k-point
energy levels of the frontier MOs.
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Figure 3. Band structures of (a) PhH, (b) G/SiC and (c) PhH/G/SiC. The frontier orbitals are colored
in blue for G/SiC and orange for PhH. The values of all diagrams are adjusted to the same scale, in
which the HOMO of the clean G/SiC is at 0 eV.
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Figure 4. PDOS of (a) the adsorbent, (b) the adsorbate and (c) the adsorbent-adsorbate system
PhH/G/SiC. Dotted lines are for the C and Si atoms in SiC. Dashed lines are for the C atoms of
graphene. Continuous lines are for the H and C atoms in PhH. Si is in orange, C is in gray and H is
in gold. The values of all diagrams are adjusted to the same scale, in which the HOMO of the clean
G/SiCisat0eV.

Table 2. Orbital energies and their differences for adsorbents, clean G/SiC (A) and the adsor-
bent/G/SiC (Ads) systems: HOMO of the lone adsorbate (HOMO), LUMO of the lone adsorbate
(LUMO), band gap of the lone adsorbate (Eg), G/SiC HOMO after adsorption (HOMOs), G/SiC
LUMO after adsorption (LUMOs), G/SiC band gap after adsorption (Egs), adsorbate HOMO after
adsorption (HOMO,), adsorbate LUMO after adsorption (LUMO,) and band gap after adsorption
(Ega). All values are in eV. All values are according to BS diagrams. All BS diagrams were adjusted,
so the HOMO of the clean G/SiC is at 0 eV [A]. Values for clean G/SiC.

Ads HOMO  LUMO Eg HOMO;  LUMO; Egs HOMO, LUMO, Ega
[A] 0.00 1.14 1.14 - - - - - -
PhH ~3.67 1.48 5.15 0.00 1.14 1.14 ~1.79 3.37 5.16

D ~1.60 1.43 3.03 0.00 1.13 1.13 ~1.08 1.74 2.82
TCDD ~1.80 1.43 3.23 0.00 1.12 1.12 ~0.78 2.44 3.22
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blue for G/SiC and orange for D. The values of all diagrams are adjusted to the same scale, in which
the HOMO of the clean G/SiC is at 0 eV.



Chemosensors 2024, 12, 239

7 0f 10

a T T T T T T T T T T T T T T T T T T T
3
[a]
i %
1 1 1 [T 2~ L W = § 1 1 1
b T T T T T T T T T T T
L Ny
\'l”i AT
7] iy YA
T
o fa oV I
o | I\ alo1 A A
1M Tl V! 1 Vs v TR S
(= " \ iy \ (N ANE] \ 17
[RUNR I iy | \! I T VAV A
\ f \ ‘I \ | b \/ \\/ W
]
M (i 1 Ee\ ) 1 1 1 T 1
C T T T T T T T 71 T T T
~ I
‘/\ !
f 1Vl
[%))] MUV
o \ v Do
\ s i ‘\[' ‘il N
[a] TN M A\ I PN nAIN
o iYA [ Ny WM AN 2A
\ 1V l\ oy Vo . v 2T MACY
| oy v /
gL I 1 ! L - LJ 1 1

[RESE W
N N N N 77
20 s 2o 5% % "0 "5 Yo S Yo %5 Yo s Yo

«

o s %o Vs Yo Vs
Figure 7. PDOS of (a) the adsorbent, (b) the adsorbate and (c) the adsorbent-adsorbate system
TCDD/G/SiC. Dotted lines are for the C and Si atoms in SiC. Dashed lines are for the C atoms of
graphene. Continuous lines are for the H, C, O and Cl atoms in TCDD. Si is in orange, C is in gray, H
is in dark yellow, O is in red and Cl is in green. The values of all diagrams are adjusted to the same
scale, in which the HOMO of the clean G/SiC is at 0 eV.

a T T T T T T T T T T T T T T T T T T T
[0}
o
1 1 1 1 1 A L 1 IA IA 1
b _FI_TT'_I_I_I—W_l_“ rr.‘“ v Y] T T T T T T T T T T T T
ey o i Y
oyl ] ‘H‘ \ . M”l - A Mr/lw LT
w |\ A N\ Jl ' /J\‘ 1 iy ! '\I\
o v\ \ I T iy N A AR
\ / - | N [ h i
v, VY ] | \r | - h
[=] IAf I 1 [ LY/ P i\ Al 1y AW WA N
o / N - Vo I [T N (AN RN
¥ y ! vy ‘Wi T \ I I vy RN \ £
v i 1 ! I v ! A Al
\ I \ | 1Yy \ LAY MR
i f g1 v o] 1 \ ] v £
J, IVEY) I ! ] \
1 1 1 | A A i I [ 1 I 1 | 1
C T Th Tar T T T T T T T T T T T T T T T T
AT B nil Noa
I b \ Iy \ A oAy
A AR . ‘ okt
0 AR TUARTE
o [ N Ny \ i
\ \ \ -
(=] ) 7 Vi e M NARY W A n o .
o ) VS YR (I VSR \ v 1 \ A4
4 | A Y Iy \! \ A N
A AL L) ) “
A AY PR/ =N Y AN /AS A ‘) o

Ny, W02, W0 W, R0 R 0 7, 00 % % Yo Ys So S Yo Vs Yo T Yo
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D/G/SiC. Dotted lines are for the C and Si atoms in SiC. Dashed lines are for the C atoms of graphene.
Continuous lines are for the H, C, N, O and Cl atoms in D. Si is in orange, C is in gray, N is in blue, O
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HOMO of the clean G/SiC is at 0 eV.

Modeling the molecular structures with the same combination of method and basis set
guarantees that the deviations will be mostly systematic. In other words, the size property
shift is, by approximation, the same for each similar system. Therefore, estimating the
changes in the band gaps (by subtraction) negates the systematic component of the said
deviation and results in errors, being well below the mean absolute deviation (MAD) for
the method. The MAD in predicting the electronic properties for PBE is between 0.09 and
0.16 eV [29]. The MAD of the method is below the value of the change in the band gap for
non-planar systems with 7-conjugation.

Adsorption causes noticeable changes in the state density profiles of all participants in
the examined systems. Various peaks are altered in terms of width, height and element
contribution. Occasionally, there are even qualitative changes in the topology of zones with
adjacent peaks.



Chemosensors 2024, 12, 239

8 of 10

The robustness of graphene can explain the minimal changes in the electronic structure
of the adsorbent. Chemically, defectless G is considered extremely inert [30]. Due to its
tensile strength (130 GPa) [31] and Young’s modulus (~1 TPa) [31], this carbon allotrope is
known as “the strongest material ever tested”. The entire 7-density of this allotrope exists in
the form of a planar, conjugated, aromatic system—the most stable 7-electronic formation
possible. Covalent bonding to SiC further prohibits structural changes in graphene.

PhH and TCDD are completely planar molecules and adsorption over a flat material
does not explain the changes in their geometry and hence their energetics. While the
absolute values of the energy levels of the frontier orbitals of PhH and TCDD change due to
adsorption, the changes in the band gap are, as already mentioned, negligible. The 3H-1,4-
benzodiazepine moiety in diazepam, on the other hand, has to assume a more planar form
for a more efficient intermolecular interaction with the corrugated graphene. The band gap
of the adsorbate decreases due to better conjugation, caused by the flatter atomic skeleton
of the mt-density. The electronic density stacking between the drug and the heterostructure
is favorable enough to not only cover the energy difference for the geometrical changes
in the ligand but also to result in binding potential energy of 88.62 kJ /mol. This value is
comparable with the reaction barriers in organic chemistry. Apparently, the G/SiC substrate
can be used as an active material in selective chemosensors for the detection/indication of
molecules with out-of-plane 7-electronic density.

The intermolecular interaction in the D/G/SiC complex introduces anisotropy within
the energy levels of the frontier orbitals of D with respect to different k-points. A com-
parison of Figure 6a,c demonstrates this result. On the other hand, the field of the ligand
induces almost no changes in the BS of the adsorbent (Figure 6b vs. Figure 6c).

4. Conclusions

We investigated the potential of semiconducting, corrugated graphene, grown on
silicon carbide, as an active element in chemosensors. For this purpose, we modeled the
adsorption of benzene, diazepam and 2,3,7,8-tetrachlorodibenzo-p-dioxin on the material’s
surface. The energetic effects of the intermolecular processes were 42, 88 and 114 kJ /mol,
respectively. According to the graphene sheet bending and adsorbate—adsorbent distances,
the heterostructure favors the ligands in the following order: diazepam < benzene < TCDD.
The apparent ambiguity in the results for diazepam is easy to explain. The abundance of
lone pairs and 7-electrons compensates for the low-symmetry, non-planar, far from optimal
(adsorption-wise) geometry. In fact, the binding energy is comparable with the reaction
barriers in organic chemistry.

The maximum band gap change in the heterostructure, caused by adsorption, is 0.02 eV.
This result corresponds to the relative chemical and physical inertness of graphene and
its geometrical stiffness, further augmented by the SiC substrate. Intermolecular binding
does not alter the HOMO-LUMO difference in benzene and TCDD by more than 0.01 eV.
These completely planar molecules were not expected to undergo significant geometrical
changes; hence, the alterations in their frontier orbitals were also minimal.

The adsorption of diazepam caused significant changes in the PDOS of both structures
in the complex. The peaks were altered in terms of the relative position, width, height and
element contribution. There were qualitative changes in the topology of zones with adjacent
peaks. This ligand underwent the significant contraction of its band gap, namely by 0.21 eV.
This value is more than sufficient to prove the efficiency of corrugated graphene as a
selective chemosensor. The very disadvantages of the ligand’s geometry are advantageous
for its chemodetection.

In conclusion, corrugated graphene is applicable as an active material in selective
chemosensors for non-planar aromatic molecules.
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